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O v e r v i e w  
Apple Replant Disease

• Shift in rhizosphere 
community

• Antagonize new trees
• 200 year documentation  
• Global issue

• Unique to each location

(Traquair 1984; Meints & Toma, 2017; Mazzola & Mullinix, 2005; Suszkiw, 2010; Smith, 1995) (Photo Credit: ‘Soil microbes’, Alice Dohnalkova, 2016) 3 o



• Decreased shoot and root growth
• Rosette leaf pattern
• Necrotic roots

• Delay fruit bearing by 2-3 years

A p p l e  R e p l a n t  D i s e a s e

4
(Rumberger et al, 2004; Granastein & Mazzola, 2001; Winkelmann et al, 2019; Mazzola & Manici, 2012) (Photo Credit: Maik Lucas; Tezar Tantular)

• $20-60K/ha loss during 
an orchard’s lifespan

o



Convent iona l  - Chemica l  Fumigants 
• L im i ted  e f f ec t i veness
• Produc ts  banned
• Not  se lec t i ve

New Research Pr ior i ty
• Low impac t  a l t e rna t i ve
• Long- te rm e f f ec t i veness
• I den t i f y  spec i f i c  causes

5

ARD  So l u t i ons

o
(Granatstein & Mazzola, 2001; Gastroł & Domagala-Światkiewicz, 2015; Yao et al. 2006; Nicola et al. 2017; Agriculture & Agri-Food Canada, 2019)



Resea rch  Ob j ec t i v es

Reduce long-term ARD 
pressure in Ontario 
orchards through 

biocontrols

6

Identify microbes
associated with ARD

Characterize the 
relationship between 

biocontrols and 
rhizosphere microbial 

species

o
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Orchard Experiment

• 3 Years
• 3 Orchards in Norfolk County

• RCBD

• 5 Treatments
• No additions
• Chloropicrin
• Plant Growth Promoting (PGP) Fungi
• PGP Rhizobacteria
• PGP Combo

7
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1. Simcoe Research Station

• ‘Aztec Fuji’/M.9 T337 
• 2500 trees ha-1

• Vertical axis system
• 12 trees x 5 treatments x 5 blocks 

(300 experimental units) 

2. Schuyler Farms Ltd

• ‘Ambrosia’/M.9 T337 
• 1216 trees ha-1

• Free standing system
• 5 trees x 5 treatments x 5 blocks 

(125 experimental units) 

3. Ontario Orchard Supply

• ‘Ambrosia’/B.9 
• 4140 trees ha-1

• Vertical axis system
• 5 trees x 5 treatments x 5 blocks  

(125 experimental units) 
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Table 1. Application details of initial treatments, applied during planting period

Treatment Product Active Ingredient/ 
Species Application Method Application 

Rate

Control - - - -

Fumigant PIC PLUS Chloropicrin
(Cl3CNO2)

Shank injected
Soil left covered for 7 days, 

planting will occur an 
additional 10-14 days later

164 L ha-1

PGP Fungi

Ultrafine Endo

Glomus intraradices
G. mosseae

G. aggregatum
G. etunicatum

Root spray 3.12 g/L

Rootshield Plus Trichoderma virens G41
T. harzianum T22

Root dip, 3 days before root 
spray 9 g/L

Prestop Gliocladium catenulatum Root spray 5 g/L

PGP Rhizobacteria
Mycostop Streptomyces K61 Root spray 1 g/L

Serenade Soil Bacillus subtilis QST713 Root spray 0.015 L/ L

PGP Fungi & 
Rhizobacteria

Ultrafine Endo

Glomus intraradices
G. mosseae

G. aggregatum
G. etunicatum

Root spray 3.12 g/L

Rootshield Plus Trichoderma virens G41
T. harzianum T22

Root dip, 3 days before root 
spray 9 g/L

Prestop Gliocladium catenulatum Root spray 5 g/L
Mycostop Streptomyces K61 Root spray 1 g/L

Serenade Soil Bacillus subtilis QST713 Root spray 0.015 L/ L o
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P lan t  Ana l y ses
• Tree  Hea l th

• Survival rate
• Leaf Nutrients
• Relative circumference growth
• Chlorophyll fluorescence
• Rosette leaves
• Shoot weight
• Root weight and area

• F ru i t  Deve lopment  
• Bud date
• Fruitlet count
• Fruitlet weight

o

R e s e a r c h  
S t a t i o n



Soil Analyses

• Bu lk  So i l  
• NH4

+

• NO3
-

• P
• SOC

• Rh i zosphere
• Taxonomic classification and OTU count 
• Shannon diversity 
• Differential Abundance Analysis (phyla and 

genus level)
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Results
Results
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Table 2. Treatment effect on plant growth at the Simcoe Research Station

Treatment

2021 2022

Mean Shoot Weight
(g)

Mean Root Weight
(g)

Avg. Fruitlet Weight 
(g)

Control 236.5 ab 137.2 ab 13.30 b

Chloropicrin 307.0 a 150.0 ab 15.43 a

PGP - Fungi 218.1 b 129.7 b 13.95 b

PGP - Rhizobacteria 251.9 ab 180.6 a 14.90 ab

PGP - Mix 222.8 ab 132.2 ab 13.43 b

P 0.0350 0.0288 0.0262 15
o
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Table 3. Treatment effect on plant growth at 
Ontario Orchard Supply

