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ABSTRACT

EFFICACY OF NON-CONVENTIONAL FUNGICIDES FOR THE
SUPPRESSION OF DOLLAR SPOT DISEASE CAUSED BY CLARIREEDIA
JACKSONII

Matthew Joseph Rudland
University of Guelph, 2020

Advisor:
Dr. Tom Hsiang

The potential for non-conventional fungicides to suppress dollar spot
disease, caused by Clarireedia jacksonii, was investigated. Treatments were selected
from reports in the literature, as well as from the Ontario Government Class 11 lowrisk pesticide list. Treatments found to be efficacious in both preliminary lab and
field trials, including ferrous sulfate heptahydrate (FSH) (21% Fe), paraaminobenzoic acid (PABA) (100%) and Affirm WDG (11.3% polyoxin-D zinc salt),
were compared across 10 cultivars of Agrostis stolonifera. Significant differences in
cultivar response were observed with 1x FSH (250 g/100 m2) applications. On
average, 1x FSH and 5x FSH suppressed dollar spot disease by 74 to 78% and 95 to
99% respectively. However, a significant darkening was observed with increasing
rates of FSH, which led to phytotoxicity and scarring, especially during hotter
periods.

Acknowledgements
Firstly, and most importantly, I would like to thank my remarkable advisor Dr.
Tom Hsiang for allowing me into his lab when I was a third year undergraduate student
and providing me with the opportunity to develop my research and experimental abilities.
His mentorship, patience, and unwavering support through the years have helped me gain
confidence as both a scientist and a writer. I am also very grateful for the chance to
participate in both national and international conferences, which helped improve my
presentation skills. Additionally, I would like to thank my advisory committee member,
Dr. Paul Goodwin, for his teachings, guidance and constructive feedback to strengthen
my work. Furthermore, a sincere thank you to The Canadian Turfgrass Research
Foundation for funding this research and allowing me to take this journey. To the
grounds crew at the Guelph Turfgrass Institute, notably Peter Purvis and Erica Gunn, I
wouldn’t have been able to complete any of my field research without your diligence and
flexibility.
I am also very grateful to all of the Hsiang lab members, who offered me
guidance and assistance throughout this process, including: Shuhong Zhang, Sara
Stricker, Ryan Gourlie, Katherine Stone, Moez Valliani, Vivian Forte-Perri, Kyle
Madden, Mina Nasr-Sharif, Abdurraouf Abaya and Ivan Samur. Your support, positivity
and selflessness helped me overcome the more challenging aspects of this project and
keep moving forward with my work. A special thank you to Dr. Danielle Gray for all of
her encouragement and support the last few years. Lastly, to my friends and family, I
could not have done this without your understanding, care and ability to lift my spirits,
especially when I was going through difficult times. A special thank you to all of my
roommates over the years who kept me well fed, active, motivated and in good spirits.
Finally, thank you to my parents Jean and Tom Rudland, as well as my sister Allison
Course and brother in law William Course, for all the meals, baked goods, phone calls
and reinforcement you provided to get me to this point.

Dedicated to my grandfather Joseph Roy Leatham:
Above all else, you taught me the importance of working hard, showing compassion to
others and not taking life too seriously.

iii

Table of Contents
ABSTRACT ....................................................................................................................... ii
Acknowledgements .......................................................................................................... iii
LIST OF TABLES .......................................................................................................... vii
LIST OF APPENDICES ............................................................................................. xxiv
LIST OF ABBREVIATIONS AND ACRONYMS .................................................... xxv
Chapter 1: General Introduction & Literature Review ................................................ 1
1.1 - Introduction ..........................................................................................................................1
1.1.1 - Turfgrass ...........................................................................................................................1
1.1.2 - Dollar Spot Disease ...........................................................................................................3
1.1.3 - Management of Dollar Spot Disease ................................................................................4
1.1.3.1 - Cultural Control .............................................................................................................4
1.1.3.2 - Chemical Control ...........................................................................................................5
1.1.4 - Issues With Fungicide Use ................................................................................................6
1.1.4.1 - Fungicide Resistance......................................................................................................6
1.1.4.2 - Environmental Impacts ..................................................................................................6
1.1.5 - Canadian Pesticide Regulation..........................................................................................8
1.1.6 - Non-conventional Fungicides ...........................................................................................9
1.2 - Hypothesis and Objectives .................................................................................................10
1.2.1 - Hypotheses: .....................................................................................................................11
1.2.2 - Objectives: ......................................................................................................................11

Chapter 2: Effects of Non-Conventional Fungicidal Compounds Against Clarireedia
jacksonii: Lab Tests ........................................................................................................ 13
2.1 - Introduction ........................................................................................................................13
2.1.1 - Hypotheses and Objectives .............................................................................................14
2.1.1.1 - Hypotheses ...................................................................................................................14
2.1.1.2 - Objectives.....................................................................................................................14
2.2 - Materials and Methods .......................................................................................................14
2.2.1 - Growing Turfgrass in Conetainers ..................................................................................14
2.2.2 - Inoculum Preparation ......................................................................................................15
2.2.3 - Inoculation Trial Protocol ...............................................................................................16
2.2.4 - Mixing Treatments ..........................................................................................................16
2.2.5 - Initial Testing for Efficacy of Non-Conventional Treatments In vitro ...........................16
2.2.6 - Preliminary pH Tests ......................................................................................................17
2.2.7 - C. jacksonii Shaker Growth Test ....................................................................................17
2.2.8 - Ferrous Sulfate pH Adjustment Trial ..............................................................................18
2.2.9- Long Term Ferrous Sulfate Phytotoxicity Tests ..............................................................18
2.2.10 - Leaf Blade Phytotoxicity Microscope Analysis............................................................18
2.2.11 - Ferrous Sulfate Leaf Blade Turgidity Test ...................................................................19
2.2.12 - Ferrous Sulfate Systemicity Test ..................................................................................19
2.2.13 - Amended Agar Direct Inhibition Tests .........................................................................20
2.2.14 - Statistical Analysis ........................................................................................................20
2.3 - Results ................................................................................................................................21
2.3.1 - A. stolonifera Germination Trial .....................................................................................21
2.3.2 - Optimizing Inoculum Rate ..............................................................................................21
2.3.3 - Efficacy of Non-Conventional Fungicides In vitro against C. jacksonii ........................21

