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Abstract 
Apple rootstocks affect many aspects of apple production including tree size, 

potential crop load, fruit set, fruit quality, tree anchorage and graft union strength, 
disease resistance, and total per hectare yield. Dwarfing rootstocks have revolutionized 
the apple industry, but up until a few years ago most commercial germplasm available 
was restricted to less than three genotypes (M.9, B.9, and M.26). While wide use of these 
rootstock provided a good paradigm-shift compared to unproductive non-dwarfing 
rootstocks, the ‘one size fits all’ implementation was riddled with inefficiencies. The 
Geneva® apple rootstock breeding program has been identifying apple rootstocks 
likely to match different applications allowing for precision matching with scion, soil 
and climate. Differences in growth habits and disease resistance of new apple cultivars 
require novel rootstock applications designed to match strengths and weaknesses of 
such cultivars in context of growing site. For example, scion cultivar NY-1 ‘SnapDragon®’ 
is a weak growing cultivar with a tendency to over crop and produce small apples. M.9 
was initially tested and proved to be inefficient providing slow growth and 
susceptibility to fire blight. Rootstocks G.935, G.969 and CG.5257 were chosen to grow 
this cultivar because of their increased vigor, disease resistance and in the case of 
CG.5257 influence on fruit size. Designer rootstocks are being developed to work under 
different soil pH conditions, nutrition management, water use and training systems. We 
envision providing apple growers with a group of highly efficient disease resistant 
rootstocks of varying vigor levels to allow matching of scion vigor, soil vigor and climate 
vigor with rootstock vigor to result in orchards that grow well enough to fill the space 
in only 2 seasons but then are highly efficient and manageable for the next 20 years. 
This type of customization has been proven to increase efficiency in the use of 
fertilizers as well as increase productivity of marketable apples per unit of land area 
and is being studied in the USDA NIFA Specialty Crop Project “AppleRoot2Fruit”. 
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INTRODUCTION 
The implementation of dwarfing apple rootstocks around the world continues to 

significantly increase the output efficiency connected to yield and fruit quality in modern 
apple orchards. Most apple orchards planted nowadays are a testament of a transformation 
that has occurred in the past 60 years from seedling to dwarfing rootstocks which initially has 
utilized centuries old technology (‘Malling’ dwarfing rootstocks have been around for 
centuries) culminating in the almost total adoption of dwarfing and precocious rootstocks 
(94% of the 18-30 million apple trees planted each year in the US). Choices of which rootstock 
to plant were simple when the availability of stocks and scion cultivars was limited to a few 
‘Malling 9’ clones and some ‘Budagovsky’ rootstocks with the standard ‘Golden’, ‘Red’, ‘Gala’, 
‘Granny’ scions. The apple scion cultivar portfolio available to apple growers is becoming 
increasingly diversified with new, high-value cultivars being released every year and more 
apple rootstocks are following suit with more specialized characteristics beyond dwarfing. 
Bigger gains in productivity will be obtained when we are able to match the weaknesses of 
scion cultivars to the strength of the rootstocks and vice versa. Optimal matching between 
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scions and rootstocks requires empirical knowledge gained by testing multiple scions on 
multiple rootstocks in multiple environments. This is a work in progress for the Geneva® apple 
rootstock breeding program and has been accomplished for several rootstock scion 
combinations. For the combinations that have not been explored yet, it is possible to 
extrapolate performance based on similarities to tested scions and rootstocks. 

Rootstocks are embedded in a complex environment were interactions with pH, soil 
particles, fungi, bacteria, insects, soil water status, scion cultivar, cover crops (and their 
competing roots) all play into their performance as foragers of nutrients (Fazio et al., 2012a, 
b). As an example, the scion cultivar’s evapotranspiration potential can have a huge effect on 
the nutrients passively brought up to the leaves in the xylem (Fallahi et al., 2013). Fruit size 
and quality have been shown to be highly influenced by transpiration (Lordan et al., 2017), 
nutrient status (Jivan and Sala, 2014) and subsequently by apple rootstocks (Andziak and 
Tomala, 2004), where a good portion of the variability may be explained by the rootstock 
potential to absorb and translocate nutrients to the scion which implies that selection of a 
particular rootstock may be used to match nutrient weaknesses or requirements of fruit 
(Fazio et al., 2015a). Recently, data obtained from a diverse set of rootstock field experiments 
featuring 35 or more genetically different apple rootstocks have indicated the possibility to 
select for genetically determined nutrient profiles (Reig et al., 2018). It will likely be possible 
soon to match the nutrient requirements of the scions and the shortcomings of the soil 
substrate to the strengths of the rootstocks. Generating rootstock tailored nutrition 
recommendations that may save the application of nutrients like potassium, boron, and 
phosphorous may save growers and the environment a significant number of resources. 

