


Apple rootstocks: Types, Characteristics and Their Influence on Orchard Performance

[bookmark: _GoBack]Abstract 	
Low productivity in apple is mainly due to old senile orchards, low yielding varieties, poor orchard and canopy management as well as improper technical facilities. Rootstocks play an important role by influencing flowering, yield, nutrient uptake, canopy architecture, diseaseand pest resistance and thereby improve the fruit quality. Plants grown on seedling rootstocks generally develop into large and vigorous canopy architecture and hence, it is difficult to manage them as compared to the clonally propagated ones. Variousrootstocks provide different size and shape of the trees through different intermodal lengths, altering the angle of the branches etc and tend to make a cultivar adapted to wider climatic conditions, reducing the maturation time and also infering resistance to abiotic as well as biotic stress and hence serve as an essential component in modern fruit production. Selecting a suitable rootstock is one of the major decisions in establishing an orchard and achieving maximum returns on a sustainable basis and before selecting a rootstock one should know the characteristics of different rootstocks that will provide a better approach to improve the yield and net returns. Therefore, this review mainly emphasizes on comparative studies on the effects of different apple rootstocks on yield, production, productivity, architecture anddisease resistance which would help to focus and coordinate future studies in this area.
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1. Introduction
At present, apple industry is recognized as a potential sector forenhancing theagricultural production, improving house holdnutritional security and generating the income throughdiversification and employment, value addition and export (Ahmed &Sidhu, 2020).Inspite of the enormous success achieved in thissector, several constraints still exist. Besides new emergingchallenges, poor productivity per unit area continues to be aconcern in most of the crop with climate changeimpacting the productivity further (Kumar & Sharma, 2021). The role of rootstocks and its use in apple hassignificant impact on fruit crop production by influencingcanopy architecture, nutritional uptake, flowering, yield andfruit quality (Rom et al., 1987). Besides, it can also confront biotic andabiotic stresses such as soil pathogens, thermal stress, salinityand nutritional stress (Reddy et al., 2003). Due to limited availability of arableland and high market demand for of apple, it isfrequently cultivated under unfavorable soil andenvironmental conditions like thermal stress, drought,flooding, salinity and contamination of organic pollutants. Oneway to substantiate or reduce these losses in production wouldbe the use of appropriate rootstocks, which are capable ofreducing the effect of external stresses on the scion (Higgs et al., 1991).Rootstocks have a primary role in determining orchardefficiency. They are responsible for water and mineral uptake and provide anchorage for the tree (Ferree& Warrington, 2003), determining the treesize (Webster, 2002). Rootstocks can be used as inter stems, a small piece inserted between the rootstock and scion in propagationprocess. These trees are known as “three piece” trees (Cummins &Aldwinckle, 1983).Interstems can be used to overcome incompatibility betweenstock and scion and also it reduces the high vigour of desirable rootstocks (Rom & Carlson, 1987). Rootstocks may provide some degree of toleranceto soils that are sometimes too wet or too dry. Identificationand utilization of appropriate rootstocks in apple, in relation to vigour management, nutrient uptake, soil salinity, moisturestress andyield efficiency has been already studied in several countries (Ferree& Warrington, 2003). Rootstocks with immense potential for commercialexploitation are yet to be utilized to its full potential for most ofthe commercial fruit crops in India (Singh, 2014). Therefore, it is importantstep to find a rootstock with the maximum desirablecharacteristics to meet the set of environmental conditionswhere the tree is to be grown (Atkinson& Else, 2001). It means a root-stock consideredbest for a certain variety and environmental conditions maynot be a best choice for some other variety and environmentalregime (Webster & Wertheim, 2003). Therefore, there is a need to summarizeimportant characteristics of the Geneva,M and MM rootstocks for both horticulturalperformance (dwarfing and yield efficiency)and resistance to root rot, crown rot and fireblight diseases as it will help to select a best rootstock for a particular variety in particular environmental conditions which would help to focus andcoordinate future studies in this area.Most of the modern apple orchards rely on dwarfing rootstocks,which produces a more compact tree allowing for high densityplanting and earlier and higher yields, and therefore, great economic viability (Afonsoet al., 2018). Anticipated production, alternate bearing (Kviklyset al., 2016), resistance and toleranceto pests and diseases (Beers et al., 2006), drought resistance capacity (Tworkoskiand Fazio, 2016), resistance to sproutingtime, sensory characteristics, and physicochemical composition of fruits (Kviklyset al., 2015) are the other characteristics of appletrees induced by the rootstocks or by the combination of thecanopy cultivar and the rootstocks (Harrison et al., 2016).Rootstocks may have great effect on aroma compound formation due to different carbohydrate and fatty acid metabolism pathways. So, utilization of different rootstocks should be considered for specific aroma compound improvements in apples (Guret al.,2019).
2. Historical background of apple rootstocks:
Apple culture using dwarfing trees can be traced back to 3 centuries before Christin Persiaand Asia Minor. From Persia, Alexander the Great sent a dwarf apple tree to the Lyceum, a center of learning created byAristotle. Theophrastus, who was a student of Aristotle and directed theLyceum, mentions that the dwarf apple trees had long been grown inPersia and Asia Minor. The word pardis in the Persian language meansheaven, and the apple was believed to be a fruit from heaven. Pardis(Sanskritparadeca) also means orchard or garden in Persian.
Pardis is a dwarfing, low-growingand self-rooting apple. Use of dwarf horses and dwarf trees were popular in Persia,and this itreflected in the hiero-glyphics of Persepolis, the palace of Achaemenian and other document sand monuments of Sassanians, Parthians and Safavidsdynasties. ThisPersian word in English is paradise. Bythe mid-15th century, use of dwarfingapple rootstocks for training trees indifferent shapes and forms in gardensbecame more common. At that time,two groups of rootstocks were recorded: one was‘FrenchParadise’,which was very dwarf, and the less dwarfing rootstock called ‘Doucin’ or ‘English Paradise’. In 1912, researchers at the East Malling Research in Kent, England beg antogather root stocks named ‘Paradise’ and ‘Doucin’ from around the world. Between1912and1918,clonalMalling(M) rootstocks were classified and described in East Malling. In 1920, EastMalling and Merton Stations collabo-rated and hybridized the ‘NorthernSpy’ and Malling rootstocks and created Malling-Merton (MM)rootstocks.
Dwarfingrootstockswereimported to the United States from Europe in the early 1800s. Interest inusing dwarfing rootstocks for appletrees in the United States had severalcycles, and each cycle had a different reason(Tukey,1964).Inearly1880s,these rootstocks were used only forornamental or home gardening purposes.Between1835and1860,therewas an increased interest in dwarfingfruit trees in America. This interestdeclined between 1860 and 1890 because of heavy fruit production, resultinginlowprices.In1890,theinterestin the use of dwarfing trees increasedagain because of the need to controlSan Jose Scale (Aspidiotusperniciosus)by fumigating with hydrogen cyanide gas, and smaller trees were easier tofumigate. After the introduction of lime sulfur and oil spray to control theSan Jose scale between 1907 and 1910,the interest in dwarf apple tree sceased almost as quickly as it had begun. Hall(1915) summarized the work of U.P.Hedrick and concluded that dwarf apple trees were not commercially viable. By 1920, use of dwarfing rootstockswasvirtuallydiscredited.In1920,Malling rootstocks were tested in NewYork, Pennsylvania and MassachusettsforthefirsttimeintheU.S.In1943, the ‘Oregon Apple Rootstock’ (OAR1) was introduced. In 1953, Cornell-Geneva (CG) rootstocks were developed from the open pollination of dwarfing M.8rootstockwithM.1to M.16oftheMallingseriesinGeneva, N.Y. Other groups of rootstocks suchas the Polish series (P) in Poland in1954,theOttawaseries(O)in Canadain 1961, the Budagovsky series (B orBud.) in 1976, and the Michigan series (MAC) in the U.S. in 1980 weredevelopedlater.TheconclusionofHall (1915) was later refuted by manyother researchers (Kelsall, 1946; RegionalRootstockResearchProject(NC-140),1991;Norton,1970).Today, most of the existing apple orchards in the United States and otherapple-growing regions of the worldareplantedontheclonalrootstocks.