iv

2.3.3.1 - Acetylsalicylic Acid .....................................................................................................21
2.3.3.2 - Clonostachys rosea ......................................................................................................22
2.3.3.3 - Ferrous Sulfate .............................................................................................................22
2.3.3.4 - Humic Acid ..................................................................................................................23
2.3.3.5 - Para-aminobenzoic Acid ..............................................................................................23
2.3.3.6 - Polyoxin-D Zinc Salt ...................................................................................................23
2.3.3.7 - Silicic Acid ...................................................................................................................24
2.3.4 - Preliminary pH Tests ......................................................................................................24
2.3.5 - Effects of pH Amendment on C. jacksonii Growth Rates ..............................................25
2.3.6 - Effects of Ferrous Sulfate pH Amendment on Efficacy .................................................25
2.3.7 - Phytotoxicity of Ferrous Sulfate on A. stolonifera .........................................................25
2.3.8 - Microscopic Examination of Foliar Phytotoxicity Induced by Ferrous Sulfate .............26
2.3.9 - Turgidity of A. stolonifera Leaf Blades After Ferrous Sulfate Treatment Applications 26
2.3.10 - Systemic Properties of Ferrous Sulfate on L. perenne ..................................................27
2.3.11 - Amended Agar EC50 Tests ............................................................................................28
2.4 - Discussion ..........................................................................................................................28
2.4.1 - Efficacious Treatments ...................................................................................................28
2.4.1.1 - Ferrous Sulfate .............................................................................................................28
2.4.1.2 - Humic Acid ..................................................................................................................30
2.4.1.3 - Para-aminobenzoic Acid ..............................................................................................32
2.4.1.4 - Polyoxin-D Zinc Salt ...................................................................................................34
2.4.2 - Non-efficacious Treatments ............................................................................................36
2.4.2.1 - Acetylsalicylic Acid .....................................................................................................36
2.4.2.2 - Clonostachys rosea ......................................................................................................38
2.4.2.3 - Silicic Acid .................................................................................................................. 39
2.5 - Concluding Remarks ..........................................................................................................40

Chapter 3: Effects of Non-Conventional Fungicidal Compounds Against Clarireedia
jacksonii: Field Tests ....................................................................................................... 74
3.1 - Introduction ........................................................................................................................74
3.1.1 - Hypotheses and Objectives .............................................................................................75
3.1.1.1 - Hypotheses ...................................................................................................................75
3.1.1.2 - Objectives.....................................................................................................................75
3.2 - Materials and Methods .......................................................................................................75
3.2.1 - Inoculum Preparation ......................................................................................................75
3.2.2 - Treatment Preparation .....................................................................................................76
3.2.3 - Efficacy of Non-Conventional Treatments Against C. jacksonii in Field Situations .....76
3.2.3.1 - Preliminary Field Trial on A. stolonifera Cultivar Penncross ......................................76
3.2.3.2 - Full Field Trial on 10 Cultivars of A. stolonifera ........................................................76
3.2.3.3 - Ferrous Sulfate pH Adjustment Trial ...........................................................................77
3.2.3.4 - Ferrous Sulfate Rate and Interval Trial ........................................................................77
3.2.4 - Phytotoxicity Trials of Ferrous Sulfate on A. stolonifera ...............................................78
3.2.4.1 - Phytotoxic and Discolouration Effects of Ferrous Sulfate Across 10 Cultivars of A.
stolonifera ...................................................................................................................................78
3.2.4.2 - Low Rate Ferrous Sulfate Discolouration Trial ...........................................................78
3.2.4.3 - Root Growth Analysis of A. stolonifera Treated with Ferrous Sulfate ........................78
3.2.5 - Disease Rating and Statistical Analyses .........................................................................79
3.3 - Results ................................................................................................................................79
3.3.1 - Preliminary Efficacy Trial on A. stolonifera Cultivar Penncross ...................................79
3.3.1.1 - Clonostachys rosea .......................................................................................................79
3.3.1.2 - Humic Acid ..................................................................................................................80

v

3.3.1.3 - Para-aminobenzoic Acid ..............................................................................................80
3.3.1.4 - Polyoxin-D Zinc Salt ...................................................................................................80
3.3.1.5 - Ferrous Sulfate .............................................................................................................81
3.3.2 - Full Trial on 10 Cultivars of A. stolonifera .....................................................................81
3.3.2.1 - Para-aminobenzoic Acid ..............................................................................................82
3.3.2.2 - Polyoxin-D Zinc Salt ...................................................................................................83
3.3.2.3.1 - Ferrous Sulfate (5x) ..................................................................................................83
3.3.2.3.2 - Ferrous Sulfate (1x) ..................................................................................................84
3.3.2.3.3 - Ferrous Sulfate (1x) Cultivar Differences .................................................................85
3.3.2.3.4 - Inoculated Control Disease Progression Cultivar Differences .................................86
3.3.3 - Ferrous Sulfate pH Adjustment Trial ..............................................................................86
3.3.3.1 - Summer 2019 Trial ......................................................................................................87
3.3.3.2 - Fall 2019 Trial ..............................................................................................................88
3.3.4 - Ferrous Sulfate Rate and Interval Trial ...........................................................................89
3.3.4.1 - Summer 2019 Trial ......................................................................................................89
3.3.4.1.1 - Greens Height Results ...............................................................................................89
3.3.4.1.2 - Fairway Height Results .............................................................................................90
3.3.4.1.3 - Combined Green and Fairway Height Data and Comparison of Results .................92
3.3.4.2 - Fall 2019 Trial ..............................................................................................................93
3.3.4.2.1 - Greens Height Results ...............................................................................................93
3.3.4.2.2 - Fairway Height Results .............................................................................................94
3.3.4.2.3 - Combined Green and Fairway Height Data and Comparison of Results .................95
3.3.5 - Phytotoxic, Discolouration and Efficacious Effects of Ferrous Sulfate Across 10
Cultivars of A. stolonifera ..........................................................................................................96
3.3.5.1 - Effect on Dollar Spot Disease ......................................................................................97
3.3.5.2 - Application Rate and Phytotoxicity and Discolouration..............................................98
3.3.5.2.1 - Cultivar Differences in Phytotoxicity and Discolouration ........................................99
3.3.6 - Root Growth Analysis of A. stolonifera Treated With Ferrous Sulfate ........................100
3.3.7 - Low Rate Ferrous Sulfate Discolouration Trial ............................................................101
3.4 - Discussion ........................................................................................................................101
3.4.1 - Non-Efficacious Treatments .........................................................................................101
3.4.1.1 - Clonostachys rosea ....................................................................................................102
3.4.1.2 - Humic Acid ................................................................................................................102
3.4.2 - Mildly to Moderately Efficacious Treatments ..............................................................103
3.4.2.1 - Para-aminobenzoic Acid ............................................................................................103
3.4.2.2 - Polyoxin-D Zinc Salt .................................................................................................104
3.4.3 - Moderately to Highly Efficacious Treatments: Ferrous Sulfate ...................................106
3.4.3.2 - Efficacy of Ferrous Sulfate ........................................................................................106
3.4.3.2 - Blackening and Phytotoxicity of Ferrous Sulfate ......................................................109

