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Malus - Apple - 3995 accessions 2430 clones (grafted) and 1565 
seedlots from wild

Wild Malus seedlings from 310  populations 
from Kazakhstan, Russia, China & Turkey

Plant Genetic Resources Unit (PGRU) Geneva, New York
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ARS has about 2,000 scientists in 700 
research projects working at 90+ 
locations, including overseas labs. The 
National Agricultural Library and the 
National Arboretum are also part of ARS. 

Plant Genetic Resources 
Unit, Geneva, NY
Apple Rootstock 

Breeding Program



ARS VISION
Global leadership in agricultural discoveries through scientific excellence.

ARS CORE VALUES
Scientific excellence, creativity, innovation, integrity, leadership, collaboration, accountability, 
transparency, diversity, respect, inclusiveness, and public service. 

ARS MISSION

ARS will deliver cutting-edge, scientific tools and innovative solutions for American farmers, 
producers, industry, and communities to support the nourishment and well-being of all 

people; sustain our nation’s agroecosystems and natural resources; and ensure the 
economic competitiveness and excellence of our agriculture.

ARS delivers scientific solutions to national and global agricultural challenges.

Courtesy of Dr. Tim Rinehart



complementary federal research

National Institute of Food and Agriculture’s (NIFA) advances agricultural 
research, education, and extension through extramural grant programs. 
NIFA National Program Leaders distribute funding through competitive 
grant programs to scientists, mostly university groups. Grant programs 
address specific agricultural problems or commodities authorized in the 
Farm Bill. Grant-based research funding typically lasts 3-5 years.

USDA's principal in-house research agency. In consultation with industry, ARS 
National Program Leaders (NPLs) assign research objectives and funding to 
700 projects that are distributed at ARS labs across the U.S. ARS scientists at 
those locations perform the research to meet objectives and fulfil the mission. 
Base funding is perpetual and timelines are typically 10 years or more.

Courtesy of Dr. Tim Rinehart
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Relationship between ARS and Cornell

USDA ARS

Cornell 
University

Apple 
Rootstock 
Breeding 
Program

Leadership, 
Breeding and 
Genetics, human 
resources, funds

Horticulture,  
Plant Pathology, 
human resources, 
land
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The Geneva® Apple Rootstock Breeding Program
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Abby, Amanda, Haleena, Jess, Jake, 
Jerlin, Josh, Cooper, Laura….
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1. The  rootstock 
mother plants are 
layered with 
sawdust in a 
stoolbed to generate 
rooted rootstock 
shoots

3. A bud from a  
scion variety like 
Gala or Granny 
Smith is grafted 
on the rootstock

4. The scion bud 
grows into a shoot 
and then into a 
mature apple tree.
The rootstock will 
influence the 
productivity, size 
and precocity of the 
apple tree.

Commercial apple trees are a combination of two different genetic types: the 
ROOTSTOCK and the SCION (aerial system) which bears fruit.

2. Rooted 
rootstock shoots 
are harvested 
from the mother 
plant and planted 
in a nursery
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Courtesy of Richard Adams Courtesy of Richard Adams
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Budding/Grafting in Apples Chip bud

Source: Royal Horticultural Society

Saddle

Source: Chris Vernon

Whip/tongue

Source: Adelaide Kitchen Gardeners
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How do we provide Designer Solutions for these interactions? 
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Benefits from the implementation 
of dwarfing rootstocks

Less sprays, 
easier 
mechanization

Less ladder 
accidents, 
improved 

ergonomics for 
picking

Increased 
productivity and 

efficiency
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1866
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1767
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FROM WIKIPEDIA: From about 1912, 
Ronald Hatton and his colleagues 
rationalised, standardised and 
catalogued the various rootstocks in use 
in Europe at the time under names such 
as Doucin and Paradise.[1][2] Their first 
list had nine rootstock varieties, 
assigned the "type" numbers I–IX.[3] The 
list later grew to twenty-four, and the 
Roman numerals gave way to Arabic 
numerals with the prefix "Malling" or 
"M."

https://applesandpeople.org.uk/stories/paradise/
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Drs. Cummins and 
Aldwickle start selecting 
parents for apple rootstock 
breeding program

