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Abstract


Rootstocks are critical in selecting pistachio (Pistacia vera L.) cultivation and its impact on scion performance. Pistachio rootstocks exhibited distinct absorption capabilities, impacting leaf nutrient concentrations and tree health. The review discusses current knowledge on the influence of various rootstocks on growth habit, nutrient uptake, yield, nut quality, alternate bearing, and responses to abiotic stresses such as salinity, drought, and cold. Contrary to the traditional belief linking higher yield solely to vigor and size, the review emphasized the need for an in-depth understanding of the interplay between rootstock, scion, and their interaction to optimize yield. Additionally, we discussed the influence of rootstock selection on pistachio nut quality, including early splitting, hull cracking, and fatty acid composition. It addressed the complex phenomenon of alternate bearing, highlighting how vigorous rootstocks could affect cyclic variations in crop yield through increased carbohydrate resources. Rootstocks mitigate salinity stress, enhancing drought tolerance and preserving nut quality under water stress. The study emphasized the significance of rootstock choice in cold climates, advocating for identifying and using cold-tolerant rootstocks to enhance orchard resilience against cold stress. The findings provide valuable insights for growers and researchers, facilitating informed decision-making regarding rootstock selection in pistachio cultivation worldwide.
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1. Introduction


The genus Pistacia L., the family Anacardiaceae, comprises about 11 tree and shrub species native to arid Mediterranean climates. Among these, Pistacia vera L. is the only economically significant species widely cultivated for its nuts. Other species, such as P. atlantica, P. integerrima, and P. terebinthus, primarily serve as rootstocks for P. vera cultivation. These species are dioecious, wind-pollinated, and require cross-pollination for fruit production. Pistacia vera var. Sarakhs are the common ancestor of current pistachio varieties [1]. Grafting has been a keystone in pistachio cultivation, aiding in various purposes such as increasing female tree populations due to the plant’s dioecious nature, enhancing production and quality, shortening the lengthy juvenile phase (15–20 years), reducing disease susceptibility, and improving sustainable production. Rootstocks are pivotal in modern pistachio production for adapting female and male scions to specific environmental conditions, cultivar requirements, and cultural practices, ultimately influencing tree yield and nut quality.



The major pistachio-producing countries are the USA, Iran, Turkey, and Syria, accounting for over 90% of global production [2]. Recently, pistachio cultivation has expanded to Spain, Australia, and several Asian countries, including Armenia and Georgia [3]. Rootstock selection varies globally, with P. atlantica, P. integerrima, P. vera, and their hybrids being the most common choices [4]. These rootstocks are selected based on their suitability for different planting conditions. In the USA, early pistachio cultivation revealed P. vera’s susceptibility to soil-borne pathogens and nematodes [5]. As a result, P. atlantica was initially favored as the primary rootstock in California until its vulnerability to Verticillium wilt was discovered. Thus, Verticillium-tolerant P. integerrima seedlings, named Pioneer Gold I (PGI), were developed and adopted, and later, hybrid rootstocks such as UCB1 and PGII were developed at the University of California, Berkeley [6].



Traditional orchard management and manual harvesting in Iran have led to over 90% of pistachio orchards being grown on P. vera rootstocks. However, recent shifts towards mechanical harvesting and cost-reduction efforts have spurred interest in more suitable rootstocks. In Turkey, P. vera seedlings have historically been used as rootstocks. In colder regions with calcareous and rocky soils, P. terebinthus is preferred, while UCB1 has gained popularity in recent years. The cultivar, Arota, a hybrid of P. integerrima ♂ × P. atlantica ♀, was recently developed in Iran and exhibits vigorous growth and improved tolerance to soil salinity [7]. Understanding rootstock and scion interactions is crucial for optimizing pistachio cultivation. This review provides the most recent updates on the pistachio rootstocks and summarizes their impact on scion performance. This review enhances our understanding of the interactions between rootstocks and scions in pistachio cultivation by assembling the information on pistachio growth habit, nutrient uptake, yield, nut quality, alternate bearing, and response to abiotic stresses.




2. Rootstock Performance on Growth Habit


Growers are increasingly interested in grafting onto rootstocks to confer specific traits of interest. Rootstocks can influence scion growth by affecting mineral nutrition, hormonal balance, and water relations not solely influencing the occurrence of neoformation within the tree’s crown [8]. Environmental conditions, positional effects, and endogenous signals also play a regulatory role [9]. In rootstock selection, they must maintain its vigorous influence on scion growth under various environmental conditions and scions [10]. Rootstocks can impact yield by influencing fruit set, bud fertility, and nut size. The effects of different in vitro-propagated rootstocks on the ‘Bianca’ pistachio cultivar showed that P. integerrima clones exhibited the highest vigor, P. atlantica showed intermediate vigor, and P. terebinthus had the lowest vigor [11].



The rootstocks significantly influenced the overall yield but did not affect fruit weight, kernel-to-nut ratio, nut split, and blank percentage. The results of the statewide rootstock trials, which involved the study of four different rootstocks (P. atlantica, P. integerrima, PGI, and UCB1) grafted with a genetically uniform scion (‘Kerman’), demonstrated a significant effect on the size and yield of mature trees [6]. More specifically, the rootstocks with P. integerrima parentage, such as UCB1 and PGII, exhibited a greater neo-formed growth stimulation than the P. atlantica and P. terebinthus rootstocks, which suggests that the choice of rootstock can severely impact the growth and productivity of pistachio trees. A newly introduced hybrid pistachio rootstock, ‘Arota’, exhibited high levels of neo-formed growth, leading to faster establishment and earlier bearing [7]. Ahmad-Aghaei scions grafted on Arota rootstocks showed fruit-bearing in the second year after grafting, suggesting that rootstocks with high levels of neo-formed growth in young trees can promote faster establishment and earlier bearing. However, it is essential to note that dominant preformed growth in mature trees may allow for continued crown expansion, even without sufficient resources. The increased vegetative growth resulting from neo-formed growth in vigorous rootstocks like P. integerrima may also correlate to a higher capacity of uptake and transportation to the scion than other rootstocks [12], suggesting that rootstock vigor can contribute to tree growth but not necessarily translate into higher yields.



In a study to examine the impact of ‘Ohadi’ interstock on the growth and yield of ‘Ahmad-Aghaie’ scions, the authors utilized P. vera CV. ‘Badami Zarand’ rootstock and tested two interstock lengths of 30 cm and 60 cm [13]. Although there was no significant difference in scion length, the authors found that the control and short interstock treatments (30 cm) exhibited the highest canopy diameter, number of branches, yield, and ounce values. These findings led the authors to conclude that interstocks may not effectively promote scion growth in pistachio cultivation. Both the rootstock and interstock have shown potential influence on the growth rate of pollen tubes in the ‘Akbari’ cultivar when used as an interstock [14]. The pollen size was increased, but the tube growth rate decreased, and no significant correlation was found between pollen size and tube growth rate.



A study conducted in Rafsanjan, Iran, examined six Iranian commercial pistachio cultivars (‘Kaleh-Ghouchi’, ‘Rezaei Zodras’, ‘Fandoghi’, ‘Forootani’, ‘Akbari’ and ‘Ahmad-Aghaie’) grafted onto tissue-cultured ‘Badami Zarand’ rootstock growth [15]. The results showed that the ‘Ahmad-Aghaie’ scion exhibited the maximum trunk cross-sectional area and shoot length, followed by ‘Kaleh-Ghouchi’ and ‘Rezaei Zodras.’ The ‘Akbari’ cultivar displayed the maximum leaf area, and no significant changes were observed in shoot diameter and leaf pigmentation. ‘Kaleh-Ghouchi’ interlock increased the leaf number, leaf area, and shoot length of ‘Kaleh-Ghouchi’ scions but decreased the other scions’ shoot length and leaf number. In sum, the ‘Kaleh-Ghouchi’ cultivar as an interstock significantly altered the number of leaves, leaf area, and shoot length of the studied scions (‘Akbari’, ‘Ahmad-Aghaie’ and ‘Ohadi’) [16]. Rootstock performance on pistachio plants is dependent under varying conditions. Some of the observed behaviors from above include the severe impact of the growth, productivity, and early barring of fruit associated with high levels of neo-formed growth in young trees, a higher capacity of uptake and transportation to the scion than other rootstocks, and the contribution to tree growth but not necessarily to higher yields. The growth of different scions on a particular rootstock has been shown to vary, highlighting the influence of the scion on rootstock function, suggesting that the interaction between rootstock and scion in pistachio trees affects scion vigor and yield differently. These findings demonstrate that while rootstocks play a crucial role in tree vigor, the interaction between rootstock and scion also significantly influences pistachio.