Chapter 4: General Discussion .................................................................................... 164
4.1 - General Discussion.......................................................................................................... 164
4.2 - Major Conclusions ...........................................................................................................169
Literature Cited ......................................................................................................................170

vi

LIST OF TABLES
Table 2.1: Treatments and their source, active ingredient (%) and 1x rate (per 100 m2)
used in laboratory trials......................................................................................................42
Table 2.2: Amounts of 0.1 M citric acid, 0.1 M sodium citrate and deionized water used
to produce target pH levels of citrate buffer used in potato dextrose broth growth tests of
C. jacksonii, adapted from Acumedia, 2015......................................................................43
Table 2.3: Number of A. stolonifera cultivar Penncross seeds germinated on damp paper
towel in in petri plates. Adjusted seeding rate calculated by multiplying the percent
germination by the original seeding rate recommend by the Ontario Ministry of
Agriculture, Food and Rural Affairs (Integrated Pest Management For Turf, 2015)........44
Table 2.4: Percent yellowing of A. stolonifera cultivar Penncross grown in conetainers
and inoculated with increasing rates of mixed C. jacksonii inoculum (SH06, SH15, SH25,
SH30 and SH84) in Winter 2018 by days post inoculation (DPI).....................................45
Table 2.5: Percent yellowing of A. stolonifera cultivar Penncross grown in conetainers
and inoculated with increasing rates of mixed C. jacksonii inoculum (SH06, SH15, SH25,
SH30 and SH84) in Winter 2019 by days post inoculation (DPI).....................................45
Table 2.6: First trial of percent yellowing by days post inoculation (DPI) of A. stolonifera
cultivar Penncross treated in vitro with increasing rates of acetylsalicylic acid 7 days and
1 hour before inoculation with 0.03 g/conetainer of C. jacksonii. All treatments were
diluted with deionized water and applied at a rate of 1 ml/conetainer (11.34 cm2). Yellow
shading indicates a treatment with significantly more yellowing compared to the
inoculated control...............................................................................................................46
Table 2.7: Second trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with acetylsalicylic acid 7 days and 1 hour
before inoculation with 0.03 g/conetainer of C. jacksonii. All treatments were diluted
with deionized water and applied at a rate of 1 ml/conetainer (11.34
cm2).....................................................................................................................................46
Table 2.8: First trial of percent yellowing by days post inoculation (DPI) of A. stolonifera
cultivar Penncross treated in vitro with increasing rates of Clonostachys rosea 7 days and
1 hour before inoculation with 0.03 g/conetainer (11.34 cm2) of C. jacksonii..................47
Table 2.9: Second trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with increasing rates of Clonostachys rosea
7 days and 1 hour before inoculation with 0.03 g/conetainer (11.34 cm2) of C.
jacksonii.............................................................................................................................47
Table 2.10: First trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with increasing rates of ferrous sulfate

vii

heptahydrate 7 days and 1 hour before inoculation with 0.03 g/conetainer of C. jacksonii.
All treatments were diluted with deionized water and applied at a rate of 1 ml/conetainer
(11.34 cm2). Green shading indicates a treatment with significantly less yellowing
compared to the inoculated control....................................................................................48
Table 2.11: Second trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with increasing rates of ferrous sulfate
heptahydrate 7 days and 1 hour before inoculation with 0.03 g/conetainer of C. jacksonii.
All treatments were diluted with deionized water and applied at a rate of 1 ml/conetainer
(11.34 cm2). Green shading indicates a treatment with significantly less yellowing
compared to the inoculated control....................................................................................48
Table 2.12: First trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with increasing rates of humic acid 7 days
and 1 hour before inoculation with 0.03 g/conetainer of C. jacksonii. All treatments were
diluted with deionized water and applied at a rate of 1 ml/conetainer (11.34 cm2). Green
shading indicates a treatment with significantly less yellowing compared to the
inoculated control...............................................................................................................49
Table 2.13: Second trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with increasing rates of humic acid 7 days
and 1 hour before inoculation with 0.03 g/conetainer of C. jacksonii. All treatments were
diluted with deionized water and applied at a rate of 1 ml/conetainer (11.34 cm2). Green
shading indicates a treatment with significantly less yellowing compared to the
inoculated control...............................................................................................................49
Table 2.14: First trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with increasing rates of para-aminobenzoic
acid (PABA) 7 days and 1 hour before inoculation with 0.03 g/conetainer of C. jacksonii.
All treatments were diluted with deionized water and applied at a rate of 1 ml/conetainer
(11.34 cm2). Yellow shading indicates a treatment with significantly more yellowing
compared to the inoculated control....................................................................................50
Table 2.15: Second trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with para-aminobenzoic acid (PABA) 7
days and 1 hour before inoculation with 0.03 g/conetainer of C. jacksonii. All treatments
were diluted with deionized water and applied at a rate of 1 ml/conetainer (11.34 cm2).
Green shading indicates a treatment with significantly less yellowing compared to the
inoculated control. .............................................................................................................50
Table 2.16: First trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with polyoxin-D zinc salt 7 days and 1 hour
before inoculation with 0.03 g/conetainer of C. jacksonii. All treatments were diluted
with deionized water and applied at a rate of 1 ml/conetainer (11.34 cm2).......................51