1968 1978 1988 1998 2008

Robusta 5 identified as a 
good parent for fire blight 
resistance

NOVOLE

Dr. Cummins retires

G.65
G.30

G.11
G.16

G.202

G.41
G.935

USDA ARS takes lead of the breeding 
program

G.214
G.969
G.890
G.210
G.222

Geneva Historical Perspective

FOCUS: disease resistance (fire blight, phytophthora), productivity (dwarfing, precocity)

Dr. Aldwinckle retires

G.814
G.213

Production of 
Geneva rootstocks
< 100 K Trees/Year

Production of Geneva
rootstocks > 15M Trees/Year

G.484
G.66
G.257



Apple Rootstock Breeding and Selection 
Protocols

Objective 1.1
Years 1-2

Stage 1

Years 3-4

Stage 2

Years 5-6

Stage 3

Years 7-12

Stage 4

Years 10-15

Stage 5

Years 16-18

Stage 6

Years 19-21

Stage 7

Years 22-24

Stage 8

Years 25-27

Stage 9

Years 27-30

Stage 10

1. Select elite parents

2. Generate F1 populations

3. Stratify and plant populations
4. MAS for dwarfing, precocity,
disease resistance, etc.
5. Disease screening

6. Plant selected stools

7. Stool selection

8. Propagation and grafting

9. First test orchard

10. First test evaluation and selection

11. Elite stoolbed establishment

13. Elite liner and tree production
14. Elite stoolbed selection and
distribution to nurseries
15. Intermediate replicated orchard

16. Intermediate orchard evaluation

17. Commercial stoolbed evaluation
18. NC-140 and cooperator trials
(national and international)
19. Commercial production ramp up
Patent and UPOV protection
20. Comercial sale

12. Stress tolerance tests - drought,
cold hardiness, graft union strength

Highly replicated first test orchard
at multiple sites
Test orchard Evaluation and Selection

Elite stoolbed establishment
Stress tolerance tests - drought,
cold hardiness, graft union strength
Elite stoolbed selection and
distribution to nurseries
Commercial stoolbed evaluation and
distribution of trees to trial sites
NC140 and cooperator trials
(national and internationa)

Commercial production ramp up

Commercial sale

Contingent on goodness of MAS

Critical Juncture: Molecular
information about allelic

constitution at disease resistance
loci and about other important

traits can be used to bypass first
test orchard.

Repeated inoculations with
Fireblight, Wooly Apply Aphid,

Phytophtora,  Powdery Mildew and
comparison to known standards

These Stress Tolerance Tests
willl have to be highly replicated
at each location - therefore only

a few selections at a time will
be tested.  Grower cooperators
in cold or drought prone areas
in the US will be selected for
cold hardiness and drought

stress.  For graft union
compatibility and strength a set

of rootstocks will be grafted
with multiple scions and graft

unions tested after 3 years.
Feedback from

Horticultural Traits
evaluations, disease

resistance evaluations,
stress tolerance

evaluationswill be
combined with molecular

data and used in
subsequent cycles of

selection.  Elite material
from these evaluations
are used as parents in

subsequent cycles.
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Designer Traits for Precision Management

• Increase in productivity/ha
• Branch angle modification
• Replant disease tolerance
• Wooly apple aphid resistance
• Fire blight resistance
• Unique nutrient uptake
• Alternate bearing management

Value to 
Growers
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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 Potassium/Calcium ratio 
in fruit

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

CG.4003, G.214, G.16, 
G.814,G.969, CG.6001, 
CG.6976

Rootstocks that have shown to 
influence Fruit Size

G.257, G.222, G.935, G.484,
CG.3001

G.814, G.41, G.257

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.484

G.890, G.41, G.935, G.814, 
G.969
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Diverse rootstocks can support different training system dynamics: fruiting wall 
vs V trellis, single vs multi axes.
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Genetic (Phenotypic) Diversity is the Key!