Apple production is transitioning to more mechanized industrial applications that 
require the number of apples on each stem and the whole tree to be adjusted depending on 
the carrying capacity of stem and whole tree in order to achieve good fruit size, light 
penetration for fruit quality and spray efficiency. Apple rootstocks which can affect crop 
density, annual bearing capacity, wood production and partition of nutrients to fruit, need to 
be considered in the “precision management plan” for the modern apple orchard. Breeding 
apple rootstocks to match cultural and nutrient requirements of scion cultivars is a relatively 
new endeavor in the Geneva® apple rootstock breeding program. Apple rootstock breeding is 
a long-term process that has mostly focused on yields, disease resistance and efficiencies 
gained by tree architecture modification like dwarfing of grafted scions (Fazio et al., 2015b). 
In recent years we have been able to understand more about the interaction between scions 
and rootstocks and have begun to leverage the interactions to identify scion specific traits such 
as higher calcium rootstocks for calcium deficient scions (‘Honeycrisp’). The desired result of 
such efforts is the production of a set of “designer” apple rootstocks that match the 
management needs for a set of growing conditions (scion cultivar, soil pH, irrigation, soil type, 
climate, etc.) to maximize the high-quality fruit production potential of apple orchards. The 
implementation of new selection traits in a plant breeding program requires knowledge 
related to the complexity, heritability and reliability of the selection process for the new trait 
(Fazio and Mazzola, 2004). The complexity of a trait depends on the number of segregating 
factors and the importance (size) of their contribution. From there we can estimate what these 
traits are worth to apple growers and the industry at large. We discuss novel genetic and 
phenotypic diversity witnessed in results of multiple apple rootstock field trials in relation to 
the role of apple rootstocks in providing precision management options to apple growers 
worldwide. 

MATERIALS AND METHODS 
A field trial of lesser-known Geneva® rootstocks was established in 2013 in Geneva, NY 

with ‘SnapDragon’ as a scion cultivar. The purpose of the trial was to search for a mid-vigor 
productive rootstock for this low vigor cultivar. Trees were planted in early May 2013 on 16 
different rootstocks spaced at 1×3.5 m. These trees had their fifth crop in 2018. Trees were 
both chemically and hand thinned to one fruit per cluster. Other examples of phenotypically 
diverse rootstock field trial data are taken from experiments described in several published 
works conducted between 2005 and 2018 (Table 1; Auvil et al., 2011; Fazio et al., 2018; Kviklys 
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et al., 2016; Lordan et al., 2017, 2018; Moran et al., 2018; Reig et al., 2018, 2019a, b; Tworkoski 
et al., 2016; Wallis et al., 2017; Zhu et al., 2017). Additional published breeding population 
data from the Geneva® Apple Rootstock Breeding program was also utilized in exemplifying 
phenotypic diversity for novel selection traits like mineral nutrition (Fazio et al., 2015b). Data 
were analyzed and figures produced using SAS JMP Pro 14. 

Table 1. Matching a designer apple rootstock to the characteristics of a scion cultivar requires 
some empirical testing where such rootstocks are trialed with multiple scion 
cultivars. Some matches (weak rootstocks to vigorous scion to obtain balanced trees) 
are already being made in the industry, but more opportunities exist where mineral 
nutrients, growth type, and bearing type may be matched with rootstocks that 
improve the performance of the scion cultivar. Below, are some examples based on 
empirical data collected from multiple field trials. 