viii

Table 2.17: Second trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with polyoxin-D zinc salt 7 days and 1 hour
before inoculation with 0.03 g/conetainer of C. jacksonii. All treatments were diluted
with deionized water and applied at a rate of 1 ml/conetainer (11.34 cm2). Green shading
indicates a treatment with significantly less yellowing compared to the inoculated
control.................................................................................................................................51
Table 2.18: First trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with silicic acid 7 days and 1 hour before
inoculation with 0.03 g/conetainer of C. jacksonii. All treatments were diluted with
deionized water and applied at a rate of 1 ml/conetainer (11.34 cm2). Yellow shading
indicates a treatment with significantly more yellowing compared to the inoculated
control.................................................................................................................................52
Table 2.19: Second trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with silicic acid 7 days and 1 hour before
inoculation with 0.03 g/conetainer of C. jacksonii. All treatments were diluted with
deionized water and applied at a rate of 1 ml/conetainer (11.34 cm2). Yellow shading
indicates a treatment with significantly more yellowing compared to the inoculated
control.................................................................................................................................52
Table 2.20: pH readings of increasing rates of ferrous sulfate..........................................53
Table 2.21: pH readings of a 250 g/100m2 ferrous sulfate solution (100 ml) amended
with 0.5 M NaOH to raise the pH level to ~6. Readings were taken every 1 ml of 0.5 M
NaOH added, 2 hours later and 1 day later. Solution was diluted from a 10 L/100m2
rate......................................................................................................................................54
Table 2.22: pH readings of a 1250 g/100m2 ferrous sulfate solution (100 ml) amended
with 0.5 M NaOH to raise the pH level to ~6. Readings were taken every 1 ml of 0.5 M
NaOH added, 2 hours later and 1 day later. Solution was diluted from a 10 L/100m2
rate......................................................................................................................................55
Table 2.23: pH readings of potato dextrose broth filled Erlenmeyer flasks (100 ml)
amended with 0.1 M citrate buffer to lower the pH to ~3. Readings were taken after every
1 ml of 0.1 M citrate buffer added and 7 days later...........................................................56
Table 2.24: pH readings of potato dextrose broth filled Erlenmeyer flasks (100 ml)
amended with 0.1 M citrate buffer to lower the pH to ~4. Readings were taken after every
1 ml of 0.1 M citrate buffer added and 7 days later...........................................................56
Table 2.25: pH readings of potato dextrose broth filled Erlenmeyer flasks (100 ml)
amended with 0.1 M citrate buffer to lower the pH to ~5. Readings were taken after every
1 ml of 0.1 M citrate buffer added and 7 days later...........................................................56

ix

Table 2.26: pH readings of potato dextrose broth filled Erlenmeyer flasks (100 ml)
amended with 0.1 M citrate buffer to lower the pH to ~6. Readings were taken every 1 ml
of 0.1 M citrate buffer added and 7 days later...................................................................56
Table 2.27: Potato dextrose broth (PDB) filled Erlenmeyer flasks (100 ml) amended with
0.1 M citrate buffers and inoculated with five 5 mm fungal plugs of C. jacksonii (SH84).
Average dry fungal weights were taken after a 7 day growth period at 20oC on a shaker at
150 rpm, followed by filtration and drying in an oven at 60oC for two days. Green
shading indicates a pH level with significantly more dry fungal weight compared to the
non-amended control whereas yellow shading indicates a pH level with significantly less
dry fungal weight compared to the non-amended control.................................................57
Table 2.28: First trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with ferrous sulfate heptahydrate (FSH) 7
days and 1 hour before inoculation with 0.03 g/conetainer of C. jacksonii. FSH treatments
with a pH level of 6 were amended using 0.5 M NaOH. All treatments were diluted with
deionized water and applied at a rate of 1 ml/conetainer (11.34 cm2). Green shading
indicates a treatment with significantly less yellowing compared to the inoculated
control................................................................................................................................58
Table 2.29: Second trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with ferrous sulfate heptahydrate (FSH) 7
days and 1 hour before inoculation with 0.03 g/conetainer of C. jacksonii. FSH treatments
with a pH level of 6 were amended using 0.5 M NaOH. All treatments were diluted with
deionized water and applied at a rate of 1 ml/conetainer (11.34 cm2). Green shading
indicates a treatment with significantly less yellowing compared to the inoculated
control................................................................................................................................58
Table 2.30: Percent blackening by days post last treatment application (DPT) of A.
stolonifera cultivar Penncross treated in vitro with increasing rates of ferrous sulfate
heptahydrate (FSH). All treatments were diluted with deionized water and applied at a
rate of 1 ml/conetainer (11.34 cm2). Yellow shading indicates treatments with
significantly more blackening compared to the inoculated control, orange shading
indicates treatments with significantly more blackening compared to the yellow shaded
treatments and red shading indicates treatments with significantly more blackening
compared to orange shaded treatments..............................................................................59
Table 2.31: Percent blackening by days post last treatment application (DPT) of A.
stolonifera cultivar Penncross treated in vitro with four rates of ferrous sulfate
heptahydrate (FSH). All treatments were diluted with deionized water and applied at a
rate of 1 ml/conetainer (11.34 cm2). Yellow shading indicates treatments with
significantly more blackening compared to the inoculated control...................................59
Table 2.32: Percent yellowing by days post last treatment application (DPT) of A.
stolonifera cultivar Penncross treated in vitro with increasing rates of ferrous sulfate
heptahydrate (FSH). All treatments were diluted with deionized water and applied at a

