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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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Apple Rootstock Breeding Partnership between 
USDA-ARS and Cornell University

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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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.

CCoommmmeerrcciiaall  aappppllee  ttrreeeess  aarree  aa  ccoommbbiinnaattiioonn  ooff  ttwwoo  ddiiffffeerreenntt  ggeenneettiicc  ttyyppeess::  tthhee  
RROOOOTTSSTTOOCCKK aanndd  tthhee  SSCCIIOONN  ((aaeerriiaall  ssyysstteemm))  wwhhiicchh  bbeeaarrss  ffrruuiitt..

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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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
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The Breeding Team

G.41
• M.9 vigor
• Very high yield efficient
• Highly productive 
• Very precocious
• Resistant to replant disease
• Very cold hardy
• Does well in warmer climates 

(Mexico)
• Highly Resistant to Fire Blight 

and Crown Rot and Wooly 
Apple Aphid

• Requires tissue culture 
mother plants for stoolbed

G.41 Fuji CIV 2008
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GOOD Tech Transfer is Essential for Success!!
Apple Rootstock Breeding Program (USDA ARS and Cornell Partnership) 
was Awardee of the Federal Labs Consortium 2015 Excellence in 
Technology Transfer – competing against other federal labs (NASA, U.S. 
Army, Naval Research Laboratory, etc.)

• Feedback on nursery performance.
• Support research.
• Word of mouth Extension
• May be able to do things that some other public institutions can’t

Really?!?!?  Apple Rootstocks?
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Geneva® rootstock field day in Brazil



Geneva® rootstock field day in Mexico



POBLACIÓN MUNDIAL-2050

CAMBIO CLIMÁTICO

PRODUCCIÓN ALIMENTOS

SOSTENIBILIDAD 
AMBIENTAL

USO EFICIENTE 
RECURSOS + INN. TEC.

SOSTENIBILIDAD 
DE RENTAS

COSTES

Dr. Ignasi 
Iglesias



País Coste horario (€/h) Coste diario (€/dia) 8h
Francia 12,2 97,6
Italia (Emilia Romagna) 10,7 85,6
Israel (Rosh Pina)* 10,2 81,6
España 8,6 68,8
Portugal 5,7 45,6
Grècia 3,7 29,6
Sèrbia 2,6 20,8
Polònia 2,5 20,0
Brasil 4,3 34,4
Chile 2,7

6,5
21,6 (fijo)

52,0 (temporal+cereza)
USA (Califor.-Washing.) 15,0-24,0 120-192
Argentina 5,6 44,8 (temporal) / (30 al 2008)
Armènia 2,6 20,8
Georgia 2,4 19,2
Rússia meridional 2,6 20,8
Bulgària 1,6 12,8
Rumania 1,5 12,0
Ucraïna 1,3 10,4
Turquia 1,6-2,2 12,8-17,6
Marruecos 0,9-1,5 7,2-12,0
Tunez 0,8 6,4

Iglesias, 2019

COSTE MANO DE OBRA-2019

(*): 8.000 m3/ha water = 3.500 €/ha

Dr. Ignasi 
Iglesias



6 days x 8 h/day = 48 h/week
27 $/bin x 53 bin/week =                                         
1.413 $USA/week = 2299,,44  $$UUSSAA//hh  

-211 tax = 1.260 $/week
2266  $$UUSSAA//hh  ((nneett  

wwoorrkkeerr))

Dr. Ignasi 
Iglesias



• The variety:

Two key factors for sustainability: 
environmental and grower’s income

• The rootstock/training system:

Price consumer-grower
SUSTAINABILITY INCOME

Cost of production
ENVIRONMENTAL SUSTAINABILITY

Dr. Ignasi 
Iglesias
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What is 
more 

productive?

Same Fuji 
apple scion.

Different 
rootstocks!