 Fuji Gala Honeycrisp 
Characteristics that could use 
improvement 

Too much vigor 
Biennial 

Color 

Fruit size 
Productivity 

Color/maturity 
Fire blight 

Weak vigor 
Biennial 

Fruit disorders 

Rootstocks that have shown 
to improve biennial bearing 

G.935, G.214, CG.5257, 
G.41, CG.4004, CG.4011 

 G.935, B.10, G.814, 
G.41TC, G.202, CG.4003 

Rootstocks that have shown 
to improve calcium in fruit 

CG.5257, G.222, G.935, 
G.814, G.214, G.969 

 CG.4003, G.214, G.16, 
G.814, CG.6001, CG.6976 

Rootstocks that have shown 
to influence fruit size 

CG.5257, G.222, G.935, 
CG.4004, CG.3001 

G.814 G.814, G.41, G.11, G.969 

Rootstocks with improved 
productivity 

G.11, G.41, G.214, 
G.935, G.4011, G.814 

G.41, G.214, G.814, 
G.935, G.11, G.4004 

G.890, G.41, G.935, 
G.814, G.969 

RESULTS AND DISCUSSION 

Designer apple rootstocks to match dwarfing and precocity parameters 
The most frequently used pairing method between scion cultivars and rootstocks is 

based on matching the inherent vigor of the scion to the vigor of the rootstock and the training 
system. This practice adopted by some growers and nurseries is accomplished by determining 
a set spacing for a target training system, then matching the growth habit of the scion cultivar 
(‘Fuji’ = vigorous; ‘Gala’ = normal; ‘Honeycrisp’ = weak) to the average vigor potential of apple 
rootstocks (rootstocks ordered from more dwarfing to semi vigorous: M.27 < B.9 < G.41 < 
G.214 < G.202 < G.969 < G.210 < G.890 < B.118) with the understanding that there are certain 
scion rootstock interactions that may result in slightly different sizes (Autio et al., 2017a, b). 
Beyond this type of matching there are other factors that influence scion vigor: soil fertility, 
water availability, soilborne diseases, and scion genetics. Therefore if we imagine the final tree 
size product “T” is the size of a grafted scion (S) on a rootstock (R) in orchard A, then the size 
of such tree at maturity would be represented by the equation T = Afertility+Awater+Adisease+ 
Asystem+Svigor+Rdwarfing where Afertility is the fertility of orchard A soil, Awater is the availability of 
water in orchard A, Adisease is the presence of diseases that decrease the vigor of the scion, 
Asystem is the orchard system used, Svigor is the inherent vigor of the scion (e.g., a ‘Honeycrisp’ 
scion is less vigorous than a ‘Fuji’ scion), Rdwarfing is the rootstock genetic potential for dwarfing 
the scion. Rootstocks are the conduit for water and nutrients to the scion and can have 
different sensitivity to diseases depending on their genetic composition, therefore the 
interactions with all these orchard elements can influence the final whole tree vigor and 
productivity. Another important characteristic that is related to vigor and productivity is the 
ability of a young tree to fill the allotted “orchard space” that captures sunlight and converts 
it to photosynthate and eventually fruit. Strategies to maximize vegetative growth include 
heavy fertilizer treatments but are also dependent on the genetic underpinnings of a rootstock 
to leverage those treatments and set fruiting wood in the early production phase of the 
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orchard. It can be noted in Figure 1 that for the weak growing cultivar ‘SnapDragon’ planted 
as a replicated rootstock trial in 2013 there is a significant difference in cumulative production 
per tree between the dwarfing rootstocks that had filled their space in the first two years 
(G.11, G.214, CG.4288, G.935, CG.4292, CG.4809) and the rootstocks that had struggled to 
build enough canopy after five seasons (CG.3902, M.9T337, M.26 and CG.5030). For example, 
the difference in cumulative production per tree between M.9T337 and G.11 was about 8 kg 
per tree for five years. That difference can amount to 20,000 kg ha-1 (8 kg × 2,500 trees ha-1) 
which turns into a significant opportunity cost to the grower for not filLing the space. Similar 
results were observed with a ‘Honeycrisp’ rootstock trial when comparing B.9 rootstock and 
G.814 where the opportunity cost was approximately $250,000 ha-1 for the life of the orchard 
(Lordan et al., 2019). While we are able to model the main genetic factors for dwarfing and 
use them in breeding new designer apple rootstocks (Fazio et al., 2014; Knäbel et al., 2015), 
genetic variation for other rootstock traits will have an effect on tree size and productivity and 
will need to be considered in the breeding process. 