3. Classification of rootstocks:
There are five types of rootstocks in apple. These include Budagovsky(Bud or B), Cornell/ Geneva(CGorG), Malling (M) and Malling Merton(MM), Michigan Apple Rootstock Clones (MARK) and EastMalling/ Ashton Long(EMLA) and out of which the major series are Budagovsky(Bud or B), Cornell/ Geneva(CGorG), Malling (M) and Malling Merton(MM), which are discussed and reviewed in this paper.
a. M-Series:
The "M" series of apple rootstocks, developed at the East Malling Research Station in England in the early 20th century, have been foundational in modern apple production (Cummins &Aldwinckle, 1983). The rootstocks in this series were created to address the varying growth and soil conditions in apple orchards while also providing growers with options for controlling tree size, vigor, and yield. Each M-series rootstock is denoted by a number that signifies its level of vigor and other characteristics. For instance, M.9 is a dwarfing rootstock that encourages early fruit production and is widely used in high-density orchards, while M.7 is semi-dwarfing and more vigorous, making it suitable for less intensively managed systems (Fazio et al., 2015). However, traditional M-series rootstocks like M.9 and M.26 are susceptible to diseases such as fire blight (Erwiniaamylovora) and replant disease, which has led to the development of more resistant rootstock series like the Geneva rootstocks (Fazio et al., 2015).Dwarfing rootstocks significantly reduce tree size, facilitating an increase in planting density (Ferreeet al., 1993; Hampsonet al., 2002, 2004a, 2004b; Robinson et al., 1991). Contemporary high-density orchards have tree densities of 1200 to 7000 trees/ha. Planting densities of this magnitude reduceyield on a per-tree basis but significantly increase the yield per unit area (Hampsonet al., 2002, 2004a, 2004b) as a result of enhanced annual and lifetime light interception and maximized light partitioning within the canopy (Ferreeet al., 1993; Robinson and Lakso, 1991; Robinson et al., 1991; Websteret al., 2000).Although the economic benefit of highdensitysystems is clear (Robinson et al.,2007), a concern associated with specificdwarfing rootstocks is their susceptibility torootstock blight, a discrete fire blight infectionof the rootstock. Fire blight, incited bythe bacterium Erwiniaamylovora(Winslow et al.), is a common bacterialdisease of rosaceous plants (Vanneste andEden-Greene, 2000). Fire blight affects multiplestages of tree development, and diseaseoutbreaks can lead to considerable lossesresulting from reduction in yield and treereplacement. Although most commonly associatedwith blossom or shoot infection, therootstock phase of fire blight is prevalent inyoung dwarf orchards (Robinson et al.,2006). Rootstock blight occurs when bacteria,which initially enter the tree throughblossom or shoot infection, travel systemicallythrough the vascular system into therootstock without causing visible symptoms(Momolet al., 1998). Rootstock infectionmay also occur to a lesser extent throughwounds and infected rootstock suckers(Vanneste and Eden-Greene, 2000). Thebiological factors that induce disease developmentremain unclear; however, once bacteriaenter the rootstock, no cultural controlor chemical treatment can prevent diseasedevelopment (Norelliet al., 2003).High-density systems rely mainly on therootstock ‘M.9’, a highly productive dwarfingrootstock, which is particularly susceptibleto rootstock blight. In heavy fire blightyears under natural conditions, tree lossesgreater than 50% are common for orchardsplanted on ‘M.9’ rootstock (Ferreeet al.,2002; Norelliet al., 2003; Robinson et al.,2006). Severe tree loss can be devastatingto profitability in high-density systems whereinitial establishment costs are substantial.New high-performance, disease-resistantrootstocks are necessary to alleviate growerreliance on ‘M.9’ (Marini et al., 2006b). M.9” rootstock is considered as one of the most useful apple (Malus x domestica Borkh.) rootstocks; it produces dwarfing trees efficiently (MatiullahAkbari, 2015) plants which were raised on M-9 rootstock resulted in more plant girth, more spread, early fruit maturity, higher fruit weight and firmness (RifatBhatet al.,  2018).
Five-year-old ‘Fuji’ Fruit quality characteristics and aroma volatiles changed significantly in apples grown on four different rootstocks (MM-106, M-9, M-26, and MM-111). The largest fruits (212.2 g) with highest total soluble solids (18.40%) were obtained from the trees on M9 rootstock(Gur, E., 2019). A study by Kviklyset al., (2014) revealed that the total phenol content of the M9 rootstock was higher than the M26 rootstock.
b. MM-Series:
The "MM" (Malling-Merton) series of apple rootstocks were developed in collaboration between the East Malling Research Station and the John Innes Institute in Merton, England, during the 1950s. This series was specifically bred to provide improved resistance to woolly apple aphid (Eriosomalanigerum), which was a significant problem for the previously developed M-series rootstocks (Cummins &Aldwinckle, 1983). The MM rootstocks are denoted by numbers such as MM.106 and MM.111, indicating their vigor and suitability for various orchard conditions.MM.106 is a semi-dwarfing rootstock, providing moderate vigor and being well-suited for a wide range of soil conditions. It is widely used in commercial orchards due to its good anchorage and early bearing properties. However, it is susceptible to crown rot (Phytophthoracactorum) in poorly drained soils (Ferree& Warrington, 2003). MM.111, on the other hand, is a more vigorous rootstock, offering greater tolerance to drought and replant disease, making it suitable for less fertile or dry soils. However, MM.111 can also exhibit excessive vegetative growth, which may require additional pruning and management (Rom & Carlson, 1987).Despite their advantages, MM rootstocks are not as widely used in modern high-density orchards due to their larger size and limitations in disease resistance compared to newer rootstocks like the Geneva series (Fazio et al., 2015).Bhatet al.,2018revealed that the varieties raised on MM-106 rootstock resulted in higher plant height, per cent fruit set and fruit retention. KebedeJobir,2016  investigated the different size determining rootstocks (MM.106 and M.26) reactions with two different apple cultivars (Crispin and Granny Smith) and their effect on vegetative growth and showed that, all vegetative growth parameters (plant height, trunk growth, inter-node length, canopy width and number of branches) were higher on MM.106 than on M.26.J.A. Rather, 2018 conducted a study with the aim to determine the rootstock effect on various horticultural traits like annual extension growth, tree volume, TCSA, fruit weight, fruit volume and yield were significantly affected by rootstocks and recorded maximum vegetative growth in trees on MM106 compared to M9 rootstock. Among cultivars which are genetically controlled feature in different apple cultivars. Fruits harvested from trees on MM106 were significantly higher in quality parameters like fruit weight, fruit volume and yield compared to those on M9 rootstocks. Different varieties on MM106 rootstock recorded significantly higher yield of 16.55 and 20.19 kg/tree compared to 13.7 and 18.65 kg/tree on M9 rootstock.
c. G-series:
The "G" series of apple rootstocks, also known as Geneva rootstocks, were developed by Cornell University and the United States Department of Agriculture (USDA) to address challenges like disease resistance and adaptability in modern apple orchards (Robinson et al., 2011). These rootstocks offer enhanced resistance to fire blight (Erwiniaamylovora) (Johnson et al., 2001; Norelliet al., 2003), crown rot, and woolly apple aphid compared to traditional rootstocks like the Malling (M) series (Russo et al., 2007). Popular rootstocks in the G-series include G.11, G.41, and G.935, which are known for their dwarfing effects, high productivity, and cold hardiness (Fazio et al., 2015). They are well-suited for high-density orchards and are recommended for sustainable apple farming due to their reduced susceptibility to disease and improved fruit yields. Additionally, they offer good support for apple trees, reducing the need for staking in some cases (Fazio et al., 2015).Geneva rootstocks exhibit high cumulative yield efficiency in multiple size classes combined with enhanced disease and, in some cases insect, resistance (Autioet al., 2005a, 2005b; Cummins and Aldwinckle, 1983; Robinson et al., 2006). Norelliet al. (2003) determined ‘G.16’ and ‘G.30’ suffered 70% less rootstock blight-related tree mortality than either ‘M.26’ or ‘M.9’ in both inoculated and naturally infected field trials.The yield performance of the 'Galaxy' and 'Fuji Suprema' scions grafted on the G.056, G.202, G.213, G.814, G.896, G.969, M.9, and Marubakaido/M.9 rootstocks were evaluated. G.896 and G.814 stood out due to their superior annual and cumulative fruit yields, as well as to their greater yield regularity (Denardiet al., 2018).An intensive multileader apple rootstock orchard trial was established in Trento province, Northern Italy, using dwarf (‘M.9-T337’) and semidwarf rootstocks (‘G.935’, ‘G.969’, and ‘M.116’) and ‘Gala’, ‘Golden Delicious’, and ‘Fuji’ as the scion cultivars. Trees were trained to Biaxis (‘M.9-T337’) and Triaxis systems (‘G.935’, ‘G.969’, and ‘M.116’) with a tree density of 3175 trees and 2116 trees per hectare, respectively, and with a uniform axis (leader) density of 6348/ha. Comparisons across all training systems by cultivar system showed that after 6 years (2019), trees of ‘Fuji’ and ‘Golden Delicious’ on ‘M.116’ were the largest trees followed by ‘G.969’, ‘G.935’, and ‘M.9-T337’. With ‘Gala’, trees on ‘G.969’ were of similar size as trees on ‘M.116’ and ‘G.935’. Trees of ‘Fuji’ on ‘G.935’ produced the highest yield followed by ‘G.969’, ‘M.116’, and ‘M.9-T337’. For ‘Gala’, trees on ‘M.116’ produced similarly as the ‘M.9- T337’, whereas with ‘Golden Delicious’, ‘G.969’ and ‘G.935’ had higher yields than ‘M.9-T337’. When comparing production per ground surface area (hectare) ‘G935’ had higher yield than ‘M.9-T337’ for all the cultivars in this trial. In addition, yield efficiency of ‘Fuji’ trees on ‘G.935’ was similar or even higher than trees on ‘M.9-T337’. Rootstock did not affect fruit size with ‘Fuji’. For Gala, fruit from ‘G.969’ were significantly larger than those on ‘M.116’. ‘Golden Delicious’ on ‘G.969’ produced smaller fruit compared with those on ‘G.935’. Fruit from trees on ‘M.9-T337’ had the lowest percentage of red color with ‘Fuji’ and the highest with ‘Gala’(Dalabettaet al.,2021).The Gala Select and Fuji Suprema cultivars were grafted onto ‘G.202’, ‘G.814’, ‘G.210’, and ‘G.213’ rootstocks in the Tall Spindle training system. In 2018/2019, total thinning was carried out to promote plant growth. In São Joaquim, partial thinning was carried out in 2019/2020 harvest of ‘Gala Select’. The rootstocks were divided into two groups based on vigor, for both areas and cultivars. ‘G.202’ and ‘G.213’ were 40% less vigorous than ‘G.210’ and ‘G.814’. For ‘Gala Select’, the extreme non-fallow condition mainly affected the vigor and productivity of ‘G.213’ in both areas. At the end of two harvests, ‘G.213’ was 17% less productive than ‘G.210’, contrary to what is observed in areas where the fallow period is respected. However, ‘G.213’ confirmed a greater yield efficiency, which was 27% higher than ‘G.210’. This suggests that a perspective of forecasting production for the third crop is higher for ‘G.213’ than for ‘G.210’. In the case of ‘Fuji Suprema’, the G.210 rootstock was