3. Growth Ratio of Scion to Rootstock


The interactions between scion and rootstock significantly impacted yield. By examining various studies on pistachio cultivation, it becomes evident that the choice of rootstock, interstock, and scion and their interactions can significantly affect growth, yield, and other vital parameters in pistachio trees. Scion and rootstock have a relationship that affects the growth ratio and trunk circumference [17]. The interaction between scion and rootstock appears crucial in determining pistachio trees’ overall performance.



The interaction between rootstock and scion in pistachio trees affects scion vigor and yield differently. The growth performance of ‘Bianca’ scions budded onto different rootstocks, namely P. integerrima, P. terebinthus, and P. atlantica clones, were assessed [18]. The results indicated that ‘Bianca’ scions on P. integerrima rootstocks exhibited significantly better growth than those on P. terebinthus and P. atlantica clones. Scions grown on P. terebinthus rootstocks demonstrated the least vigor among the studied rootstocks. Over four years, the trunk cross-sectional area of ‘Bianca’ scions budded onto in vitro propagated clonal rootstocks revealed that the trunk cross-sectional area of P. integerrima was three times greater than that of P. terebinthus, indicating its superior vigor compared to the other rootstocks investigated. The P. atlantica was reported as an intermediate vigorous rootstock, highlighting the importance of selecting the appropriate rootstock for specific scion varieties to optimize growth and vigor [11]. The trunk cross-sectional area is significantly affected by the interaction between rootstocks and scions, with the maximum area observed in Beneh (P. atlantica subsp. Mutica) rootstocks grafted with ‘Kaleh-Ghouchi’ cultivars as the scion [19]. The choice of rootstock can affect the graft union strength, trunk surface characteristics, and growth uniformity.



Meanwhile, the scion can influence parameters such as trunk diameter and leaf area. The ‘Mateur’ and ‘Achouri’ cultivars grafted on P. vera and P. atlantica rootstocks demonstrated the cultivar and the specific scion–rootstock combination affecting the trunk-cross-sectional area (TCSA) [20]. The specific combinations of scion and rootstock may result in different outcomes, as indicated by the varying responses of different cultivars in the studies.



Various cultivars grafted on P. integerrima and UCB1 rootstocks revealed that using UCB1 rootstock resulted in a smoother trunk surface than P. integerrima [21]. Moreover, the growth ratio of scion to rootstock circumference (SRR) values for the ‘Kerman’ and ‘Peters’ cultivars on both rootstocks were closer to one, indicating a stronger graft union and a more uniform trunk surface. The interaction between scion and rootstock was explored on the circumference above the graft union and leaf areas of three scion varieties (‘Akbari’, ‘Ahmad-Aghaie’ and ‘Ohadi’) grafted on UCB1 tissue cultured rootstock [22]. The Akbari cultivar exhibited the maximum circumference above the graft union and leaf area, while the Ohadi variety recorded the minimum values. Unlike the rootstock, the scions affected the trunk’s diameter below the graft union. Overall, these studies underscore the importance of carefully selecting and matching scion and rootstock combinations to optimize the growth, yield, and other desired characteristics in pistachio cultivation. Further research is needed to explore factors that may influence the interactions between scion and rootstock and evaluate their long-term effects on pistachio trees in various environmental conditions.




4. Rootstock Performance on Pistachio Nutrient Uptake, Vegetative Growth, and Flowering Time


Studies on vegetative growth and flowering time revealed that the ‘Kirmizi’ scion had a flowering time order of P. vera > P. khinjuk > P. atlantica, whereas the ‘Siirt’ cultivar had a flowering time order of P. vera > P. atlantica > P. khinjuk [20]. The ‘Kirmizi’ cultivar exhibited the maximum diameter and shoot growth on the P. atlantica rootstock. In contrast, the ‘Siirt’ cultivar had the highest diameter and shoot growth on the P. khinjuk rootstock. On the contrary, the growth study on three pistachio cultivars (‘Siirt’, ‘Kirmizi’ and ‘Ohadi’) on different rootstocks (P. vera, P. khinjuk, P. atlantica, P. palaestina, and P. terebinthus) revealed that the ‘Ohadi’ scion grafted on P. vera exhibited the maximum growth, while the ‘Kirmizi’ cultivar grafted on P. palaestina showed the minimum growth [23]. The influence of scion and rootstock, and their interactions may depend on specific cultivars and experimental conditions [13]. Similarly, the impact of pollen tube growth can be influenced by both the rootstock and interstock.



The uptake and accumulation of nutrients in pistachios are crucial factors that affect their growth, development, and yield [9]. Several studies have examined the impact of different rootstocks on the absorption of macro- and micronutrients, particularly zinc (Zn), boron (B), copper (Cu), potassium (K), magnesium (Mg), phosphorus (P), calcium (Ca), iron (Fe), manganese (Mn), and nitrogen (N), in pistachio (Table 1). It was reported that P. terebinthus rootstocks displayed higher nutrient levels and better absorption of Cu, Zn, and other micronutrients than other rootstocks [24]. The study revealed that PGII and P. atlantica rootstocks exhibited superior Cu absorption compared to UCBI and P. integerrima rootstocks.



Rootstock selection has also significantly impacted leaf nutrient concentrations in pistachios. P. atlantica rootstock showed enhanced leaf nutrients of B, Cu, Zn, and P compared to other rootstocks [25]. Rootstock selection affects the uptake of specific nutrients such as potassium (K), magnesium (Mg), and calcium (Ca). It was also reported that P. terebinthus rootstocks were more efficient in K uptake than other rootstocks but less efficient in Mg uptake [18]. The study highlighted the antagonistic effects between K and Mg uptake, emphasizing the importance of balancing these nutrients in deficient areas.



The interaction between scion and rootstock also significantly influences the observed nutrient uptake, which showed significant boron (B) uptake differences among different scion–rootstock combinations. For instance, P. integerrima rootstocks had lower efficiency in absorbing Zn, B, and Cu than P. terebinthus and P. atlantica rootstocks [6]. The study found that ‘Bianca’ scions budded on different rootstocks exhibited variations in B uptake, which suggests that the scion–rootstock combination can influence nutrient uptake efficiency, emphasizing the importance of selecting compatible combinations for optimal nutrient absorption. Similarly, Ahmadi et al. [22] investigated the interaction between scion and rootstock for various nutrients and found significant differences in iron (Fe), copper (Cu), and boron (B) content among different scions. These findings underscore the need to consider both the rootstock and scion characteristics to maximize nutrient uptake and improve the growth and yield of pistachio trees.



Moreover, Ouni et al. [26] investigated the mineral content of pistachio kernels in ‘Mateur’ and ‘Achouri’ cultivars grafted on different rootstocks under dryland conditions. The study revealed that ‘Achouri’ exhibited significantly higher mineral content than ‘Mateur’, indicating its superior capacity for nutrient absorption. Different pistachio cultivars and genotypes were observed and variations in K and Zn absorption depending on the rootstock–scion combination were found [27].