x

rate of 1 ml/conetainer (11.34 cm2). Yellow shading indicates treatments with
significantly more blackening compared to the inoculated control whereas orange shading
indicates treatments with significantly more blackening compared to the yellow shaded
treatments...........................................................................................................................60
Table 2.33: Percent yellowing by days post last treatment application (DPT) of A.
stolonifera cultivar Penncross treated in vitro with four rates of ferrous sulfate
heptahydrate (FSH). All treatments were diluted with deionized water and applied at a
rate of 1 ml/conetainer (11.34 cm2). Yellow shading indicates treatments with
significantly more blackening compared to the inoculated control whereas orange shading
indicates treatments with significantly more blackening compared to the yellow shaded
treatments...........................................................................................................................60
Table 2.34: First trial of the average fresh weight, dry weight and relative water content
(RWC) percentage for clippings 7-14 days post ferrous sulfate application. Penncross
conetainers were trimmed to 25 mm before treatments were applied. One group was
allowed to grow for 7 days post treatment application (DPT), while another for 14 DPT.
Conetainers were then trimmed to 25 mm and clippings were collected. After fresh
weight was recorded, clippings were dried at 60oC for 2 days and weighed. Yellow
shading indicates a treatment with significantly less clipping weight compared to the
untreated control, while orange shading indicates a treatment with significantly less
clipping weight compared to the yellow shaded treatments. Green shading indicates a
treatment with significantly more RWC compared to the untreated
control................................................................................................................................61
Table 2.35: Second trial of the average fresh weight, dry weight and relative water
content (RWC) percentage for clippings 7-14 days post ferrous sulfate application.
Penncross conetainers were trimmed to 25 mm before treatments were applied. One
group was allowed to grow for 7 days post treatment application (DPT), while another for
14 DPT. Conetainers were then trimmed to 25 mm and clippings were collected. After
fresh weight was recorded, clippings dried at 60oC for 2 days and weighed. Yellow
shading indicates a treatment with significantly less fresh weight compared to the
untreated control or a significantly smaller relative water content value, while orange
shading indicates a treatment with significantly less fresh weight compared to the yellow
shaded treatments...............................................................................................................62
Table 2.36: First trial of the average turfgrass height for A. stolonifera cultivar Penncross
conetainers (11.34 cm2), treated with three rates of ferrous sulfate, taken 7-14 days post
last treatment application (DPT). Turfgrass was trimmed down to 25 mm before
treatments were applied and one group was allowed to grow for 7 DPT, while another
group was allowed to grow for 14 DPT. Conetainers were then measured for vertical
growth. Yellow shading indicates a treatment with significantly less turfgrass growth
compared to the untreated control......................................................................................63
Table 2.37: Second trial of the average turfgrass height for A. stolonifera cultivar
Penncross conetainers (11.34 cm2), treated with three rates of ferrous sulfate, taken 7-14

xi

days post last treatment application (DPT). Turfgrass was trimmed down to 25 mm before
treatments were applied and one group was allowed to grow for 7 DPT, while another
group was allowed to grow for 14 DPT. Conetainers were then measured for vertical
growth. Yellow shading indicates a treatment with significantly less turfgrass growth
compared to the untreated control, orange shading indicates a treatment with significantly
less turfgrass growth compared to the yellowing shaded treatments and red shading
indicates a treatment with significantly less turfgrass growth compared to the orange
shaded treatments...............................................................................................................63
Table 2.38: Average percent yellowing for individual leaf blades of L. perenne treated
with ferrous sulfate (250 g/100 m2) at a rate of 10 uL per leaf blade and inoculated with 2
mm fungal plugs of C. jacksonii (SH84). L. perenne was grown in conetainers for ~21
days and then trimmed down to ~1 cm, leaving six 8-10 cm long leaf blades lying on wet
paper towel and incubated in a plastic bin. Five days post treatment application and
inoculation, percent yellowing of the top and bottom half of each leaf blade was recorded.
Yellow shading indicates values that were compared in each column to determine if any
changes in yellowing were occurring................................................................................64
Table 2.39: Amended agar direct inhibition test using four rates of ferrous sulfate (0.13,
1.33, 13.28 and 132.8 g/L) and an untreated control against five C. jacksonii isolates.
Individual and average EC50 values are shown as well as average EC90 values for each
isolate.................................................................................................................................65
Table 2.40: Amended agar direct inhibition test using five rates of para-aminobenzoic
acid (0.0247, 0.247, 2.47, 6.00 and 21.8 g/L) and an untreated control against five C.
jacksonii isolates. Individual and average EC50 values are shown as well as average EC90
values for each isolate........................................................................................................65
Table 2.41: Amended agar direct inhibition test using four rates of polyoxin-D zinc salt
(0.001, 0.01, 0.1 and 1 g/L) and an untreated control against five C. jacksonii isolates.
Individual and average EC50 values are shown as well as average EC90 values for each
isolate.................................................................................................................................65
Table 3.1: Treatments and their source, active ingredient (%) and 1x rate (per 100 m2)
used in field trials.............................................................................................................112
Table 3.2: Treatments and their active ingredient (%), treatment rate (per 100 m2) and
application interval used in the preliminary efficacy field trial.......................................113
Table 3.3: Treatments and their active ingredient (%), treatment rate (per 100 m2) and
application interval used in the full Range 10 efficacy field trials..................................114
Table 3.4: Treatments and their active ingredient (%), treatment rate (per 100 m2) and
application interval used in the pH adjustment field trials. Amended ferrous sulfate
treatments had their pH adjusted using 0.5 M NaOH......................................................115

xii

Table 3.5: Treatments and their active ingredient (%), treatment rate (per 100 m2) and
application interval used in the FSH rate and interval field trials....................................116
Table 3.6: Treatments and their active ingredient (%), treatment rate (per 100 m2) and
application interval used in the FSH phytotoxicity field trials.........................................117
Table 3.7: Treatments and their active ingredient (%), treatment rate (per 100 m2) and
application interval used in the low FSH rate discolouration field trials.........................118
Table 3.8: Preliminary efficacy trial (18/08/02 - 18/10/03) with average dollar spot
counts by days post inoculation (DPI) and date treated with different treatments (applied
weekly from 18/08/02 until 18/09/05, twice before inoculation) to reduce dollar spot on
A. stolonifera cultivar Penncross at fairway height. Clonostachys rosea was applied once
on 18/08/02 and 18/08/09, whereas Banner Maxx was applied biweekly from 18/08/02
until 18/08/30. Plots measured 0.25 m2 with four replicates and all plots were inoculated
with C. jacksonii (1 g/m2) on 18/08/09, one week after the first treatment. Green shading
indicates a significant reduction of disease compared to the inoculated control, while
yellow shading indicates a significant increase of disease compared to the inoculated
control..............................................................................................................................119
Table 3.9: Range 10 field trial #1 (18/09/06 - 18/11/07) with average dollar spot counts
by days post inoculation (DPI) and date treated with different treatments (applied weekly
from 18/09/06 until 18/10/17, twice before inoculation with the final application on
18/10/17) to reduce dollar spot on 5 cultivars of A. stolonifera at fairway height. Plots
measured 0.25 m2 with four replicates and all plots were inoculated with C. jacksonii (1
g/m2) on 18/09/13, one week after the first treatment. Shading indicates treatments with
significantly fewer dollar spot counts compared to the inoculated control. Darker green
shading represents treatments with significantly fewer dollar spot counts compared to
lighter green treatments....................................................................................................120
Table 3.10: Range 10 field trial #2 (19/06/11 - 19/08/06) with average dollar spot counts
by days post inoculation (DPI) and date treated with different treatments (applied weekly
from 19/06/11 until 19/07/09, twice before inoculation) to reduce dollar spot on 10
cultivars of A. stolonifera at fairway height. Plots measured 0.25 m2 with four replicates
and all plots were inoculated with C. jacksonii (1 g/m2) on 19/06/18, one week after the
first treatment. Shading indicates treatments with significantly fewer dollar spot counts
compared to the inoculated control. Darker green shading represents treatments with
significantly fewer dollar spot counts compared to lighter green treatments..................121
Table 3.11: Range 10 field trial #1 (18/09/06 - 18/11/07) with dollar spot disease
suppression by days post inoculation (DPI) and date treated with Iron Sulfate (21%
ferrous sulfate) (250 g/100m2) (applied weekly from 18/09/06 until 18/10/17, twice
before inoculation with the final application on 18/10/17) to reduce dollar spot on 5
cultivars of A. stolonifera at fairway height. Plots measured 0.25 m2 with four replicates
and all plots were inoculated with C. jacksonii (1 g/m2) on 18/09/13, one week after the
first treatment. Green shading represents cultivars with high levels of disease