83%

10%
5%1%1%

Estimate of U.S. Rootstock Sales 
Composition 2001 (%)

M.9 Clones

B.9

Other Malling

Others

Geneva

Estimate ofU.S. Rootstock Sales 
Composition 2019 (%)

M.9 Clones

B.9

Other Malling

Others

Geneva 41

Geneva 935

Geneva 11

Geneva 969

Geneva 890

Geneva 214

Geneva 202

Geneva 213
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Cornel Biotech Imaging Facility
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Efficiencies achieved by grafting
• Ability to discern root(stock) dependent traits
• Ability to discern root-scion interactions
• Ability to generate large number of clonal replicates
• Increased breeding efficiency:

– Combining 15 traits in the same plant is harder than combining 7 traits 
in roots and 8 traits in scion.

– Simplified environment interactions: soil microbes vs areal microbes…..
– Ability to breed graft-transmissible traits
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Examples of root(stock) induced traits on the scion

• Dwarfing and Early Bearing of Scion
• Branch angle modification and increased branching
• Increased flowering and bud break in low chill environments
• Hormone balances through the graft union
• Mineral nutrient concentration in the scion
• Increased whole tree tolerance to fire blight
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Highest fruit 
production in 
heterozygous 

plants

Possible to predict 
Tree Size

on the basis of allelic combinations
Dw1 aa ab bb with DW2 aa ab bb 
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Genomic Resources for Breeding

• Next-Gen Sequences of Parental 
Lines and Genome assemblies

• GBS data on PGRU Diversity 
Panel

• Genomes (various species)
• Gene Expression Markers
• Extensive RNAseq data
• Genetic Maps
• RosBREED 9K and 20K Infinium 

SNP Chips
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RNAseq differential expression and variant analysis of diverse apple roots



Performance of SnapDragon on Geneva Rootstocks
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G. 41

Courtesy Betsy Beers
WSU Wenatchee

M.9
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Ongoing research 
in Geneva 
featuring all 
released and elite 
rootstocks and 
breeding 
populations.
European research 
shows a new 
woolly apple aphid 
ecotype 
overcoming 
deployed 
resistance in G.41. 

G.11



United States Department of Agriculture
Agricultural Research Service

Apple Rootstock Breeding Program
Plant Genetic Resources Unit, Geneva, NY

2007 UT Field Trial turned into a Fire Blight Trial

GALA on M.26 planting with Geneva rootstocks 
interspersed randomly through the planting.

Two years later most M.26 trees had died from 
fire blight, 100% of Geneva rootstocks survived. 
Orchard removed and the surviving trees moved 

into new orchard that still stands.
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Some Geneva® apple rootstocks show increased productivity 
in low chill environments by causing more floral and 

vegetative buds to break. What is the signal that lowers the 
endodormancy requirement of high chill scion varieties?
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Courtesy of Dr. Leo Rufato
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Trials with NC-140 Collaborators and Advanced Growers – Stage 8 

(Site 1 10yrs) + (Site 2 12yrs) + (Site 3 9yrs) 
…….= 300-400 Trial Years
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Regression relationship of cumulative crop load (CCL) with cumulative yield efficiency (CYE) for four 
orchard systems and 40 treatments. The linear regression is represented by the green line, whereas 
the 95% confidence interval is represented by the gray lines. Regressions were analyzed by a Student 
t-test (*P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant). SS = Super Spindle; TAS = Triple Axis 
Spindle; TS = Tall Spindle; VA = Vertical Axis.

Decade Level Research needed for rootstocks!



LONG TERM PERFORMANCE
Average life of an apple orchard is 15 years; therefore, decade long research is needed to properly evaluate 

rootstock performance “Long Term” is key for Tech Transfer 
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Fruit Quality is Affected by Rootstocks

BRIX

Firmness

BRIX

Tree Size

Genotypic Means Genotypic Means
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How Do Rootstocks Affect Fruit Quality? 

• Changes in tree architecture 
cause different exposure to the 
sun.

• Changes in water availability
• Changes in nutrient availability
• Changes in phytohormone status
• And more….