A field study examined nutrient uptake in various pistachio cultivars grafted on P. khinjuk rootstock [28]. Nutrient concentrations in Iranian pistachio cultivars grafted onto ‘Badami Zarand’s rootstocks showed variations in nutrient uptake efficiency, with certain cultivars showing higher uptake of specific nutrients such as phosphorus (P), Fe, Zn, Mn, and Cu [29]. These findings reinforce the influence of rootstock selection on nutrient uptake and highlight the potential for optimizing specific nutrient absorption through appropriate rootstock choice. Different rootstocks exhibit variations in nutrient absorption capacity, and the interaction between scion and rootstock further influences nutrient uptake. Rootstock selection also impacts leaf nutrient concentrations, which are essential indicators of tree health and nutrient status.




5. Rootstock Performance on Pistachio Yield


Yield is the quintessential measure of a tree’s capacity to allocate resources between reproduction and vegetative growth, determining pistachio orchard productivity. While it is intuitive to associate yield with vigor and size, recent studies have explored the intriguing hypothesis that reduced canopy development may redirect carbohydrates toward root and reproductive organ growth [12]. Considering the genetic diversity within P. vera genotypes when using them as rootstock is crucial, as this variability can influence overall outcomes (Figure 1). Genetic variability challenges conventional wisdom and emphasizes understanding the interplay between rootstock and scion in shaping pistachio tree performance [30].



Crane and Forde [30] led an investigation concerning the effects of four rootstocks (P. atlantica, P. terebinthus, P. palaestina, and P. vera) on ‘Kerman’ cultivar yields over five years. Their findings revealed that the highest yields were achieved when ‘Kerman’ was grafted onto P. atlantica, while the least productive combination was observed with P. vera rootstock. The rootstock selection plays a pivotal role in determining yield outcomes. However, the heightened vegetative growth in pistachio trees only sometimes translates into increased yield [19].



It was then postulated that the complex interplay between rootstock and scion significantly influences scion vigor, shell splitting, blank nut formation, nut weight, and overall yield, suggesting a more nuanced approach to rootstock selection is needed, where the compatibility and synergistic effects between the rootstock and scion need to be considered. The cultivar ‘Akbari’ as an interstock delayed the flowering of the male scion by 8–9 days, enhancing the overlap of the flowering period by six days, which suggests that rootstock and interstock play a critical role in flowering synchronization [14]. Similarly, the yield variations of 14 pistachio cultivars grafted onto P. khinjuk rootstock in Sanliurfa province, Turkey. Their study unveiled significant differences in yield among the studied cultivars, with ‘Mumtaz’ exhibiting the highest yield and ‘Sel-15’ being the lowest [28]. Such disparities highlight the necessity of matching rootstock to specific cultivars to optimize yield potential. The timing of flowering in pistachio trees can significantly impact yield, as the male and female flowers only sometimes overlap adequately, and growers often depend on artificial pollination or chemical interventions. A study on the yield of ‘Mateur’ and ‘Achouri’ cultivars grafted onto P. vera and P. atlantica rootstocks revealed 2.6-fold higher productivity for ‘Mateur’ than ‘Achouri’ on P. atlantica [20]. Interestingly, ‘Achouri’ showed similar yields on both rootstocks, highlighting the profound impact of the scion–rootstock interaction on pistachio yield. Rootstock selection should be tailored to the specific cultivar and regional conditions to harness the full potential of pistachio orchards.




6. Rootstock Performance on Pistachio Nut Quality


The quality of pistachio nuts is essential in determining their market value and consumer demand, playing a significant role in influencing various nut quality characteristics. One of the essential nut qualities is early splitting, which can lead to the exposure of kernels to molds, producing aflatoxins and insect infestations. This phenomenon is of great concern in pistachio production, and recent scientific studies have shed light on the complex relationship between rootstock, scion, and nut quality (Table 2). Other various pistachio nut quality characteristics include shell cracking, fatty acid profiles, and cultivar-specific variations. The effects of four rootstocks (P. atlantica, P. terebinthus, P. palaestina and P. vera) were studied regarding the quality of pistachio nuts grafted by ‘Kerman’ cultivar in 5 years of production [30]. The percentage of blank nuts, weight per nut, and percentage of nuts with split shells did not differ significantly among the studied rootstocks. There were no significant differences among the studied rootstocks regarding the percentage of blank nuts, weight per nut, and percentage of nuts with split shells. This long-term assessment provides valuable insights into the stability of rootstock effects on nut quality over time.



A study involving three pistachio varieties (‘Ohadi’, ‘Kaleh-Ghouchi’ and ‘Ahmad-Aghaie’) grafted onto four different rootstocks highlighted the significance of the interaction between rootstock and scion in influencing early splitting and hull cracking [31]. Pistachio atlantica rootstocks exhibited the maximum occurrence of early split nuts, while P. vera rootstocks had the fewest. Additionally, ‘Ahmad-Aghaie’ and ‘Ohadi’ scions exhibited lower rates of early splitting than ‘Kaleh-Ghouchi’. These results emphasize the importance of rootstock selection in mitigating early splitting, an essential factor in pistachio quality.



Surucu et al. investigated nut quality across 14 cultivars grafted on P. khinjuk rootstock. The study revealed significant variations among the cultivars, including differences in 100-nut weight and split nut ratios [28]. ‘Mumtaz’ exhibited the highest 100-nut weight, while ‘Vahidi’ had the lowest split nut ratio.



A separate two-year study involving the same ‘Mateur’ and ‘Achouri’ cultivars, both aged 22 years, grafted onto P. vera and P. atlantica rootstocks under dryland conditions, aimed to evaluate the fatty acid profile of pistachio nuts [26]. Among the five fatty acids analyzed, namely palmitic acid, palmitoleic acid, stearic acid, oleic acid, and linoleic acid, no significant differences were observed for palmitic, palmitoleic, and stearic acids. However, the ‘Achoury’ variety grafted onto P. atlantica exhibited the highest oleic acid content, while the ‘Mateur’ variety grafted onto P. vera had the lowest oleic acid content. Interestingly, the combination of ‘Mateur’ with P. vera rootstock yielded the highest linoleic acid content. These findings highlight the intricate nuances of pistachio nut quality influenced by scion–rootstock interactions, with a particular focus on stearic acid and linoleic acid profiles.



In a comprehensive three-year study conducted in northeastern Tunisia, ‘Mateur’ and ‘Achouri’ cultivars, both aged 22 years, were grafted onto P. vera and P. atlantica rootstocks to evaluate pistachio nut quality [20]. The primary objective was to assess kernel oil content and fatty acid profiles. Surprisingly, the study revealed that factors such as the year of observation, cultivar type, rootstock selection, and the interaction between scion and rootstock did not significantly impact pistachio kernel oil content. However, when ‘Mateur’ was grafted onto P. atlantica rootstock, a noteworthy increase in stearic acid content was observed compared to other combinations. This finding suggests that the specific interaction between ‘Mateur’ and P. atlantica rootstock may influence the stearic acid profile in pistachio kernels.




7. Rootstock Performance on Alternate Bearing and Its Effects on Yield


Rootstock selection is pivotal in pistachio alternate bearing. Alternate bearing is a well-recognized phenomenon in fruit trees characterized by cyclical variations in crop yield, leading to alternating years of heavy and light production. This phenomenon is particularly significant in fruit-bearing trees like pistachios in late summer or early autumn. It has been hypothesized that vigorous rootstocks, which result in more giant trees, may offer higher carbohydrate resources due to increased leaf area. Factors such as leaf area, hormone concentrations, and carbohydrate availability have been implicated in inflorescence bud abortion, adding complexity to the alternate bearing phenomenon and influencing the yield in pistachio trees [33]. Vigorous rootstocks offer the benefits of reducing alternate bearing indices and better-managed carbohydrate resources. However, various factors influence alternate bearing, including scion type, inflorescence development, and environmental conditions (Table 3).