xiii

suppression, while orange represents cultivars with low levels of disease suppression.
Cultivars are ordered by highest averaged disease suppression to lowest average disease
suppression.......................................................................................................................122
Table 3.12: Range 10 field trial #2 (19/06/11 - 19/08/06) with dollar spot disease
suppression by days post inoculation (DPI) and date, treated with Iron Sulfate (21%
ferrous sulfate) (250 g/100m2) (applied weekly from 19/06/11 until 19/07/09, twice
before inoculation) to reduce dollar spot on 10 cultivars of A. stolonifera at fairway
height. Plots measured 0.25 m2 with four replicates and all plots were inoculated with C.
jacksonii (1 g/m2) on 19/06/18, one week after the first treatment. Green shading
represents cultivars with high levels of disease suppression, while red represents cultivars
with low levels of disease suppression. Cultivars are ordered by highest averaged disease
suppression to lowest average disease suppression.........................................................123
Table 3.13: Range 10 field trial #1 (18/09/06 - 18/11/07) with average dollar spot counts
by days post inoculation (DPI) and date for inoculated control plots on five cultivars of A.
stolonifera at fairway height. Plots measured 0.25 m2 with four replicates and all plots
were inoculated with C. jacksonii (1 g/m2) on 18/09/13. Cultivars are ordered by lowest
average dollar spot counts to highest average dollar spot counts....................................124
Table 3.14: Range 10 field trial #2 (19/06/11 - 19/08/06) with dollar spot disease
suppression by days post inoculation (DPI) and date for inoculated control plots on 10
cultivars of A. stolonifera at fairway height. Plots measured 0.25 m2 with four replicates
and all plots were inoculated with C. jacksonii (1 g/m2) on 19/06/18. Cultivars are
ordered by lowest average dollar spot counts to highest average dollar spot counts.......125
Table 3.15: First trial of the ferrous sulfate pH adjustment trial (19/06/18 - 19/08/13)
with average dollar spot counts by days post inoculation (DPI) and date with different
Iron Sulfate (21% ferrous sulfate) treatments (applied weekly from 19/06/18 until
19/08/13, twice before inoculation) to reduce dollar spot on A. stolonifera cultivar
Penncross. Plots measured 0.25 m2 with four replicates and all plots were inoculated with
C. jacksonii (1 g/m2) on 19/06/25, one week after the first treatment. One trial was
conducted on fairway height turf while the other was conducted on greens height turf
with this table averaging results from both trials. The pH of ferrous sulfate was adjusted
using 0.5 M NaOH. Shading indicates treatments with significantly fewer dollar spot
counts compared to the inoculated control. Darker green shading represents treatments
with significantly fewer dollar spot counts compared to teal treatments, while teal
shading represents treatments with significantly fewer dollar spot counts compared to
light green treatments.......................................................................................................126
Table 3.16: First trial (greens height) of the ferrous sulfate pH adjustment trial (19/06/18
- 19/08/13) with average dollar spot counts by days post inoculation (DPI) and date with
different Iron Sulfate (21% ferrous sulfate) treatments (applied weekly from 19/06/18
until 19/08/13, twice before inoculation) to reduce dollar spot on A. stolonifera cultivar
Penncross. Plots measured 0.25 m2 with four replicates and all plots were inoculated with
C. jacksonii (1 g/m2) on 19/06/25, one week after the first treatment. The pH of ferrous