the most productive in both areas. In São Joaquim, ‘G.202’ matched ‘G.210’ in productivity and efficiency as it sprouts better in colder regions. Considering the fruit quality, ‘G.213’ anticipated the maturation with fruits of larger size and higher total soluble solids (TSS) in both areas and cultivars, making it possible to anticipate the harvest (Rufatoet al.,2021).Apple cultivar ‘Topaz’ was planted on the rootstocks M.9 (clone T337) with inter-stem ‘Summerred’, G.11, CG.13, G.16, G.41, G.202, M.7 and MM.111. The trees have been growing according to organic production standards, and were observed for nine years. G.11 and G.41 showed good results, even if tree losses due to crown rot (Phytphthoracactorum) in combination with the highly susceptible cv. Topaz were high, compared to the standard M.9 with inter-stem. G.11 was similar to M.9 in growth but had higher fruit yield. G.41 grows 10% more vigorously with good yield results, and is therefore ideal for replanting orchards(Spornberger, 2020).
The resistance of the industry-standard M26 and M9 rootstocks and the promising elite G or CG rootstocks was evaluated not only for soil-borne diseases, such as Phytophthora root rot (Phytophthoracactorum), white root rot (Rosellinianecatrix), and southern blight (Atheliarolfsii), but also for woolly apple aphid (Eriosomalanigerum (Huasm.). On February 27, 2019, each unworked rootstock plant was harvested from stool-beds, then planted in 2-L pots and grown in a greenhouse. For P. cactorum, M9 was the most resistant, and CG5087 and G935 were not. There was little difference in susceptibility to R. necatrix among rootstocks, but G or CG rootstocks were generally less susceptible than the M series. (Choi et al., 2021)
An experiment was conducted under polyhouse and field conditions during 2013, 2014 and 2015 to evaluate the level of resistance of less known apple rootstocks , i.e. Paron (Malusbaccata var. himalacia) and some popular rootstocks of the region (MM 106, MM 111, M 9 and Srinagar crab) against white root rot disease. Paron showed high resistance against D. necatrix by exhibiting least mortality (15.33%) at highest test dose (10 g/kg soil) of inoculum in pot culture under polyhouse, whereas other test rootstocks showed 100 percent mortality at this dose of inoculum. In the field, Paron showed no wilting symptoms on scion cultivar even after 60 days of inoculation, it showed least bronzing and inward cupping of leaves (3.25%), defoliation (3.50%), necrosis on bark (21 mm), wood (17 mm) and vascular tissues (23 mm). It was rated as resistant against D. necatrix as compared to other test rootstocks on the basis of significantly lowest disease severity (4.35%) and least effect of test pathogen inoculation on its above and below ground parts. Srinagar crab was rated as highly susceptible in comparison as, it exhibited significantly highest disease severity (69.80%)(Kumar et al., 2019).
d. B Series:
The Budagovsky (B) series apple rootstocks were developed at the Michurinsk University of Agriculture in Russia to enhance cold hardiness and other beneficial characteristics for apple trees (Cummins &Aldwinckle, 1983). The B series rootstocks are known for their distinctive red leaves and include different types, such as B.9, B.10, and B.118, each with varying levels of vigor and adaptability.B.9 is a dwarfing rootstock and is widely used as an alternative to M.9, particularly in colder climates. Trees grafted onto B.9 are about 25-35% smaller than those on M.9 EMLA, with advantages such as early fruit ripening and resistance to fire blight and collar rot as they mature (Fazio et al., 2015; Penn State Extension, 2023). Due to its compact size, B.9 is suitable for high-density orchards but requires additional tree support for stability (extension.org).B.10 is similar to B.9 in terms of dwarfing capability and yield efficiency but offers additional stress tolerance and good root anchorage, making it another valuable option for cold climates (Penn State Extension, 2023) (extension.org).B.118 is a semi-dwarfing rootstock that is more vigorous and suitable for areas with low soil fertility or for spur-type apple varieties such as Fuji and Macintosh. It is highly cold-hardy, able to withstand temperatures as low as -18.4°F, and offers good resistance to fire blight. However, it can be susceptible to Phytophthora root rot in poorly drained soils (Cummins &Aldwinckle, 1983; Penn State Extension, 2023) (extension.org).The B series rootstocks are highly valued for their adaptability and cold-hardiness, making them an excellent choice for regions with severe winters, while also offering good disease resistance and tree performance in various orchard settings.Budagovsky 9 (B.9), Ottawa 3, Malling 9, and Malling 26 were the most fire blight susceptible rootstocks and Geneva 11, Geneva 65, Geneva 16, Geneva 30, Pillnitzer Au51-11, Malling 7, and several breeding selections were the most resistant (Norelliet al., 2003).
Characteristics of an ideal rootstock
1. An ideal rootstock should be easy to propagate (either vegetatively or by seeds) and must produce well, clean, easy-to bud or graft with upright stem. 
2. Good root system is prerequisite to provide adequate anchorage and support the scion tree. 
3. It should have wider adaptability (soil as well as climatic), winter hardiness, salt tolerance, diseases and insect-pests resistance, dwarfing, precocity and heavy cropping effects to the scion 
cultivar.
Different rootstocks possess diverse properties such as resistance to cold, drought, salinity, pests & diseases, etc.and impart various effects like tree yield, production, productivity and fruit size on the scion cultivars ad described as below:
Table-1:Characteristics of different apple rootstocks:
	Rootstock 
	Origin
	Inventor/founder 
	Special Characteristics
	Reference 