 

Figure 1. Trunk cross sectional area and cumulative apple production per tree of 
‘SnapDragon’ cultivar on 15 different apple rootstocks after five harvest seasons. 
The choice of apple rootstock can have significant consequences on the profitability 
of an orchard as differences in cumulative production per hectare can be 
substantial. 

Designer rootstocks to match fruit size and fruit quality parameters 
Perhaps one of the most important fruit quality parameters that can be influenced by 

rootstock, crop load and growing conditions is fruit size (Reig et al., 2018). Fruit size has its 
own scion specific genetic determinants (Duan et al., 2017; Migicovsky et al., 2016) which can 
be altered by growing conditions (water, fertilizers) and crop load (Neilsen et al., 2016; 
Robinson and Lopez, 2012; Serra et al., 2016). Within the same growing parameters, apple 
rootstocks can also have a significant influence on fruit size. This is evident in Figures 2-4 
where three separate experiments featuring three different cultivars (‘Fuji’, ‘SnapDragon’, and 
‘Honeycrisp’) display on average significantly different fruit sizes over the cumulative history 
of the experiment (6-10 years) while maintaining a similar cumulative crop load (rootstocks 
in similar range for the x-axis). All those figures show the well-known negative correlation 
between mean fruit size and crop load; however, some rootstocks are able to maintain larger 
fruit size despite similar crop load and tree size. Perhaps, this can be another target for 
designer rootstocks when releasing a new apple cultivar by pairing the scion fruit size genetic 
potential with the potential rootstock sizing capacity. 
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Figure 2. Bubble plot of ‘SnapDragon’ mean fruit size and cumulative crop load for five 
seasons where the bubble size represents tree vigor by rootstocks displayed as 
mean trunk cross sectional area. ‘SnapDragon’ may suffer from small fruit size and 
rootstocks like G.814 and G.11 seem to give a substantial size advantage. 

 

Figure 3. Bubble plot of ‘Honeycrisp’ mean fruit size and cumulative crop load for nine 
seasons where the bubble size represents tree vigor by rootstocks displayed as 
mean trunk cross sectional area. While B.9 seems to be more efficient with the 
highest cumulative crop load, it also produces much smaller fruit than other 
rootstocks like G.41TC, B.10 and G.11. 
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Figure 4. Bubble plot of ‘Fuji’ mean fruit size and cumulative crop load for ten seasons where 
the bubble size represents tree vigor by rootstocks displayed as mean trunk cross 
sectional area. The plot displays the phenotypic diversity that combines fruit size 
and yield efficiency of apple rootstocks. New genetic diversity beyond the ‘Malling’ 
and ‘Budagovsky’ apple rootstocks is the driver behind such wide phenotypic 
displays. 

Designer rootstocks to match nutrient parameters 
Root systems have important roles in tree fruit production as they forage for mineral 

nutrients and water necessary for fruit development and canopy growth (Neilsen and 
Hampson, 2014). Traditionally, nutrient deficiencies found in soils of fruit orchards have been 
addressed with the addition of different formulations of fertilizers delivered by multiple 
means. This was done with some knowledge of the inherent potential of a few traditional 
rootstocks to absorb more or less of a nutrient contained in the rhizosphere. However, most 
fertilizer recommendations were not tailored to a specific rootstock, creating the potential of 
making such applications less efficient (more or less than specifically needed by the rootstock-
scion combination) and potentially wasteful. This is evident from recently developed data 
which shows (Figure 5) that in case of boron, rootstocks have a major influence on the uptake 
and delivery of that nutrient consistently over years. The lowest boron absorbers were M.9 
(clones) and B.9, which means that if growers keep using old nutrient recommendations for 
boron developed for the “poor” rootstocks on newer rootstocks like G.935, G.222, G.41 and 
similar “rich” rootstocks they are probably wasting money and causing unnecessary nutrient 
imbalances in the orchard. Some apple scions are more sensitive than others to nutrient 
imbalances that cause fruit disorders like bitter pit (Buti et al., 2018; Jemrić et al., 2016; 
Krawitzky et al., 2016; Volz et al., 2006) where the K/Ca ratio has been shown to be associated 
with bitter pit (Valverdi et al., 2019). The influence of apple rootstocks on K/Ca ratio and 
associated incidence of bitter pit in ‘Honeycrisp’ apples was observed in a rootstock breeding 
population comprised of 150 different rootstocks (Figure 6). ‘Honeycrisp’ is well known to 
have deficiencies in calcium transport to the developing fruit (Kalcsits et al., 2017). Designer 
rootstocks able to overcome known nutritional deficits of apples can now be selected from a 
diverse group of apple rootstocks, perhaps facilitating improvements of overall fruit quality. 