Mechanical removal of dormant inflorescence buds before the bearing year has been shown to mitigate alternate bearing [34]. Different pistachio cultivars exhibit varying alternate bearing tendencies, which can be influenced by factors such as irrigation and fertilization [35]. Studies have revealed that inflorescence and nut development can promote inflorescence bud abortion in the new shoot growth above inflorescences, leading to alternate bearing [36,37,38]. Notably, this phenomenon exhibits a more prominent manifestation during the initial stages of tree reproduction [39,40], speculating that achieving consistently high yields per annum is attainable, provided alternate bearing is not attributed to insufficient carbohydrate availability, as their research indicates.



In environments with similar climatic conditions and management practices, pistachio cultivars of identical age demonstrate a broad spectrum of tendencies in alternate bearings. A comprehensive study involving Persian pistachio cultivars grafted onto ‘Badami–Rize–Zarand’ rootstocks revealed alternate bearing indices spanning from 0.1, representing minimal alternate bearing, to 0.74 for various cultivars [41]. Comprehensive studies suggest that pistachio fruiting patterns are more complex than previously assumed and require extended observation periods for accurate assessment [42]. Pistachio scions grafted onto vigorous rootstocks such as PGII and UCB-1 exhibited lower alternate bearing indices than trees on less vigorous rootstocks like P. atlantica and PGI [43]. The phenomenon of alternate bearing in pistachio cultivars is characterized by fluctuations in crop yield intensity, particularly evident during the early reproductive years. Rootstocks with P. integerrima parentage, like PG1 and UCB1, were found to have non-significant effects on alternate bearing [44]. Conversely, Persian pistachio scions grafted onto P. vera rootstock demonstrated lower bud abscission rates compared to more vigorous rootstocks such as P. atlantica, P. mutica, and P. khinjuk, indicating scions significantly influence alternate bearing indices more than rootstocks [45].



A meticulous two-year investigation conducted in 2014 and 2015 involved 22-year-old ‘Mateur’ and ‘Achouri’ cultivars grafted onto P. vera and P. atlantica rootstocks and grown under dryland conditions. The results underscored a significant disparity in yield between 2014 and 2015, primarily attributed to alternate bearings. Notably, in 2015, the ‘Mateur’ variety grafted on P. atlantica exhibited a markedly higher yield than ‘Achoury’. Interestingly, the study revealed that rootstock selection had no substantial influence on yield in 2014, underscoring the pivotal role of scion/rootstock combinations in regulating alternate bearing dynamics [26]. However, the phenomenon is influenced by many factors, including scion dominance, inflorescence development, and cultivar-specific responses. Further research is essential to unravel the complexities of alternate bearings in pistachio trees and develop effective mitigation strategies.




8. Role of Ion Homeostasis


Studies on the salinity tolerance of various Pistacia vera genotypes have revealed variability in their responses to salinity stress. ‘Ghazvini’ emerged as a salt-tolerant genotype in multiple investigations, demonstrating better growth performance and lower leaf sodium ion levels. The hybrid P. integerrima × P. vera cv. ‘Ghazvini’ also exhibited promising salt tolerance characteristics. Furthermore, the ‘UCB-1’ and ‘Akbari’ genotypes showed remarkable performance under saline conditions, with no significant difference in salt tolerance between them. Considering their varying salinity tolerance, these findings underscore the importance of selecting suitable P. vera genotypes or hybrids as rootstocks for pistachio cultivation.



Analysis of root and leaf characteristics for selecting salt-tolerant rootstocks in pistachio cultivation demonstrated that pistachio species could store significant amounts of sodium in their roots, which may not be reflected in leaf analysis [46]. Therefore, more than analyzing leaf composition may be needed to provide a complete picture for selecting rootstocks in saline conditions. The independent research by multiple scientists has provided valuable insights into the salinity tolerance of various pistachio species and genotypes, particularly as they relate to their suitability as rootstocks for pistachio cultivation. Tavallali et al. [47] investigated the effects of salinity and calcium sulfate on two Pistacia vera genotypes, ‘Ghazvini’ and ‘Badami Zarand’, as rootstocks [48]. Their study showed that ‘Badami Zarand’ experienced adverse effects like reduced leaf water humidity, increased electrolyte leakage, higher sodium accumulation, and reduced potassium content under saline conditions. An in vitro study was conducted by Chelli-Chaabouni et al. [48] comparing two pistachio species, P. vera and P. atlantica, revealing that P. atlantica exhibited better control over sodium and chloride uptake compared to P. vera. The tolerance was attributed to P. atlantica’s ability to maintain favorable ion selectivity ratios, resulting in higher survival rates and less growth reduction under saline conditions. Karimi et al. [49] conducted a greenhouse experiment that assessed the salinity tolerance of an interspecific pistachio hybrid (P. atlantica × P. vera cv ‘Badami-Rize-Zarand’) and two P. vera genotypes (‘Ghazvini’ and ‘Badami–Rize–Zarand’) as rootstocks. Their findings highlighted the superior salinity tolerance of the interspecific hybrid, making it a promising choice for pistachio cultivation.



In contrast, ‘Ghazvini’ exhibited greater resilience to salinity stress. To follow, Mehdi-Tounesi et al. [50] evaluated the impact of salinity on pistachio trees grafted onto P. vera and P. atlantica rootstocks, with results indicating that P. atlantica rootstock conferred advantages in early growth, stomatal density, chlorophyll content, and relative water content under saline conditions, demonstrates P. atlantica as a more salt-tolerant rootstock.



Rootstock performance under salinity stress is intricately linked to their physiological responses. A comprehensive study was conducted by Akbari et al. [51] involving four P. vera genotypes (‘Akbari’, ‘Badami’, ‘Ghazvini’, ‘Kaleh-Ghouchi’) and the ‘UCB-1’ interspecific pistachio hybrid under saline water irrigation. They assessed various physiological parameters and suggested a hierarchy of salt tolerance among the rootstocks, with ‘UCB-1’ being the most tolerant. The study also identified three distinct ion exclusion strategies used by the rootstocks: Na+ exclusion, Cl− exclusion, and maintaining similar Na+ and Cl− concentrations in leaves and roots. In addition, the responses of antioxidative activities in leaves and roots of pistachio rootstocks under sodium chloride-induced stress were studied [7,10]. Their results indicated that a higher concentration of NaCl induced oxidative stress in the leaves, with cultivar-dependent responses. The intensity of oxidative stress and antioxidant enzyme responses varied temporally and depended on the salinity stress level. Collectively, these studies underscore the significance of selecting appropriate rootstocks based on their salinity tolerance, with interspecific hybrids and P. atlantica emerging as promising choices to combat the adverse effects of salinity stress in pistachio cultivation.




9. Rootstock Performance for Abiotic Stresses


Pistachio trees are widely recognized for their drought, cold, and salinity tolerance, making them suitable for cultivation in different geographical regions. Approximately two-thirds of the world’s mainland areas experience severe low temperatures annually, posing significant challenges to crop viability [52]. Global warming exacerbates soil salinization, causing a significant threat to crop productivity worldwide. While pistachio cultivation can reduce water usage and enhance economic returns, it is essential to note that irrigation positively influences pistachio quality by increasing split-shell percentages and reducing alternate bearing [53,54]. Plants have evolved various adaptive mechanisms to counteract the detrimental effects of drought, cold stress, and salinity, such as modifying lipid compositions in biomembranes, adjusting carbohydrate metabolism, synthesizing cold-induced proteins, and enhancing radical scavenging capacities [55,56].