xiv

sulfate was adjusted using 0.5 M NaOH. Shading indicates treatments with significantly
fewer dollar spot counts compared to the inoculated control. Darker green shading
represents treatments with significantly fewer dollar spot counts compared to teal
treatments, while teal shading represents treatments with significantly fewer dollar spot
counts compared to light green treatments.......................................................................127
Table 3.17: First trial (fairway height) of the ferrous sulfate pH adjustment trial
(19/06/18 - 19/08/13) with average dollar spot counts by days post inoculation (DPI) and
date with different Iron Sulfate (21% ferrous sulfate) treatments (applied weekly from
19/06/18 until 19/08/13, twice before inoculation) to reduce dollar spot on A. stolonifera
cultivar Penncross. Plots measured 0.25 m2 with four replicates and all plots were
inoculated with C. jacksonii (1 g/m2) on 19/06/25, one week after the first treatment. The
pH of ferrous sulfate was adjusted using 0.5 M NaOH. Shading indicates treatments with
significantly fewer dollar spot counts compared to the inoculated control. Darker green
shading represents treatments with significantly fewer dollar spot counts compared to teal
treatments, while teal shading represents treatments with significantly fewer dollar spot
counts compared to light green treatments.......................................................................128
Table 3.18: Second trial of the ferrous sulfate pH adjustment trial (19/08/19 - 19/10/14)
with average dollar spot counts by days post inoculation (DPI) and date with different
Iron Sulfate (21% ferrous sulfate) treatments (applied weekly from 19/08/19 until
19/10/14, twice before inoculation) to reduce dollar spot on A. stolonifera cultivar
Penncross. Plots measured 0.25 m2 with four replicates and all plots were inoculated with
C. jacksonii (1 g/m2) on 19/08/26, one week after the first treatment. One trial was
conducted on fairway height turf while the other was conducted on greens height turf
with this table averaging results from both trials. The pH of ferrous sulfate was adjusted
using 0.5 M NaOH. Shading indicates treatments with significantly fewer dollar spot
counts compared to the inoculated control. Darker green shading represents treatments
with significantly fewer dollar spot counts compared to lighter green
treatments.........................................................................................................................129
Table 3.19: Second trial (greens height) of the ferrous sulfate pH adjustment trial
(19/08/19 - 19/10/14) with average dollar spot counts by days post inoculation (DPI) and
date with different Iron Sulfate (21% ferrous sulfate) treatments (applied weekly from
19/08/19 until 19/10/14, twice before inoculation) to reduce dollar spot on A. stolonifera
cultivar Penncross. Plots measured 0.25 m2 with four replicates and all plots were
inoculated with C. jacksonii (1 g/m2) on 19/08/26, one week after the first treatment. The
pH of ferrous sulfate was adjusted using 0.5 M NaOH. Shading indicates treatments with
significantly fewer dollar spot counts compared to the inoculated control. Darker green
shading represents treatments with significantly fewer dollar spot counts compared to
lighter green treatments....................................................................................................130
Table 3.20: Second trial (fairway height) of the ferrous sulfate pH adjustment trial
(19/08/19 - 19/10/14) with average dollar spot counts by days post inoculation (DPI) and
date with different Iron Sulfate (21% ferrous sulfate) treatments (applied weekly from
19/08/19 until 19/10/14, twice before inoculation) to reduce dollar spot on A. stolonifera

xv

cultivar Penncross. Plots measured 0.25 m2 with four replicates and all plots were
inoculated with C. jacksonii (1 g/m2) on 19/08/26, one week after the first treatment. The
pH of ferrous sulfate was adjusted using 0.5 M NaOH. Shading indicates treatments with
significantly fewer dollar spot counts compared to the inoculated control. Darker green
shading represents treatments with significantly fewer dollar spot counts compared to
lighter green treatments....................................................................................................131
Table 3.21: First trial of the ferrous sulfate rate and interval trial (19/06/17 - 19/08/12)
with average dollar spot counts by days post inoculation (DPI) and date with different
Iron Sulfate (21% ferrous sulfate) treatments (applied every 3.5 days, weekly or
biweekly, starting on 19/06/17 with the last application on 19/07/15) to reduce dollar spot
on A. stolonifera cultivar Penncross. Plots measured 0.25 m2 with four replicates and all
plots were inoculated with C. jacksonii (1 g/m2) on 19/06/24. One trial was conducted on
fairway height turf while the other was conducted on greens height turf with this table
averaging results from both trials. Shading indicates treatments with significantly fewer
dollar spot counts compared to the inoculated control. Darker green shading = 0 to 4.99
average dollar spot counts and teal shading = 5 to 9.9 average dollar spot counts. Light
green shading = 10 to 29.9 average dollar spot counts and brown shading = 30+ average
dollar spot counts.............................................................................................................132
Table 3.22: First trial (greens height) of the ferrous sulfate rate and interval trial
(19/06/17 - 19/08/12) with average dollar spot counts by days post inoculation (DPI) and
date with different Iron Sulfate (21% ferrous sulfate) treatments (applied every 3.5 days,
weekly or biweekly, starting on 19/06/17 with the last application on 19/07/15) to reduce
dollar spot on A. stolonifera cultivar Penncross. Plots measured 0.25 m2 with four
replicates and all plots were inoculated with C. jacksonii (1 g/m2) on 19/06/24. Shading
indicates treatments with significantly fewer dollar spot counts compared to the
inoculated control. Darker green shading = 0 to 4.99 average dollar spot counts and teal
shading = 5 to 9.9 average dollar spot counts. Light green shading = 10 to 29.9 average
dollar spot counts and brown shading = 30+ average dollar spot counts........................133
Table 3.23: First trial (fairway height) of the ferrous sulfate rate and interval trial
(19/06/17 - 19/08/12) with average dollar spot counts by days post inoculation (DPI) and
date with different Iron Sulfate (21% ferrous sulfate) treatments (applied every 3.5 days,
weekly or biweekly, starting on 19/06/17 with the last application on 19/07/15) to reduce
dollar spot on A. stolonifera cultivar Penncross. Plots measured 0.25 m2 with four
replicates and all plots were inoculated with C. jacksonii (1 g/m2) on 19/06/24. Shading
indicates treatments with significantly fewer dollar spot counts compared to the
inoculated control. Darker green shading = 0 to 4.99 average dollar spot counts and teal
shading = 5 to 9.9 average dollar spot counts. Light green shading = 10 to 29.9 average
dollar spot counts and brown shading = 30+ average dollar spot counts........................134
Table 3.24: Second trial of the ferrous sulfate rate and interval trial (19/08/19 - 19/10/14)
with average dollar spot counts by days post inoculation (DPI) and date with different
Iron Sulfate (21% ferrous sulfate) treatments (applied every 3.5 days, weekly or
biweekly, starting on 19/08/19 with the last application on 19/06/16) to reduce dollar spot