Why this transition from 3D to 2D has been it possible?
By changing the shape of canopy to do it more accesible

By genetics: breeding for new 
rootstocks

t/ha
80

40

1950-1960 1970-1980 1990-2000 2010-2018

22
41

65
74



<25%

35% 

70%

Shaded area
(Receives <30% luz)

The effect of volume canopy on yield & light exposition

Adapted from Royo et al.,2009 (Pers. com.) 

Why small tree is more efficient?

Ø Greater well iluminated portion of 
the canopy than in large trees

Ø Less permanent wood

Ø Fruits closer to main permanent
structure

98%

70%

35%

Well light exposed area
receives >70 % or 98% of 

light

ES
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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



United States Department of Agriculture
Agricultural Research Service

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

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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Economic Impact of Dwarfing Precocious Apple Rootstocks on U.S. Apple Production

0
10
20
30
40
50
60
70
80
90

  1982   1987 1992 1997 2002 2007 2015 2023

US Average Apple Production ton/ha

USDA ERS Data until 2010
Farmgate value of U.S 
Apples is $ 3.6 Billion. 
There are 2-3 major genes 
involved in dwarfing and 
early bearing in apple 
rootstocks.  
One can extrapolate that at 
least 50% ($1.8B) of that 
farmgate value can be 
attributed to the 
application of genes 
involved in the  
implementation of 
dwarfing and early bearing

40% of rootstocks 
sold were dwarfing 
and early bearing

93% of rootstocks 
sold were dwarfing 
and early bearing

38% Increase due to 
better management 
practices and inputs 
(fertilizers, sprays, 

etc.)

61% Increase due to 
the application of 

dwarfing and early 
bearing rootstocks
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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 of U.S. Rootstock Sales 
Composition 2022 (%)

M.9 Clones

B.9, B.10

Other Malling

Others

Geneva 41

Geneva 935

Geneva 11

Geneva 969

Geneva 890

Geneva 214

Geneva 202

Geneva 213
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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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How do we provide Designer Solutions for these interactions? 
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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
AAvveerraaggee  lliiffee  ooff  aann  aappppllee  oorrcchhaarrdd  iiss  1155  yyeeaarrss;;  tthheerreeffoorree,,  ddeeccaaddee  lloonngg  rreesseeaarrcchh  iiss  nneeeeddeedd  ttoo  pprrooppeerrllyy  eevvaalluuaattee  

rroooottssttoocckk  ppeerrffoorrmmaannccee  ““LLoonngg  TTeerrmm””  iiss  kkeeyy  ffoorr  TTeecchh  TTrraannssffeerr  
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Cornel Biotech Imaging Facility
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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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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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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



25. nov. 2019

Dr. Ignasi 
Iglesias



Prediction of lack of winter chill worlwide

Dr. Ignasi 
Iglesias



Impact on chilling hours

Dr. Ignasi 
Iglesias
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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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ABA and ABA catabolites content 
in apple tree xylem tissue under different rootstocks

 t-ABA
 7'OH-ABA
 neo-PA
 ABAGE
 DPA
 ABA
 PA

P < 0.0213* 
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G. 41

Courtesy Betsy Beers
WSU Wenatchee

M.9
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The Rootstock Phase of Fire Blight is a Major 
Problem:
• Infection of susceptible rootstocks results in the 

death of the tree.
• Blight can enter the tree through blooms, 

mechanical wounds and insect wounds (burr 
knots, suckers)

• Fire Blight bacteria can travel from the top of the 
tree to the rootstock in less than 2 weeks.

Infection site 
– Bloom or 
Shoot
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QTLs for fire blight resistance on same 
population – different strains and years
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Color, 
Firmness, 
Maturity, 
Sugar, Size 
are 
affected 
by Apple 
Rootstocks
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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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What sparked our interest in root mediated ionomics
(nutrient uptake)?

• 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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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.



=~$247,000/ha
=~$82,500

Economic effects of rootstock influenced bitter pit and yield potential

• Rootstocks affect 
cumulative yield of 
the orchard

• Rootstocks affect 
the K/Ca ratio 
which in turn affects 
the percentage of 
bitter pit free apple 
yield

• The combination of 
the two can result in 
significant money 
$$$ gained or lost.
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Relationships for Nutrient Concentrations (Complete Linkage)
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QTL LOD profile for rootstock modulated 
nitrogen leaf content measured in an apple 
rootstock population – one of the steps toward 
marker development.