Treatment
2021 2022

Rel. Circ. Growth % Fruit Count. Avg/tree

Control 7.47 bc 5.314 b

Chloropicrin 20.95 a 11.33 a

PGP - Fungi 6.42 c 9.18 ab

PGP -
Rhizobac

16.67 ab 6.59 ab

PGP - Mix 16.60 ab 9.48 ab

P <0.0001 0.0426 18

Table 4. Treatment effect on plant growth at 
Schuyler Farm Ldt

Treatment
2021 2022

Rel. Circ. Growth % Rel. Circ. Growth %

Control 12.4 ab 49.8 a

Chloropicrin 16.7 ab 55.0 a

PGP - Fungi 19.2 a 46.3 a

PGP -
Rhizobac

10.8 b 48.3 a

PGP - Mix 14.6 ab 48.7 a

P 0.0369 0.2609
o



• No soil changes

• PGP-Rhizobacteria
• Improved plant 

growth
• As effective as 

chloropicrin

• PGPs-Fungi
• No improved growth

Conclusion – Soil & Tree Metrics

• Minimal soil changes

• PGP-Rhizobacteria
• Improved plant 

growth
• As effective as 

chloropicrin

• PGPs-Fungi
• No improved growth

S imcoe Stat ion Ontario Orchard SupplySchuy ler  Farm Ldt

19

• No soil changes

• PGP-Rhizobacteria
• No improved plant 

growth

• PGPs-Fungi
• Initially improved 

growth
• Not sustained

o



Table 5. Treatment effect on microbial phyla diversity at the Simcoe Research Station

Treatment

2020 2021

Fungi Shannon Diversity Bacteria Shannon 
Diversity

Fungi Shannon 
Diversity

Bacteria Shannon 
Diversity

Control 0.501 a 0.854 a 0.864 ab 0.833 ab

Chloropicrin 0.724 a 0.907 a 1.031 a 0.787 ab

PGP - Fungi 0.639 a 0.742 a 0.938 ab 0.673 b

PGP - Rhizobacteria 0.781 a 0.795 a 0.801 ab 0.905 ab

PGP - Mix 0.775 a 0.654 a 0.588 b 0.994 a

P 0.0504 0.0876 0.0185 0.0360 20
o



Acinetobacter
Allo-Neo-Para-Rhizobium

Arthrobacter
Bromate-reducing bacterium WC21

Cellulomonas
Comamonas

Flavobacteriacea bacterium SAP834.2
Pseudomonas

Rhizobium cellulosilyticum
Salmonella enterica ssp. serovar

Stenotrophomonas rhizophila
Yersinia pestis 2944

Acinetobacter
Acinetobacter sp. IGCAR-9/07

Bromate-reducing bacterium WC21
Cellulomonas

Chyrseobacterium taihuense
Chyrseobacterium taiwanense

Enterobacter cloacae 
Enterobacter cloacae sp. dissolvens

Enterobacter UCD-UG_FMILLET
Kluyvera ascorbate

Rhizobium cellulosilyticum
Stenotrophomonas rhizophila

Yersinia pestis 2944

Acinetobacter sp. IGCAR-9/07
Acinetobacter

Bacillus cereus
Bacillus sp. Kaza-34

Bacillus subtillis 
Bacillus subtillis ssp. spizizer

Bacillius sp. RPT0001
Bacillus velezensis

Chyrseobacterium taiwanense
Psuedomonas

Yersinia pestis 2944

Fall 2020 Bacterial Differential 
Abundance Analysis at Simcoe 

Research Station 

Acinetobacter
Acinetobacter sp. IGCAR-9/07

Arthrobacter
Bacillus subtillis 

Bacillus subtillis ssp. spizizer
Bacillius sp. RPT0001

Chyrseobacterium
Chyrseobacterium taihuense

Phycicoccus
Psuedomonas sp.

Terrabacter
Yersinia pestis 2944

Chloropicrin v Control

PGP-F v Control

PGP- R v Control PGP- Mix v Control

Beneficial Neutral Pathogenic

Ecological Role

o21



Acinetobacter
Allo-Neo-Para-Rhizobium

Bacillus sp
Chyrseobacterium

Citrobacter sp. SRC_NBB2
Staphylococcus aureus

Acinetobacter
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Kineosporia
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Terrabacter
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Acinetobacter

Allo-Neo-Para-Rhizobium
Bacillus 

Bacillus sp.
Bacillus cereus
Bacillus subtillis

Citrobacter sp. SRC_NBB2
Citrobacter sp. TNT4

Comamonas
Kineosporia

Kluyvera ascorbate
Lactococcus

Rhizobium etli 8C-3
Staphylococcus aureus

PGP-R v Control

Chloropicrin v Control

PGP-F v Control

PGP-Mix v Control

Beneficial Neutral Pathogenic

Ecological Role

Fall 2021 Bacterial Differential 
Abundance Analysis at Simcoe 

Research Station 
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• Bacterial species 
persisted

• Increased bacterial 
diversity

• More beneficial

• Decreased fungal 
diversity

Conclusion – Rhizosphere Microbial  Community

• Biocontrol species did 
not persist

• Decreased bacterial 
diversity

• Increased fungal 
diversity

PGP- Fungi PGP - MixPGP - Bacter ia

23

• Biocontrol species 
persisted

• Increased bacterial 
diversity

• More beneficial

• No impact on fungal 
diversity

o
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