Ca

Cu
Fe

Mo

Na

P

Zn

K

Mg

Mn
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Some rootstocks can induce more feathers, modify branch angles

Fazio, G., T. Robinson. 2008. Modification of Nursery Tree Architecture with Apple Rootstocks: A Breeding 
Perspective.  New York State Fruit Quarterly 16(1):13-16
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ANNA WALLIS
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Rootstock-regulated gene 
expression patterns in apple 
tree scions
Philip J. Jensen, Izabela Makalowska , Naomi Altman, Gennaro Fazio, 
Craig Praul, Siela N. Maximova, Robert M. Crassweller, James W. Travis, 
Timothy W. McNellis
Tree Genetics & Genomes (2010) 6:57–72

• Same Gala Scion
• Based on Nimblegen Apple EST Chip
• 26,020 unigene contigs
• 60 mer oligonucleotides
• 3-6x internal replication

• How do different root(stock) genotypes 
communicate with scion tissues such that 
they modify global and specific gene 
expression of the same scion in a unique 
way?

First 
of its 
kind
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Apple Trees and Woodpeckers

Monhegan Island, MEClemson, SC
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Color, 
Firmness, 
Maturity, 
Sugar, Size 
are 
affected 
by Apple 
Rootstocks
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2012 Fruit Size Data, Auvil Fruit Farm Vantage, WA
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What About Root Research?
• “Underground” research often gets 

ignored.
• Yet root systems perform most of 

the “heavy lifting” in rootstocks.
• Employed traditional and “modern” 

shovelomics to understand 
connection between root 
phenotypes and tree performance.

• Experiments include pH effects on 
root systems, metabolomics and 
transcriptomics.  G.41

G.214

G.935

M.9

G.214





Hand stitching 67,000 images to 
make sense of the how apple roots 
grow – not a pleasant experience……
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What sparked our interest in root mediated ionomics?

• Apple rootstocks 
response/interaction to a range 
of soil conditions (pH, water, soil 
borne diseases, soil type)

• Possibility to mitigate fruit 
disorders associated with 
nutrient deficiencies (calcium-
bitterpit)

• Possibility to improve efficiency 
of fertilizer applications
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Journey of nutrients 
from soil to scion

Different apple rootstocks genotypes
may possess different absorbance

and/or transport efficiencies.

Different sinks
competing for

same resources
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Some factors influencing “specific” 
absorbance and conductance (transport)

• Absorbance
– Co-absorption
– Root exudates
– Root structure
– Root turnover
– Root half-life
– Root exploration index
– Root symbiotic and pseudo-

symbiotic associations 
(mycorrhizae)

• Conductance
– Applies to any substance 

transported in vascular tissues
– Channels
– Chaperones
– Active vs. passive
– Vessel size, shape
– Pressure
– Gradient
– Co-transport
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Relationships for Nutrient Concentrations (Complete Linkage)
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Very strong evidence that 
some nutrient profiles are 
genetically controlled by the 
rootstock and consistent 
year over year.
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Bitter Pit of Honeycrisp 
apples is affected by 
many variables including 
some that are 
modulated by 
rootstocks: Nutrient 
Balance (IONOMICS) 
involving K, N, Mg, and 
Ca. Crop load, and some 
responses to climate.



United States Department of Agriculture
Agricultural Research Service

Apple Rootstock Breeding Program
Plant Genetic Resources Unit, Geneva, NY

QTL LOD profile for rootstock modulated 
nitrogen leaf content measured in an apple 
rootstock population – one of the steps toward 
marker development.
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loci (Chr 2 and 14)

Further steps in the development of genetic markers involve 
understanding how multiple effectors in the genome interact –
in this case how the effectors on chromosome 2 and 13 affect 
leaf nitrogen content of both rootstock (not grafted) and 
grafted scion.  This map shows other nutrients including 
calcium (which seems to be very complex)



G.214G.213

G.214 is a low nitrogen rootstock



Rootstocks have unique interactions with soil pH and nutrient absorption and translocation

G.41 CG.3007 CG.4113

Leaf Calcium

Molybdenum

CG.5257 CG.2406

G.969 CG.4172

CG.6589

MM.111
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Dr. Ali Farqani

Apple Rootstock  Minirhizotron pH Experiment Honeycrisp Grafted 
on 4 rootstocks. 
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Minirhizotron   (Response to soil pH) 
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Rhizoctonia mycelium

Pratylenchus penetrans

Phytophthora spores

Pythium

Replant Disease Tolerance of Geneva Rootstocks

Cylindrocarpon spores
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WAPATO REPLANT TRIAL LOCATION
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Replant tolerance seems to apply in many apple growing regions worldwide
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Relationship 
between soil 
microbes and 

rootstocks
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Benzoic acid has been identified as another 
target for marker development and 
currently is at the stage of genetic model 
development (next slide).
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Aeroponics Systems to study apple roots
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Reservoir 
nutrient tank.