 

 281 

 

 

Figure 5. Results from field grown trees of ‘Honeycrisp’ show that boron concentration in 
leaves and fruit seems to be highly rootstock dependent as they are highly 
consistent through time (years). New recommendations on the application of 
boron should be made for newer rootstocks considering that M.9 and B.9 are 
among the poorest boron absorbers in the group. This information should also be 
combined with the specific scion nutrient requirements to make fertilizer use more 
efficient. 

 

Figure 6. Correlation between mean K/Ca values of samples of 20 ‘Honeycrisp’ apples for 
each of 150 apple rootstocks and the mean incidence of bitter pit in the apple 
samples where each apple that showed bitter pit was assigned a 1 and free of bitter 
pit was assigned a 0. There are several rootstocks in the “0” bitter pit range that 
may become future designer apple rootstocks for calcium challenged apple 
cultivars like ‘Honeycrisp’. 
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Designer rootstocks to match disease and insect resistance parameters 
Localized conditions which promote certain root disease pressures like replant disease, 

phytophthora root rot, scion and rootstock disease like fire blight (Erwinia amylovora) and 
insect proliferation (wooly apple aphid and dogwood stem borer) need to be accounted for 
when preparing to install a new apple orchard. The best way to avoid unnecessary treatments 
and where required to comply with organic management standards is to deploy genetic 
resistance to those pressures (Evans, 2013). Tolerance to the apple replant disease complex 
has been described in several apple rootstocks (Isutsa and Merwin, 2000; Nicola et al., 2018; 
St. Laurent et al., 2010) and proven in commercial orchards (Auvil et al., 2011). The availability 
of optimal, “fresh” orchard land is decreasing in certain areas of the world where apples (and 
pears) have been planted for centuries. In addition, the building of more permanent structures 
(trellis, irrigation, netting) for intensive apple orchards is becoming more prevalent to achieve 
higher packable yields of apples. 

These trends make the employment of genetically resistant rootstocks more relevant as 
they can be used to replant in place aged or dead trees within these more permanent 
structures. Similarly, the deployment of rootstocks resistant to fire blight in areas where the 
pressure is relatively high provides a more precise way of protecting the investment into a 
new orchard (Wallis et al., 2017). 

The removal of neonicotinoids from the arsenal of insecticides available to apple 
growers has increased the incidence of woolly apple aphids (WAA – Eriosoma lanigerum) in 
conventionally managed apple orchards. Apple rootstocks possessing resistance genes to 
WAA have been used in the past 70 years, with novel sources of resistance derived from Malus 
× robusta in the past 10 years (Bartish and Weeden, 1998; Bus et al., 2008; Sandanayaka et al., 
2003). One of the best ways to manage this insect in temperate climates is to deploy a resistant 
rootstock which prevents the aphid from overwintering by feeding on the root system 
(Kelderer et al., 2016). The lack of burr knots in some novel apple rootstocks provide a level 
of protection to dogwood stem borer which sometimes uses the openings between these 
primordial aerial root initiations to gain their way into the stem, sometimes causing 
secondary infections by bacterial and fungal diseases that otherwise would be blocked by 
bark tissue (Ateyyat, 2006; Bergh and Leskey, 2003). 

CONCLUSIONS 
Novel genetic and phenotypic diversity in the portfolio of available apple rootstocks is 

creating new opportunities to precisely manage apple production and provide localized 
solutions to many of the challenges associated with apple production. Modern apple orchards 
require planning from the underground (rootstock) up as many of the parameters that are 
desired to be manipulated are affected by rootstocks. More modern methods of propagation 
including micro-propagation are key to the differentiation of the portfolio of available 
rootstocks and will be key to the precision management of apple orchards. 
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