        



G.214G.213

G.214 is a low nitrogen rootstock



AAFFRRSS  RRaappiidd  ccyyccllee  bbrreeeeddiinngg  
ssyysstteemm  ttiimmeelliinnee

Make cross 
with early 
flowering 

line

Harvest seed 
Transgene segregates in 1:1

Stratify 
and 

Germinate 
seedlings

Marker-
assisted 
selection

Phenotypic 
selection 
for simple  
fruit traits

Spring Year 1

Fall Year 1

Winter Year 1 - Spring Year 2

Summer Year 2

Fall/Winter Year 2

Dr. Chris 
Gottschalk

Utilizes Novel 
Breeding 

Technologies (NBC)



Current 
progress

Dr. Chris 
Gottschalk



New directions 
for post-harvest 
rot resistance



IInnttrrooggrreessssiioonn  BBrreeeeddiinngg  UUssiinngg  RRaappiidd  CCyyccllee

M. Fusca (M)

AFRS Mf21 Lines

T1190

Idared Pinova

Carries BpMADS4 
Transgene on Chr. 4

SeedlingAllows us to target 
novel genetics such as 
Mfu10 loci for fire 
blight resistance.



Use of a TFL RNAi Cassette Screen for 
Seedless Traits

Construct # of Lines/Plants Flowering Non-flowering Seeds
Seedless1 5/26 0% 100% ?
Seedless2 4/19 0% 100% ?
Seedless3 9/45 0% 100% ?
TFL RNAi 9/43 35% 65% No
Seedless1 + TFL RNAi 6/34 76% 24% No
Seedless2 + TFL RNAi 7/30 53% 47% No
Seedless3 + TFL RNAi 7/62 50% 50% No

*Charrier, A., Vergne, E., Dousset, N., Richer, A., Petiteau, A., & Chevreau, E. (2019). Efficient Targeted Mutagenesis in 
Apple and First Time Edition of Pear Using the CRISPR-Cas9 System. Frontiers in plant science, 10, 40. 

Dr. Chris 
Dardick



Enhancing drought resilience in apple through DRO1 ?
• Hypothesis: 

Deeper rooting of ‘M.26’ apple due to DEEPER ROOTING 1 
(DRO1) overexpression allows water access in deeper soil 
domains and hence better drought tolerance (avoidance)

DDrr..  LLiissaa  TTaanngg



Root morphology of apple overexpressing PpeDRO1
• At 8 months after transplanted, roots of both DRO1 OE lines were shorter than 

non-transgenic control
• For 4-yr-old trees, no significance difference in root length or root biomass 

between transgenic OE lines and control

• But drought tolerance in apple was altered by DRO1 overexpression 

Trees ~8 months after 
transplanted from tissue culture

Trees ~4 years after 
transplanted from tissue culture0
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Apple saplings overexpressing PpeDRO1 under drought
• 3-month saplings after 

no water for 4 weeks:

▲
Non-transgenic control

▲
PpeDRO1 OE line► ◄



Young apple trees overexpressing PpeDRO1 under drought
• 4-year-old non-nearing trees, after no water for 7 days:

Both DRO1 OE Lines were less stressed than non-transgenic control

è Investigation of the mechanism 
underlying increased drought 
tolerance by DRO1 OE is underway
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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

Aeroponics
diagram

pH controller 
(Doser)

Timers

Outgoing pump. 
REDUNDANCY!!!



United States Department of Agriculture
Agricultural Research Service

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

Apple root phenotypic diversity in aeroponics
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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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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 nneettwwoorrkk  ddeepptthh  aanndd  
wwiiddtthh  iinn  (mm) on four Geneva rootstocks 

grown in aeroponics system in 2018.

G.41 G.210

G.214 G.890
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Is the rootstock revolution limited to Apples?
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Thank You!
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