Drainage 
pump& filter

Micro-jet 
nozzles

Supply line

Return line

Drainage line

Ae rop on ics
d iagram

pH controller 
(Doser)

Timers

Outgoing pump. 
REDUNDANCY!!!
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Treatments and Diagnostics Possible with Aeroponics
Integration with robotics will allow multiple automated diagnostics and treatments 

• Mineral nutrients
• pH
• Temperature (cold or heat shock) 

with the addition of a transducer
• Plant growth regulators
• Root pathogens
• Salinity
• Drought

• Easy access roots – RNA, gene 
expression

• Root growth
• Architecture
• Genotype specific root metabolites
• Disease resistance
• Nutrient induced architecture
• Root gas exchange and respiration
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Malling 9     Ottawa 3     X      Robusta 5
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Apple root phenotypic diversity in aeroponics
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Phenotypic diversity in metabolic compounds
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Plant Physiology June 2001 vol. 126 no. 2 485-493

Root Isoquercitrin relationships and pathways

Quercetin 3-O-beta-D-glucofuranoside is a quercetin O-glucoside in which a 
glucofuranosyl residue is attached at position 3 of quercetin via a beta-
glycosidic linkage. It has a role as a metabolite. It is a beta-D-glucoside, a 
quercetin O-glucoside, a monosaccharide derivative and a 
tetrahydroxyflavone.
Reaction: UDP-α-D-glucose + quercetin⟶ H+ + UDP + quercetin-3-glucoside
Source: https://pubchem.ncbi.nlm.nih.gov/compound/5484006
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QTL Marker Effect Prediction
Best RNAseq RPKM Prediction

Segregation in pollen donor
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Sand Culture Root Gene Expression QTLs

MD17G1129500

LO
D
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GOOD BAD

Keep Discard
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Root development after 4 weeks in pH 5.5

G.210 G.214      G.890 G.41Dr. Ali Farqani PhD work
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G.210
pH 6.5

G.214
pH 6.5

G.890
pH 6.5

Effect of solution pH on network depth and 
width in (mm) on four Geneva rootstocks 

grown in aeroponics system in 2018.

G.41 G.210

G.214 G.890
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What is the molecular mechanism that is causing the virus hyper-sensitivity 
in some Geneva rootstocks?

• Purchased uniform virus 
tested (clean) micro-
propagated G.935, G.890, 
G.969, G.213 rootstocks 
from Sierra Gold

• Transferred rootstocks to 
aeroponic system

• Chip budded 10 trees of 
each rootstock with “dirty 
RRHC” and 10 with “clean 
RRHC”

• Grew trees, collected data 
and root tissues at different 
time points for gene 
expression analysis.
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G.969 G.222G.890G.935
V VVVC CCC
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Correspondence Between Fazio Lab Dendrometer Voltage Reading and 
Daily Fluctuations in Sunlight

• Dendrometer designed 
and 3D printed by Fazio

• Dendrometer is a linear 
potentiometer that 
detects movements of 
the piston as changes in 
voltage.

• Attached to Spectrum 
Watchdog Data Logger

• Voltage changes in linear 
potentiometer can 
detect movement down 
to 10 microns

• Swelling and shrinking of 
stems (100 micron) 
correspond to 
evapotranspiration 
correlated with sunlight

• Cloudy, rainy days 
(September 11 and 12) 
are clearly sensed by 
apple trees
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TEMPERATURE

DIAMETER/VOLTAGE

Solar Radiation
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Current and Future Directions
• Water availability and climate 

change.
• Integration with robotics, remote 

sensing and training systems.
• Interactions between apple 

rootstocks and apple viruses.
• Designer rootstock: Pairing and 

Matching.
• Woolly Aphid resistance
• Rhizosphere composition. 
• And more….
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Thank You!
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