9.1. Salinity Tolerance


Salinity levels in coastal agricultural regions have escalated dramatically over the past 25 years [57]. Soil salinization occurs when excessive sodium chloride (NaCl) accumulates in the soil due to water evaporation, leading to water scarcity, ion toxicity, nutrient imbalances, oxidative stress, and altered metabolic processes [58]. Contributing factors include high evaporation rates, inadequate drainage, use of saline water for irrigation, removal of deep-rooted vegetation, and climatic conditions characterized by dryness and low rainfall. High salinity levels detrimentally affect pistachio tree growth, reducing biomass, canopy height, trunk diameter, leaf area, and overall yield [5,59,60]. Soil salinity has significantly impacted pistachio orchards in Iran and the United States, causing economic losses [61,62]. While pistachio trees can store substantial sodium in their roots and stems and are somewhat tolerant to saline conditions, optimal commercial production occurs in deep, well-drained, sandy loam soils [51,63,64]. Pistachio rootstocks are crucial in mitigating the oxidative stress induced by salinity [51]. Research indicates that pistachio leaves are more susceptible to salinity than stems, highlighting the importance of rootstocks in counteracting salinity stress [65,66].



Rootstocks affect pistachio trees’ ability to thrive under saline conditions (Figure 2). The long-term effects of moderate and high saline irrigation on ‘Mature’ pistachio cultivars grafted on P. vera and P. atlantica rootstocks showed that P. atlantica rootstock maintained higher pistachio growth, trunk growth, nutrient uptake, and better control over ion selectivity than P. vera [67]. The duration of saline water irrigation had a more significantly negative impact than the salinity level itself. Nutrient levels, including N, P, K and Ca, and K/Na and Ca/Na ratios, decreased with increasing salinity throughout the study. Long-term salinity, rather than high salinity levels, caused nitrogen deficiency in the pistachio trees. At a salinity level of 12 ds/m, P. atlantica rootstock maintained leaf phosphorus content compared to P. vera. While the study provided valuable insights into the effects of long-term salinity stress on pistachio yield, the researchers did not specify the population or genotype of the studied P. vera. The study highlights the importance of considering genotype variations within P. vera when assessing rootstock performance under salinity stress.



In addition to grafted pistachio rootstocks, there have been studies on non-grafted rootstocks under salinity stress. UCB1, a hybrid pistachio rootstock developed by the University of California Berkeley, is a cross between P. atlantica and P. integerrima. It has demonstrated better growth and salinity tolerance than its parent species [4]. However, UCB1 or P. vera cannot tolerate the cold. In cold areas, pistachio cultivars grafted on UCB1 tend to remain active rather than going dormant, unlike those grafted on P. vera, P. atlantica, and P. terebinthus, which makes them highly susceptible to early cold weather from October to early December, resulting in winter juvenile tree dieback in saline regions. A study was conducted on the effects of saline water irrigation on three P. vera genotypes used as rootstocks [68]. They found that the ‘Ghazvini’ genotype exhibited better salinity stress tolerance than the other genotypes based on measurements of above-ground biomass, carbon allocation, carbon isotope discrimination, and proline accumulation. Pistachio atlantica was identified as the most tolerant to water salinity, while P. atlantica subsp. Kurdica was the most sensitive [69]. Similarly, Rahneshan et al. [70] compared two P. vera genotypes and identified Badami–Rize–Zarand as the more salt-tolerant option. P. integerrima × P. vera cv. ‘Akbari’ hybrid is considered a suitable rootstock candidate for pistachio cultivation in saline areas [64]. Further studies expanded on this research and evaluated the response of P. vera genotypes and hybrids to different salinity levels, indicating that ‘Ghazvini’ and the hybrid P. integerrima × P. vera cv. ‘Ghazvini’ displayed better growth performance, higher osmolyte accumulation, and lower toxic sodium ion levels in the leaves, suggesting their suitability as salt-tolerant rootstocks. Conversely, P. integerrima × P. vera cv. ‘Badami–Rize–Zarand’ exhibited lower salt tolerance [71].



Recent studies have focused on the impact of salinity stress on the growth and physiological traits of five Pistacia vera genotypes (‘Akbari’, ‘Ahmad-Aghaie’, ‘Italyayi’, ‘Ghazvini’ and ‘Badami’) and the ‘UCB-1’ interspecific pistachio hybrid. The findings indicated that the ‘UCB-1’ and ‘Akbari genotypes performed better under saline conditions. Notably, there was no significant difference in salt tolerance between these two genotypes, leading to the recommendation of ‘UCB-1’ and ‘Akbari’ as suitable rootstocks for cultivation in moderately saline areas [72,73,74]. Salinity tolerance among pistachio rootstocks varies, correlating with their capacity to regulate antioxidant enzyme activity and the balance of antioxidant enzymes and malondialdehyde content in leaf cell membranes [7].




9.2. Rootstock Performance on Drought Tolerance


A crucial factor in minimizing irrigation water while maintaining satisfactory yields is the selection of appropriate rootstocks and implementing regulated deficit irrigation (RDI) at optimal stages. RDI is a water-saving irrigation method that does not compromise yield [75]. This approach allows farmers to reduce irrigation during specific, less sensitive phenological stages without affecting the overall yield or economic viability [76]. Pistachio fruit development is categorized into four phenological stages: (i) shell expansion, (ii) shell hardening, (iii) embryo growth, and (iv) post-harvest. Stages 2 and 4 exhibit greater tolerance to water deficit [77], while stage 3 is susceptible to water stress and significantly impacts yield [78]. Rootstocks play a pivotal role in water status due to their varying abilities in root distribution, water uptake, and signal transmission from roots to shoots [79]. Root substances can influence leaf gas exchange, affecting the plant’s water stress tolerance. Therefore, selecting suitable rootstocks for different environmental conditions is essential for enhancing pistachio yield and quality in water-limited settings and formulating an effective RDI strategy.



The choice of rootstock and regulated deficit irrigation (RDI) implementation have significantly affected pistachio nut quality (Table 4). It was observed that while RDI did not have a notable impact on pistachio yield, the choice of rootstock influenced the yield per plant. Furthermore, they found that pistachio nuts’ manganese and oil content varied depending on the rootstock type [80]. Specifically, P. atlantica exhibited higher manganese content, while P. integerrima had the highest oil content. P. terebinthus rootstock resulted in the highest number of split nuts compared to the other rootstocks under RDI conditions, highlighting the impact of rootstock choice on nut quality [81]. Moderate RDI produced pistachios like those grown under full irrigation [82]. However, pistachios from P. integerrima rootstock exhibited the highest weight, lowest sucrose content, and superior functional properties compared to those from P. atlantica and P. terebinthus.



The choice of rootstock also influences the response of pistachio plants to water stress. Del Carmen Gijón et al. [53] compared the water stress response and recovery of pistachio plants grafted onto different rootstocks for further insight. The results showed that the hybrid rootstock (P. atlantica × P. vera) exhibited better vigor and leaf conductance under irrigated conditions, while P. terebinthus proved to be more resilient under water deficit conditions. A 28-day pot experiment was conducted by Carbonell-Barrachina et al. [80] to study the water relations of ‘Kerman’ scions grafted onto different rootstocks and observed that P. atlantica was the most water stress-resistant rootstock, showing minimal impact on rootstock and scion diameter, leaf count and percentage, and trunk and root growth under water stress. Further, they proposed two distinct water stress response mechanisms: osmotic adjustment and vegetative growth response, exhibited by P. atlantica. These reports show hybrid rootstocks, particularly P. atlantica × P. vera, show better vigor and resilience under irrigated and water deficit conditions. Germana [83] found that P. atlantica rootstocks are more efficient in water absorption and transport, exhibiting higher transpiration and photosynthetic rates under stress, which agrees with the findings by Memmi et al. [84,85], who observed that P. atlantica and P. terebinthus are superior in tolerating water stress and maintaining crop quality even under severe water deficit.