	M.9 (Malling 9)
	East Malling Research Station, Kent, England.
	East Malling Research Station.
	Size: Produces very small trees (20-40% of standard size).
Precocity: Very early bearing.
Yield: High yield per acre due to high-density planting.
Support: Requires permanent support.
Soil: Prefers well-drained soil.
	Crassweller, R., and J. Schupp. 2018

	M.26 (Malling 26)
	East Malling Research Station, Kent, England.
	East Malling Research Station.
	Size: Slightly larger than M.9 (30-50% of standard size).
Precocity: Early bearing.
Yield: Good yield, suitable for high-density planting.
Support: Requires support.
Soil: Performs well invarious soils.
	Crassweller, R., and J. Schupp. 2018

	M.7 (Malling 7)
	East Malling Research Station, Kent, England.
	East Malling Research Station.
	Size: Produces medium-sized trees (50-60% of standard size).
Precocity: Intermediate bearing.
Yield: Good yield, suitable for medium-density planting.
Support: Usually does not require support.
Soil: Tolerates heavier soils.
	Gomez, P., & Martin, S. (2011).

	MM.106 (Malling 106)
	East Malling Research Station, Kent, England.
	East Malling Research Station.
	Size: Slightly larger than M.7 (70-80% of standard size).
Precocity: Intermediate bearing.
Yield: Good yield.
Support: Does not require support.
Soil: Tolerates heavier soils,high temperature and drought conditions.
	Crassweller, R., and J. Schupp. 2018.

	MM.111 (Malling-Merton 111)
	East Malling Research Station and John Innes Institute, Merton, England.
	Collaborative effort by East Malling Research Station and John Innes Institute.
	Size: Produces larger trees (80-90% of standard size).
Precocity: Late bearing.
Yield: Lower yield per acre but high per tree.
Support: Does not require support.
Soil: Tolerates poor drainage and drought conditions.
	Crassweller, R., and J. Schupp. 2018.

	M.27
(Malling 27)
	East Malling Research Station, Kent, England.
	East Malling Research Station.
	Very dwarf 
	Crassweller, R., and J. Schupp. 2018.

	Seedling (Antonovka, Dolgo)


	Derived from seeds of the Antonovka apple variety.
	
	Size: Produces very large trees (standard size).
Precocity: Very late bearing.
Yield: Lower yield per acre but high per tree.
Support: Does not require support.
Disease Resistance: Generally more resilient to various diseases.
Soil: Tolerates a wide range of soil types.
	Nelson, S., & Lee, J. (2011).

	G.41 (Geneva 41)
	Cornell University's New York State Agricultural Experiment Station, Geneva, New York, USA.
	Cornell University's New York State Agricultural Experiment Station.
	Size: Produces small to medium trees (similar to M.9).
Precocity: Very early bearing.
Yield: High yield.
Support: Requires support.
Soil: Prefers well-drained soil.
G.41 has higher yield efficiency and produces few root suckers, better suited to high pH soils.
	Fox, J., & Davis, M. (2014).

	G.935 (Geneva 935)
	Cornell University's New York State Agricultural Experiment Station, Geneva, New York, USA.
	Cornell University's New York State Agricultural Experiment Station.
	Size: Produces medium-sized trees (similar to M.26), slightly larger than M26, efficiency as M9
Precocity: Early bearing.
Yield: Good yield.
Support: Requires support.
Soil: Prefers well-drained soil.
	Crassweller, R., and J. Schupp. 2018.

	G.890
(Geneva 890)
	Cornell University's New York State Agricultural Experiment Station, Geneva, New York, USA.
	Cornell University's New York State Agricultural Experiment Station.
	Semi dwarfing, 50-60% the size of seedling rootstock , similar to M7 but more precocious
	Crassweller, R., and J. Schupp. 2018.

	G.969 (Geneva 969)
	Cornell University's New York State Agricultural Experiment Station, Geneva, New York, USA.
	Cornell University's New York State Agricultural Experiment Station.
	Similar in size to M7 at 45-55% size of seedling rootstock
	Crassweller, R., and J. Schupp. 2018.

	G.65 (Geneva 65)
	developed by Dr. Jim Cummins 
	 Cornell University
	Tree size once thought to be about that of M.9 is now considered to be closer to M.27, rootstock is difficult to propagate in nursery stool beds, susceptible to tomato ring spot virus and apple stem grooving virus.
	Rob Crassweller,2023

	G.16 (Geneva 16)
	Released from Cornell University's breeding program.
	Cornell University
	Size between M.9 and M.26. susceptible to woolly apple aphid and powdery mildew, very sensitive to latent viruses in apple and should only be propagated with virus free scion wood on top.
	Rob Crassweller,2023

	G.214 (Geneva 214)
	Developed by the Geneva Apple Rootstock Breeding Program.
	Dr. Jim Cummins and Gennaro Fazio in Geneva, New York.
	Trees need to be supported and produce a tree about 30-35% size of seedling with vigor and precocity similar to M.9  and M.26. 
	Rob Crassweller,2023

	G.202 (Geneva 202)
	Originated at Cornell University in the UnitedStates 
	The New YorkState AgriculturalExperiment Station in Geneva, New York
	Semidwarfing rootstock that produces a tree slightly larger than M.26. It was developed from a cross of M.27 and Robusta 5. It is fire blight and Phytopthora resistant as well as having resistance to woolly apple aphids. G.202 was about 50 percent smaller than M.7 but had much greater production efficiency.
	Rob Crassweller,2023

	G.11 (Geneva 11)
	second release of the Cornell breeding program
	Cornell university
	5% smaller than trees on M.9T337, but more productive. Has the advantage of being resistant to fire blight and crown rot as well as only rarely producing suckers or burr knots.
	Rob Crassweller,2023


	Geneva 210 (G.210)

	
originated from the rootstock breeding program at Cornell University's Geneva, New York location
	
	similar in size to Malling 7 but more productive and precocious. semidwarfing rootstock that is resistant to fire blight (Erwiniaamylovora) and crown rot (Phytophthora spp.).
	Rob Crassweller,2023


	(G.30)
Geneva 30 

	originated from the New York State Agricultural Experiment Station in Geneva, New York
	
	The advantage of this M.7-size rootstock is early production, fewer burr knots, and less suckering.
	Rob Crassweller,2023


	(G.222)
Geneva 222 
	 originated from a planned cross  in Geneva, N.Y.
	Geneva apple rootstock breeding program
	Semi-dwarfing rootstock is reported to be approximately 45-55% the size of seedling and needs to be supported. Trees on this rootstock are similar in vigor to M.7 but more precocious and productive with good cold hardiness; resistance to fire blight, Phytophthora root rot and wooly apple aphid.
	Rob Crassweller,2023,Crassweller, R., and J. Schupp. 2018


	B.9 
(Budagovsky 9)

	Michurinsk State Agrarian University, Russia.
	Michurinsk State Agrarian University.

	Size Control: Produces dwarf trees (30-35% of standard size).
Precocity: Very early bearing, often in the second or third year.
Yield: High yield potential per acre.
Cold Hardiness: Excellent cold hardiness, suitable for harsh winters.
Support Requirements: Requires support such as staking or trellising.
Soil Adaptability: Performs well in various soil types, prefers well-drained soils.
Vigor and Root System: Strong, fibrous root system; good nutrient uptake.
Compatibility: Compatible with many apple varieties.
	Crassweller, R., and J. Schupp. 2018

	B.118 (Budagovsky 118)
	Michurinsk State Agrarian University, Russia.
	Michurinsk State Agrarian University.
	It is more vigorous than the other rootstocks in the series but still imparts the high degree of winter-hardiness. It propagates easily in stool beds and does not sucker. It has moderate resistance to fire blight but is susceptible to Phytophthora. Because of the vigor of the rootstock it is only recommended for spur strains of apple or in weak soil or replant situations.

	Rob Crassweller,2023

	P.2 (Polish Rootstock)


	Poland.
	Developed by researchers in Poland.
	Size Control: Produces dwarf to semi-dwarf trees (40-50% of standard size).
Precocity: Early bearing, typically within 2-3 years.
Yield: High yield potential.
Cold Hardiness: Excellent cold hardiness, suitable for cold climates.
Support Requirements: May require support, especially under heavy crop loads.
Soil Adaptability: Performs well in a variety of soil types, prefers well-drained soils.
Vigor and Root System: Moderately vigorous root system with good anchorage.
Compatibility: Compatible with a wide range of apple varieties.
	Kowalski, J., & Kwiatkowski, M. (2011).

	P.16
(Polish Rootstock)
	Poland.
	Developed by researchers in Poland.
	Size Control: Produces dwarf trees (30-40% of standard size).
Precocity: Very early bearing, often within 2-3 years.
Yield: High yield potential.
Disease Resistance: Good resistance to fire blight and other common apple diseases.
Cold Hardiness: Excellent cold hardiness, suitable for cold climates.
Support Requirements: Requires support, such as staking or trellising.
Soil Adaptability: Performs well in various soil types, including well-drained soils.
Vigor and Root System: Moderate vigor with a well-developed root system.
Compatibility: Compatible with many apple varieties.
	Szymanska, J., & Nowak, A. (2012).