In terms of specific rootstock genotypes, del Carmen Gijón et al. [53] identified a hybrid rootstock (P. atlantica × P. vera) with the best performance under water stress conditions, with maximum shoot growth, enhanced stomatal control, and less leaf senescence. In Iran, Badami–Rize–Zarand, ‘Ghazvini’ and ‘Akbari’ were reported as the most drought-tolerant P. vera genotypes [61,62,68,86,87,88,89,90]. Additionally, Hasheminasab et al. [91] found that ‘Jookar1’ and ‘Jookar2’, genotypes along with local rootstocks ‘Badami–Rize–Zarand’ and ‘Ghazvini’, exhibited improved drought tolerance compared to commercial cultivars. A comprehensive study on 12 pistachio rootstocks, including various hybrids, found hybrids, especially P. vera L. cv. Khanjari × P. integerrima displayed greater drought tolerance, evidenced by higher chlorophyll content during and after water stress [92]. Alike, Maleki Kuhbanani and Karimi [93] assessed the drought stress response of ‘Ghazvini’, ‘Badami–Rize–Zarand’ and a hybrid rootstock (P. atlantica × P. vera cv. Badami–Rize–Zarand) with the hybrid maintaining higher levels of proline, protein, and leaf soluble sugar, suggesting its superior drought tolerance.



Selecting suitable rootstock is critical in pistachio cultivation, particularly in regions susceptible to drought. Hybrid rootstocks, including P. atlantica, are particularly effective in enhancing drought tolerance while preserving the quality and yield of nuts under water stress conditions. The implementation of regulated deficit irrigation (RDI) alongside strategic rootstock selection plays a vital role in bolstering drought resilience and enhancing the quality of pistachio nuts. Selections such as P. atlantica, P. integerrima, P. terebinthus, and various hybrid rootstocks like P. atlantica × P. vera have significant impacts on multiple aspects, including yield, proportion of split nuts, and content of manganese and oil, as well as the overall water stress response and growth dynamics of the trees. For pistachio growers, carefully considering these factors is imperative in making informed decisions about rootstock selection and irrigation methods, aiming to optimize tree performance and nut quality amidst varying water availability scenarios.




9.3. Rootstock Performance on Cold Stress


Studies on pistachio rootstocks reveal distinct levels of cold stress tolerance among various genotypes, highlighting the importance of rootstock selection in mitigating the impact of cold temperatures on pistachio cultivation (Table 5).



P. terebinthus was identified as the most cold-tolerant among the five studied pistachio rootstocks (UCB1, Atlantica, Terebinthus, Integerrima, and PGII). Trees grafted onto P. terebinthus exhibited greater cold tolerance than those on P. atlantica, UCB1, and PGII rootstocks. Mature orchards showed less susceptibility to low temperatures due to the greater cold tolerance of the scion cultivar P. vera cv. ‘Kerman’, mainly when dormant. In contrast, P. integerrima (PGI) was the least cold-tolerant, prone to winter freezes and early frosts, especially in young, non-dormant trees. Observations at −24 °C revealed varying tip burn and dieback degrees across different rootstocks [94]. Notably, pistachios on P. integerrima rootstocks in Spain were more susceptible to spring frost damage due to their earlier emergence from dormancy, highlighting the need to consider rootstock selection in regions with varying climatic conditions carefully [79].



Investigations into the cold tolerance of different interspecific pistachio hybrids in Spain have shown that the P. terebinthus × P. integerrima hybrid rootstock is the most susceptible to cold stress [95]. Similarly, a study conducted by the Pistachio Research Center in Iran assessed chilling treatments on P. vera and interspecific hybrid rootstocks, noting a decrease in protein content and an increase in ionic leakage, MDA, soluble carbohydrate, antioxidant capacity, proline, total phenol, and protease activity at the lowest temperature treatment. They identified P. integerrima × P. vera cv. Ghazvini, P. vera cv. Ghazvini, P. integerrima × P. vera cv. Sarakhs and P. vera cv. Sarakhs rootstocks are more tolerant, while P. integerrima × P. vera cv. Badami–Rize–Zarand was the most sensitive [96,97].



 





Table 4. Rootstock performance on pistachio cultivars in response to drought stress.
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	Rootstock(s)
	Key Observations
	Findings
	References





	Not specified
	General overview of pistachio drought tolerance.
	Pistachios are suitable for arid regions; irrigation enhances quality.
	[6]



	‘Badami-Rize-Zarand’, ‘Ghazvini’
	Drought tolerance in P. vera genotypes.
	‘Badami–Rize–Zarand’and ‘Ghazvini’ are among the most drought-tolerant.
	[68]



	Not specified
	Impact of irrigation on pistachio quality.
	Irrigation increases split-shell percentages and reduces alternate bearing.
	[54]



	Various rootstocks
	Compared water stress response and recovery.
	Hybrid rootstock (P. atlantica × P. vera) showed better vigor and leaf conductance under irrigation.
	[53]



	Not specified
	Regulated deficit irrigation (RDI) methodology.
	RDI allows water reduction during less sensitive phenological stages without compromising yield.
	[75]



	Not specified
	Pistachio fruit development stages.
	Stages 2 and 4 tolerate water deficit; stage 3 is critical for yield.
	[77]



	Various rootstocks
	Role of rootstocks in water uptake and stress tolerance.
	Rootstocks influence water status and stress tolerance; optimal RDI strategies are essential.
	[79]



	P. atlantica,

P. integerrima
	Impact of rootstock on yield, manganese, and oil content.
	P. atlantica had higher manganese; P. integerrima had the highest oil content.
	[80]



	P. terebinthus, others
	Effect of RDI on nut splitting.
	P. terebinthus resulted in the highest number of split nuts under RDI conditions.
	[81]



	Various rootstocks
	Morphological and sensory properties of pistachios under RDI.
	Moderate RDI produced characteristics similar to those of full irrigation; P. integerrima had superior properties.
	[82]



	Various rootstocks
	Water relations and stress response in ‘Kerman’ scions.
	P. atlantica showed minimal impact on growth and better water-stress resistance.
	[98]



	P. atlantica
	Efficiency in water absorption and transport.
	P. atlantica exhibited higher transpiration and photosynthetic rates under stress.
	[83]



	P. atlantica,

P. terebinthus
	Water stress tolerance and crop quality.
	Both rootstocks are superior in tolerating water stress and maintaining quality.
	[84,85]



	Not specified
	Drought tolerance in P. vera genotypes.
	Drought tolerance in local genotypes such as ‘Ghazvini’.
	[86]



	‘Jookar1’, ‘Jookar2’, ‘Badami-Rize-Zarand’, ‘Ghazvini’
	Comparison of drought tolerance among new and local genotypes.
	New genotypes showed improved drought tolerance compared to commercial cultivars.
	[91]



	Various rootstocks
	Drought tolerance and chlorophyll content.
	Hybrids, particularly P. vera × P. integerrima, exhibited greater drought tolerance.
	[92]



	‘Ghazvini’, ‘Badami-Riz-Zarand’,

P. atlantica × P. vera
	Drought stress response in various rootstocks.
	Hybrid rootstock had higher proline, protein, and leaf-soluble sugar levels, indicating superior tolerance.
	[93]










To identify cold-tolerant genotypes at the seedling stage, researchers have suggested evaluating the expression of adaptive physiological and biochemical characteristics, such as enzymatic and non-enzymatic antioxidant activities and oxidative stress parameters [62,99]. Jamshidi Goharrizi et al. [56] examined the effects of short-term cold stress (14/4 °C day/night for 96 h) on three P. vera rootstocks (Badami, ‘Ghazvini’ and ‘Kaleh-Ghouchi’) and the ‘UCB-1’ hybrid. They observed significant decreases in total chlorophyll, carotenoids, and soluble proteins and increases in electrolyte leakage, malondialdehyde, hydrogen peroxide, and antioxidant enzymes (APX, PPO, CAT, GPX), as well as non-enzymatic antioxidants like proline, total free amino acids, and total soluble carbohydrates under cold stress. The P. vera ‘Badami’ used as rootstock showed the highest tolerance to cold stress, while the ‘Kaleh-Ghouchi’ genotype was the most sensitive. Recognizing cold-tolerant genotypes at the seedling stage can facilitate faster breeding approaches. The morpho-biochemical responses of three P. vera rootstocks, four wild species, and seven interspecific hybrids to frost and freezing temperatures were examined by Afrousheh et al. [100,101]. They found increased damage at −4 °C and higher activities of antioxidant enzymes like Catalase, Ascorbate peroxidase, Superoxide dismutase, and Guaiacol peroxidase in cold-tolerant rootstocks—the hybrid P. vera cv. ‘Ghazvini’ × P. atlantica sub. Mutica, Sarakhs, and Ghazvini exhibited the highest frost tolerance, while UCB1, P. integerrima and P. khinjuk were the least tolerant.