	P.22(Polish Rootstock)
	Poland.
	Poland.
	Size Control: Produces very dwarf trees (20-30% of standard size).
Precocity: Very early bearing, typically within 2-3 years.
Yield: High yield potential.
Disease Resistance: Good resistance to fire blight and other common apple diseases.
Cold Hardiness: Excellent cold hardiness, suitable for cold climates.
Support Requirements: Requires permanent support, such as staking or trellising.
Soil Adaptability: Performs best in well-drained soils.
Vigor and Root System: Less vigorous, compact root system.
Compatibility:  Compatible with a wide range of apple varieties.
	Szewczyk, A., &Makowski, S. (2013).



Table 2: Comparison of various apple rootstocks 
	Rootstock
	    Planting                                                  Distance(m)
	Production (kg/tree)
	Training system

	References

	M27
	1.5x1.5
	 5-10
	Central leader
	Shengrui , 2019

	M9
	1.5x3

	20-30
	Tall spindle system
	Robinson et al., 2013;Rufato et al., 2022

	M7
	3x3
	40-60
	Standard Orchard
	Phillips (2005), Fazio & Robinson (2020)


	M26
	3.5x3.5-4
	25-40
	Slender Pyramid
	Robinson et al., 2013

	MM 106
	3x3
	50-70
	Vertical Axis
	Emine KÜÇÜKER, 2021

	MM 111
	3.5x3.5-4.5
	60-80
	Vertical Axe
	Baldwin & Healy,2016

	G11
	1.5x3
	15-25
	Tall spindle system
	Robinson et al., 2013;Shengrui , 2019

	G30
	3x3
	40-60
	Slender Pyramid or Tall spindle system
	Robinson et al., 2013;Shengrui , 2019

	G202
	3x3
	30-50
	Tall spindle system
	Shengrui , 2019

	G210
	3x3
	40-60
	Tall Spindle training system
	Rufatoet al., 2021

	G890
	3x3
	40-60
	Tall spindle system
	Shengrui , 2019

	G16
	1.5x3
	25-35
	Tall spindle system
	Shengrui , 2019

	G41
	1.5x3
	30-50
	Tall spindle system
	Robinson et al., 2013

	G65
	1.5x1.5
	30-50
	Tall spindle system
	Shengrui , 2019

	G935
	3x3
	40-60
	Tall spindle system
	Robinson et al., 2013

	G214
	1.5x3
	50-70
	Tall spindle system
	Shengrui , 2019

	G969
	3x3
	30-50
	Tall spindle system
	Shengrui , 2019

	P22
	1.2 between trees
	40-60
	Small centre leader, Pyramid, Step-over, Patio-container tree
	South Sound Fruit Society, 2024

	Bud 9
	 2.5m between trees
	20-30
	Vertical axis
	South Sound Fruit Society,2024



Table-3: Disease reaction of different apple rootstocks 
	Apple rootstock
	Reaction to                              
	References 

	
	Root rot
	Crown rot
	Fire blight
	

	M 7
	Moderate susceptible
	Moderately susceptible 
	Moderately resistant
	Acimovicet al., 2023

	MM106
	Susceptible
	Susceptible
	Susceptible
	Pruthiet al., 2023; Du pontetal., 2019

	M26
	Moderately Susceptible
	Moderate susceptible 
	Susceptible
	Dupontetal., 2019

	M9
	Resistant
	Resistant
	Susceptible
	Pruthiet al., 2023

	M 27
	Moderately resistant 
	Moderately resistant 
	Susceptible
	Biggs et al., 2019

	MM 111
	Susceptible 
	Susceptible 
	Tolerant
	Biggs et al., 2019
Crassweller, R. &Schupp, J. (2018).

	G969
	Resistant 
	Resistant
	Very Resistant
	Cummins et al., 2013,Fazio et al., 2018

	G11
	Tolerant 
	Tolerant
	Resistant 
	Fazio et al., 2018

	G30
	Tolerant 
	Tolerant
	Very resistant 
	Fazio et al., 2018

	G202
	Tolerant 
	Tolerant
	Very resistant 
	Fazio et al., 2018

	G210
	Tolerant 
	Tolerant
	Very resistant 
	Fazio et al., 2018

	G890
	Tolerant 
	Tolerant
	Very resistant 
	Fazio et al., 2018

	G16
	Tolerant 
	Tolerant
	Resistant
	Fazio et al., 2018

	G41
	Tolerant 
	Tolerant
	Very resistant 
	Fazio et al., 2018

	G65
	Resistant 
	Resistant 
	Resistant
	Biggs et al., 2019
Norelliet al.,2007

	G935
	Tolerant 
	Tolerant
	Very resistant 
	Fazio et al., 2018

	G214
	Tolerant 
	Tolerant
	Very resistant 
	Fazio et al., 2018

	G222
	Tolerant 
	Tolerant
	Very resistant 
	Fazio et al., 2018

	B 9
	Moderately resistant
	Moderately resistant
	Moderately resistant
	Acimovicet al., 2023, DuPont et al.,2019

	B118
	susceptible
	Susceptible
	Moderately resistant
	Acimovicet al., 2023

	P2
	Resistant
	Resistant
	Susceptible
	Biggs et al., 2019
Barittet al., 2004

	P22
	Resistant
	Resistant
	Moderately susceptible 
	Biggs et al., 2019
Anonymous,2019