The effectiveness of rootstocks in surviving cold stress is vital for the success of pistachio cultivation in regions prone to low temperatures. Studies have demonstrated that rootstock selection significantly influences the cold tolerance of pistachio trees, affecting their viability and productivity. Rootstocks like P. terebinthus have shown higher cold tolerance, while P. integerrima has been less tolerant, particularly in young, non-dormant trees. These variations in tolerance are crucial, as nearly two-thirds of the world’s mainland areas face severe low temperatures annually. The response of pistachio rootstocks to cold stress involves several adaptive physiological and biochemical changes, such as alterations in lipid compositions, carbohydrate metabolism, and the synthesis of cold-induced proteins. Researchers have observed that mature orchards and dormant trees are generally more resistant to low temperatures.
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	Rootstock
	Cold Tolerance
	Physiological

Responses
	Findings
	References





	P. terebinthus
	High
	Higher cold tolerance in grafted trees

Greater tolerance in mature orchards
	Most cold-tolerant rootstock

Greater cold tolerance compared to P. atlantica, UCB1,

PGII
	[102]



	P. atlantica
	Moderate
	Moderate cold tolerance in grafted trees
	Intermediate cold tolerance
	[102]



	UCB1
	Moderate
	Moderate cold tolerance in grafted trees
	Intermediate cold tolerance
	[102]



	P. PGII
	Moderate
	Moderate cold tolerance in grafted trees
	Intermediate cold tolerance
	[102]



	P. integerrima
	Low
	High susceptibility to winter freezes and early frosts

Increased damage at low temperatures
	Least cold-tolerant

Susceptible to frost damage,

in young trees

Early emergence increases

susceptibility
	[79]



	P. vera ‘Badami’
	High
	Highest cold tolerance among tested rootstocks
	Highest tolerance to cold

Effective in mitigating cold damage
	[56]



	P. vera ‘Kaleh-Ghouchi’
	Low
	Highest sensitivity to cold stress

Increased damage under cold stress
	Most sensitive to cold stress

Lower tolerance compared to other genotypes
	[56]



	P. integerrima × P. vera cv. Ghazvini
	Moderate to High
	Increased protein content

Better antioxidant capacity
	More tolerant compared to

pure P. integerrima

Decreased ionic leakage and MDA
	[96,97]



	P. integerrima × P. vera cv. Sarakhs
	Moderate to High
	Better tolerance to cold stress

Higher antioxidant activity
	Increased cold tolerance compared to P. integerrima

Improved performance in low temperatures
	[96,97]



	P. vera cv. Sarakhs
	Moderate to High
	Increased tolerance to cold stress

Higher levels of total soluble carbohydrates
	More tolerant compared to

P. integerrima

Effective in reducing cold

damage
	[96,97]



	P. integerrima × P. vera

cv. Badami-Rize-Zarand
	Low
	High sensitivity to cold stress

Decreased protein content
	Most sensitive to cold stress

Poor performance in low

temperatures
	[96,97]



	P. vera ‘Ghazvini’
	High
	Increased antioxidant enzyme activity

Higher frost tolerance
	High frost tolerance

Effective in reducing cold

stress impacts
	[100,101]



	P. vera cv. ‘Ghazvini’ × P. atlantica sub. Mutica
	High
	Higher frost tolerance

Increased activities of antioxidant enzymes
	High frost tolerance

Better adaptation to cold stress compared to other rootstocks
	[100,101]










Additionally, early emergence from dormancy, as seen with P. integerrima rootstocks in Spain, can increase susceptibility to spring frost damage. Studies have shown that specific rootstocks and hybrids, such as P. vera ‘Badami’ and P. vera cv. ‘Ghazvini’ × P. atlantica sub. Mutica are more tolerant to frost and freezing temperatures. The evaluation of physiological and biochemical characteristics, including antioxidant activities, can be instrumental in assessing and selecting cold-tolerant rootstocks at the seedling stage. Ultimately, the choice of rootstock plays a pivotal role in cultivating pistachios in cold climates. By understanding and leveraging the varying levels of cold stress tolerance among different rootstocks and considering regional climatic conditions, farmers can mitigate the impact of cold temperatures on their orchards.




9.4. Mineral Toxicity


Boron (B) toxicity challenges pistachio cultivation in certain regions. Boron application significantly affected leaf number and leaf area in P. atlantica and P. terebinthus, and overall growth decreased linearly with increasing boron application [63]. However, there was no species-specific sensitivity to applied boron. Interestingly, boron did not reduce leaf dry weight, total leaf area, leaf size, root fresh weight, or root plus stem fresh weight of P. vera seedlings. Boron application increased total leaf sugars and root starch, reduced root glucose, and did not significantly affect other root carbohydrates in P. vera seedlings. In another study, Ferguson et al. [5] conducted a six-month study to examine the growth of the ‘Kerman’ cultivar on three rootstocks (P. atlantica, P. integerrima Stewart, and ‘UCB-1’, a P. atlantica × P. integerrima hybrid) under combined salinity stress from SO42−, Cl−, and B at different electrical conductivity (EC) levels. The researchers found that at EC of 16 dS·m−1, the growth of ‘Kerman’ on P. atlantica and ‘UCB-1’ was significantly better compared to P. integerrima. The researchers explained that the severity of foliar injury varied among scions and treatments, with boron toxicity being the primary factor rather than the effects of salinity. The highest level of salinity injury was observed in trees on P. integerrima rootstock.




9.5. Molecular Interactions of Rootstocks and Scion from Grafting


Micropropagation and micrografting are essential techniques in horticulture that enable researchers to investigate plant functions and their responses to environmental stressors. Despite their importance, these methods encounter challenges such as slow growth rates and low success percentages [103,104]. A critical factor in successful grafting is the transfer of the plastid genome at the graft junction, which is crucial for effective communication between the rootstock and scion [105]. The formation of this junction begins with the division of parenchymatous tissue into callus cells, which then develop into xylem vessels. This process is followed by establishing a vascular cambium across the graft site, allowing for the proper flow of the secondary xylem and phloem. The junction contains DNA that facilitates gene transfer through vascular uptake, generating plasmodesmata and strengthening vascular bundles [106]. In addition, small RNAs play a critical role in regulating inheritable genes by counteracting DNA methylation. Small interfering RNAs and microRNAs are essential for signaling, gene slicing, and forming robust graft unions. A notable study illustrated the potential of these techniques; researchers extracted DNA from pistachios and evaluated their morphological traits and genotypes to identify molecular markers for genetic makeup [107]. More studies on the rootstock and scion molecular mechanisms post-grafting significantly improved their resilience against various stress factors [108]. This highlights the significant impact of micrografting in advancing horticultural practices and enhancing plant adaptability.





10. Conclusions


The current review highlights the need for further research into developing and applying various rootstocks in pistachio cultivation. The analysis of several studies indicates that selecting the appropriate rootstock is essential for optimizing nutrient uptake, as different rootstocks have varying capacities to absorb essential macro- and micronutrients. Contrary to the common belief that increased yield is solely related to tree vigor and size, the review emphasizes the complex interactions between rootstock and scion that contribute to yield optimization. More comprehensive molecular studies on these interactions are necessary to identify the best scion–rootstock combinations for maximizing orchard productivity, particularly in regions experiencing nutrient deficiencies. Additionally, the review points out that rootstock selection influences nut characteristics, including the tendency for early splitting, hull cracking, and the fatty acid profile of the kernels. The choice of rootstock can significantly affect alternate bearing patterns, as vigorous rootstocks may enhance carbohydrate reserves. However, scions also play a crucial role in regulating alternate bearing indices by influencing inflorescence and nut development, hormone concentrations, and carbohydrate availability. Salinity stress poses a considerable threat to agricultural productivity, and rootstock selection directly affects a pistachio tree’s ability to withstand saline conditions. More molecular studies are needed on specific rootstocks that show a greater capacity to regulate antioxidant enzyme activity and maintain balance in leaf cell membranes under salinity stress. Strategic rootstock selection and regulated deficit irrigation are vital for enhancing drought resilience. Furthermore, identifying and selecting rootstocks with greater cold tolerance is particularly important in regions susceptible to extremely low temperatures, as this will strengthen the resilience of pistachio orchards against cold stress.
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Figure 1. Pistachio rootstock performance on the cultivar yield and performance. 
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Figure 2. Effect of rootstocks on the performance of pistachio cultivars under salinity stress. 
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Table 1. Effect of rootstock on nutrient uptake of various pistachio cultivars.
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	Rootstock
	Nutrients
	Findings
	References





	P. integerrima
	Zn, B, Cu
	Lower efficiency in absorbing Zn, B, and Cu compared to P. terebinthus and P. atlantica
	[6]



	P. terebinthus
	K, Mg
	More efficient in K uptake, less efficient in Mg uptake; antagonistic effect between K & Mg
	[18]



	Various combinations
	Fe, Cu, B
	Significant differences in Fe, Cu, and B content among scion–rootstock combinations
	[22]



	P. terebinthus
	Cu, Zn
	Higher nutrient levels and better absorption of Cu and Zn. Superior Cu absorption compared to UCBI and P. integerrima.
	[24]



	PGII, P. atlantica
	Cu
	Superior Cu absorption compared to UCBI and P. integerrima.
	[24]



	P. atlantica
	B, Cu, Zn, P
	Superior leaf concentrations of B, Cu, Zn, and P compared to other rootstocks.
	[25]



	Various

rootstocks
	Mineral content

in kernels
	‘Achouri’ showed higher mineral content than ‘Mateur,’ indicating better nutrient absorption.
	[26]



	Various combinations
	K, Zn
	Variations in K and Zn absorption depend on the rootstock–scion combination.
	[27]



	P. khinjuk
	Various nutrients
	Variations in nutrient accumulation among pistachio cultivars and rootstocks.
	[28]



	‘Badami

Zarand’
	P, Fe, Zn, Mn, Cu
	Variations in nutrient uptake efficiency, with certain cultivars showing higher uptake of

specific nutrients.
	[29]
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	Rootstock(s)
	Pistachio Cultivar(s)
	Quality
	Findings
	Observations
	References





	P. vera, P. atlantica
	‘Mateur’, ‘Achouri’
	Kernel oil content, fatty acid profiles
	No significant impact on oil content or fatty acid profiles from rootstock or scion combinations; increased stearic acid with ‘Mateur’ on P. atlantica.
	Specific interaction between ‘Mateur’ and P. atlantica increases stearic acid content.
	[20]



	P. vera, P. atlantica
	‘Mateur’, ‘Achouri’
	Fatty acid profiles
	Significant variations in oleic and linoleic acids; ‘Achouri’ on P. atlantica had the highest oleic acid; ‘Mateur’ on P. vera had the highest linoleic acid.
	Highlights specific rootstock–scion combinations affecting oleic and linoleic acid levels.
	[26]



	P. khinjuk
	14 cultivars
	100-nut weight, split nut ratios
	Significant variations among cultivars; ‘Mumtaz’ had the highest 100-nut weight; ‘Vahidi’ had the lowest split nut ratio.
	Stresses the importance of matching cultivars to rootstocks to optimize nut quality.
	[28]



	P. atlantica, P. terebinthus, P. palaestina, P. vera
	‘Kerman’
	Blank nuts, weight per nut, split shells
	There are no significant differences among rootstocks regarding blank nuts, weight per nut, and split shells
	Provides insight into the stability of rootstock effects on nut quality over time
	[30]



	P. atlantica, P. vera
	‘Kaleh-Ghouchi’ ‘Ahmad-Aghaie’ ‘Ohadi’
	Early splitting, hull cracking
	P. atlantica had the highest early split occurrence; P. vera had the lowest. ‘Ahmad-Aghaie’ and ‘Ohadi’ had lower early splitting rates than ‘Kaleh-Ghouchi’
	Emphasizes the role of rootstock in reducing early splitting and improving nut quality
	[31]



	P. vera, P. khinjuk, P. atlantica
	‘Siirt’, ‘Ohadi’
	Shell splitting, percentage of blank nuts
	P. atlantica was more effective than other rootstocks in reducing shell splitting; ‘Siirt’ outperformed ‘Ohadi’
	Highlights the importance of rootstock and scion selection in reducing shell splitting and blank nuts
	[32]
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	Rootstocks Studied
	Scions Studied
	Key Findings
	Comments
	References





	Various
	Various
	Rootstocks (e.g., PGII, UCB-1) may offer higher carbohydrate resources, potentially influencing alternate bearing patterns.
	Rootstocks impact alternate bearings.
	[6]



	P. vera, P. atlantica
	‘Mateur’, ‘Achouri’ cultivars
	Significant yield disparity between 2014 and 2015 due to alternate bearing. In 2015, ‘Mateur’ on P. atlantica had a higher yield than ‘Achouri’.
	Scion/rootstock combinations are critical in regulating alternate bearings.
	[26]



	Various
	Various
	Rootstock choice affects alternate bearing indices. Vigorous rootstocks result in lower alternate bearing indices.
	Rootstocks impact alternate bearings.
	[33]



	Various
	Various
	Mechanical removal of dormant inflorescence buds before the bearing year can mitigate alternate bearing.
	Mechanical intervention can reduce alternate bearing.
	[34]



	Various
	Various
	Different pistachio cultivars exhibit varying alternate bearing tendencies influenced by irrigation and fertilization.
	Cultivars and cultural practices impact alternate bearing.
	[35]



	Various
	Various
	Inflorescence and nut development promote inflorescence bud abortion, contributing to alternate bearing.
	Inflorescence bud abortion is a factor in alternate bearing.
	[36]



	Various
	Various
	Leaf area, hormone concentrations, and carbohydrate availability are implicated in inflorescence bud abortion, adding complexity to alternate bearing.
	Various factors contribute to alternate bearing.
	[37,38,39]



	Various
	Various
	High, consistent yields are achievable if the alternate bearing is not due to insufficient carbohydrate availability.
	Consistent yields are possible with proper carbohydrate management.
	[40]



	‘Badami–Rize–Zarand’
	Persian pistachio cultivars
	Alternate bearing indices ranged from 0.1 (minimal) to 0.74 across different cultivars.
	A broad range of alternate bearing tendencies was observed.
	[41]



	Various
	Various
	Pistachio fruiting patterns are complex and require extended observation for accurate assessment.
	Extended study periods are necessary for accurate alternate bearing assessment.
	[42]



	PGII, UCB-1,

P. atlantica, PGI
	Pistachio scions
	Scions grafted onto vigorous rootstocks (PGII, UCB-1) exhibited lower alternate bearing indices than those on less vigorous rootstocks.
	Vigorous rootstocks reduce alternate bearing indices.
	[43]



	P. integerrima parentage (e.g., PG1, UCB1)
	Various
	Rootstocks with P. integerrima parentage showed non-significant effects on alternate bearing.
	Rootstocks with P. integerrima parentage have minimal effect on alternate bearing.
	[44]



	P. vera, P. atlantica, P. mutica, P. khinjuk
	Persian pistachio scions
	Persian pistachio scions on P. vera rootstock had lower bud abscission rates compared to those on more vigorous rootstocks.
	Scion significantly influences alternate bearing.
	[45]
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