Table-4:Wooly apple aphid resistance of different apple rootstocks 
	Apple rootstock
	Wooly apple aphid
	Reference 

	M21, M20, M2, M109,M9 and M13 
	Susceptible 
	Thakur and Gupta, 1998 ,Mohan et al., 2022, Pruthiet al., 2023

	M12, M16, M3, M4, M1, and M5 
	Less susceptible
	Thakur and Gupta, 1998 ,Mohan et al., 2022

	MM104, MM106
	Moderately resistant 
	Thakur and Gupta, 1998 ,Mohan et al., 2022

	MM101, MM114 and MM115
	Very Resistant 
	Thakur and Gupta, 1998 ,Mohan et al., 2022

	G 16
	Moderately susceptible
	Cumminset
al2002

	G969,G890,G210, G214,MM 111
	Resistant
	Robinson et al.,2014, Pruthiet al., 2023

	G11, G30,G935
	No resistance
	Fazio et al., 2018

	G41, G213, G222, G202,
	Highly resistant
	Fazio et al., 2018



Table -5:Abiotic Stress Resistance:
	Apple rootstock
	                                 Reaction to                              
	References 

	
	Drought 
	Salinity
	Cold
	

	M 7
	Moderate tolerance
	Low tolerance
	Not cold-hardy
	South Sound Fruit Society, 2024

	MM106
	Resistant 
	Moderate tolerance
	Not cold-hardy
	Sun et al., 2022
South Sound Fruit Society, 2024

	M26
	Highly tolerant
	Least tolerant 
	Moderate cold-hardy
	Atkinson et al., 1999
South Sound Fruit Society, 2024
Hezemaet al., 2021

	M9
	Less drought tolerant than MM 106
	Moderate tolerance 
	Not cold-hardy 
	Aras and Keleş (2019). 
South Sound Fruit Society, 2024

	M 27
	Low tolerance
	Low tolerance
	Not cold-hardy
	South Sound Fruit Society, 2024

	MM 111
	Highly tolerant
	Moderate tolerance
	Low cold hardiness
	Atkinson et al., 1999

	G969
	High tolerant
	Moderate tolerance
	Low cold hardiness
	South sound fruit society,2024

	G11
	Moderate 
	Moderate 
	Moderate cold-hardy
	South sound fruit society,2024

	G30
	Moderate 
	Moderate 
	Slightly better than M.26
	South sound fruit society,2024

	G202
	Highly tolerant
	Moderate 
	Moderate 
	Choi et al., 2020

	G210
	High 
	tolerance



	



	



	High tolerance
	Moderate cold-hardiness
	Choi et al., 2020

	G890
	High tolerance
	High tolerance 
	High cold hardiness
	Choi et al., 2020

	G16
	Moderate tolerance 
	Moderate tolerance 
	Good cold hardiness, but not as cold-hardy as most other G-series rootstocks
	South Sound Fruit Society, 2024

	G41
	Moderate tolerance 
	Most tolerant
	Variable cold-hardiness
	Hezemaet al., 2021

	G65
	Moderate tolerance 
	High tolerance 
	Cold-hardy
	South Sound Fruit Society, 2024

	G935
	Highly tolerant
	Least tolerant
	Highest root cold-hardiness
	Choi et al., 2020
Hezemaet al., 2021

	G214
	Highly tolerant
	Moderate 
	Moderate 
	Choi et al., 2020

	G222
	Moderate tolerance 
	Moderate tolerance 
	High cold hardiness
	Choi et al., 2020

	B 9
	Resistant 
	Most tolerant
	Moderate tolerance
	Sun et al.,2022
Hezemaet al., 2021

	B118
	Moderate 
	Least tolerant
	Moderate 
	Hezemaet al., 2021

	P2
	Moderate 
	Moderate 
	Moderate 
	South sound fruit society, 2024

	P22
	Moderate 
	Moderate 
	Good cold-hardiness
	South Sound Fruit Society, 2024



Table-6: Effect of Apple Rootstocks on Leaf and Fruit Mineral Nutrition



	
	



	
	



	Rootstock Type
	Effects on Mineral Concentration
	References

	M.26 (Semi-dwarf)
	Higher accumulation of minerals (N, P, K, Ca, Mg) in leaves and fruits.
	Kviklyset al., 2017

	More Dwarfing Rootstocks
	Higher leaf Ca content, lower Mg content; dwarfing rootstocks determined lower K, N, and Mg ratios to Ca.
	Kviklyset al., 2017

	Vigorous Rootstocks
	Positive effect on fruit K and P content; higher K and P in fruits compared to dwarfing rootstocks.
	Kviklyset al., 2017

	B9
	Spur leaves had 30% high Ca concentrations 
	Hirst and Ferree, 1995

	M9
	High mineral compound concentration (K, Na, Mg, Cu)
	Kiczorowskiet al., 2018

	P2
	High mineral compound concentration (K, Na, Mg, Cu).
	Kiczorowskiet al., 2018

	P22
	Highest mineral compound concentration (K, Na, Mg, Cu).
	Kiczorowskiet al., 2018



CONCLUSION
This review focused on different rootstock characteristics and their effect on scion growth and cropping, yield, architecture, disease resistance which would help to focus and coordinate future studies in this area.The effect of rootstocks and inter-stocks pertaining to growth, flowering, fruit set, yield efficiency and fruit quality attributesof fruit crops are complex and poorly understood. Understanding various characteristics of different rootstocks will help to plan and establish a better orchard that would fetch better income to farmers. A betterunderstanding of endogenous growth substances, rootstockscioninteractions, soil or climatic factors needed to be studied,which would aid more efficient selection and use of rootstocksin the future. There is an urgent need to evolve rootstockstolerant to biotic and abiotic stresses in different tropical, subtropical and temperate regions.
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