xvi

on A. stolonifera cultivar Penncross. Plots measured 0.25 m2 with four replicates and all
plots were inoculated with C. jacksonii (1 g/m2) on 19/08/26. One trial was conducted on
fairway height turf while the other was conducted on greens height turf with this table
averaging results from both trials. Shading indicates treatments with significantly fewer
dollar spot counts compared to the inoculated control. Darker green shading = 0 to 4.99
average dollar spot counts and teal shading = 5 to 9.9 average dollar spot counts. Light
green shading = 10 to 29.9 average dollar spot counts and brown shading = 30+ average
dollar spot counts.............................................................................................................135
Table 3.25: Second trial (greens height) of the ferrous sulfate rate and interval trial
(19/08/19 - 19/10/14) with average dollar spot counts by days post inoculation (DPI) and
date with different Iron Sulfate (21% ferrous sulfate) treatments (applied every 3.5 days,
weekly or biweekly, starting on 19/08/19 with the last application on 19/06/16) to reduce
dollar spot on A. stolonifera cultivar Penncross. Plots measured 0.25 m2 with four
replicates and all plots were inoculated with C. jacksonii (1 g/m2) on 19/08/26. Shading
indicates treatments with significantly fewer dollar spot counts compared to the
inoculated control. Darker green shading = 0 to 4.99 average dollar spot counts and teal
shading = 5 to 9.9 average dollar spot counts. Light green shading = 10 to 29.9 average
dollar spot counts and brown shading = 30+ average dollar spot counts........................136
Table 3.26: Second trial (fairway height) of the ferrous sulfate rate and interval trial
(19/08/19 - 19/10/14) with average dollar spot counts by days post inoculation (DPI) and
date with different Iron Sulfate (21% ferrous sulfate) treatments (applied every 3.5 days,
weekly or biweekly, starting on 19/08/19 with the last application on 19/06/16) to reduce
dollar spot on A. stolonifera cultivar Penncross. Plots measured 0.25 m2 with four
replicates and all plots were inoculated with C. jacksonii (1 g/m2) on 19/08/26. Shading
indicates treatments with significantly fewer dollar spot counts compared to the
inoculated control. Darker green shading = 0 to 4.99 average dollar spot counts and teal
shading = 5 to 9.9 average dollar spot counts. Light green shading = 10 to 29.9 average
dollar spot counts and brown shading = 30+ average dollar spot counts........................137
Table 3.27: Range 10 ferrous sulfate efficacy trial #1 (18/08/17 - 18/10/05) with average
dollar spot counts across 10 A. stolonifera cultivars at fairway height by days post
inoculation (DPI) and rating date. Four different rates of Iron Sulfate (21% ferrous
sulfate) were applied weekly from 18/08/17 until 18/09/07, twice before inoculation.
Individual plots measured 0.0625 m2 with four replicates per treatment level and were
inoculated with C. jacksonii (1 g/m2) on 19/08/23, one week after the first treatment.
Shading indicates treatments with significantly fewer dollar spot counts compared to the
non-shaded treatments. Darker green shading represents treatments with significantly
fewer dollar spot counts compared to lighter green treatments.......................................138
Table 3.28: Range 10 ferrous sulfate efficacy trial #2 (19/06/17 - 19/08/05) with average
dollar spot counts across 10 A. stolonifera cultivars at fairway height by days post
inoculation (DPI) and rating date. Four different rates of Iron Sulfate (21% ferrous
sulfate) were applied weekly from 19/06/17 until 19/07/01, twice before inoculation.
Individual plots measured 0.0625 m2 with four replicates per treatment level and were

xvii

inoculated with C. jacksonii (1 g/m2) on 19/06/24, one week after the first treatment.
Shading indicates treatments with significantly fewer dollar spot counts compared to the
inoculated control. Darker green shading represents treatments with significantly fewer
dollar spot counts compared to lighter green treatments.................................................139
Table 3.29: Phytotoxicity trial #1 (18/08/17 - 18/10/05) with average percent blackening
across 10 A. stolonifera cultivars at fairway height by days post last treatment application
(DPT) and rating date. Four different rates of Iron Sulfate (21% ferrous sulfate) were
applied weekly from 18/08/17 until 18/09/07. Individual plots measured 0.0625 m2 with
four replicates for each treatment level. Shading indicates treatments with significantly
more blackening compared to non-shaded treatments. Yellow shading represents
treatments with significantly more blackening compared to green shaded treatments,
orange shading represents treatments with significantly more blackening compared to
yellow shaded treatments and red shading represents treatments with significantly more
blackening compared to orange shaded treatments.........................................................140
Table 3.30: Phytotoxicity trial #1 (18/08/17 - 18/10/05) with average percent blackening
across 10 A. stolonifera cultivars at fairway height by days post last treatment application
(DPT) and rating date. 1x FSH (250 g/100m2) of Iron Sulfate (21% ferrous sulfate) was
applied weekly from 18/08/17 until 18/09/07 and average blackening values were
calculated. Individual plots measured 0.0625 m2 with four replicates for each treatment
level. Dark green shading = 5-10% and light green = 0-4.9%. Cultivars are ordered
lowest average percent darkening to highest average percent darkening........................141
Table 3.31: Phytotoxicity trial #1 (18/08/14 - 18/10/05) with average percent blackening
across 10 A. stolonifera cultivars at fairway height by days post last treatment application
(DPT) and rating date. 1x FSH (250 g/100m2) of Iron Sulfate (21% ferrous sulfate) was
applied weekly from 18/08/14 until 18/09/07 and average blackening values were
calculated. Individual plots measured 0.0625 m2 with four replicates for each treatment
level. Dark green shading = 20-29.9%, green = 10-19.9% and light green = 5.0-9.9%,
pale green = 0.1-4.9% and no shading = 0%. Cultivars are ordered lowest average percent
darkening to highest average percent darkening..............................................................142
Table 3.32: Phytotoxicity trial #2 (19/06/17 - 19/08/05) with average percent blackening
across 10 A. stolonifera cultivars at fairway height by days post last treatment application
(DPT) and rating date. Four different rates of Iron Sulfate (21% ferrous sulfate) were
applied weekly from 19/06/17 until 19/07/08. Individual plots measured 0.0625 m2 with
four replicates for each treatment level. Shading indicates treatments with significantly
more blackening compared to the untreated control. Yellow shading represents treatments
with significantly more blackening compared to green shaded treatments, orange shading
represents treatments with significantly more blackening compared to yellow shaded
treatments and red shading represents treatments with significantly more blackening
compared to orange shaded treatments............................................................................143
Table 3.33: Phytotoxicity trial #2 (19/06/17 - 19/08/05) with average percent blackening
across 10 A. stolonifera cultivars at fairway height by days post last treatment application

xviii

(DPT) and rating date. 1x FSH (250 g/100m2) of Iron Sulfate (21% ferrous sulfate) was
applied weekly from 19/06/17 until 19/07/08 and average discolouration values
(blackening + scarring) were calculated. Individual plots measured 0.0625 m2 with four
replicates for each treatment level. Orange shading = 40-49.9%, yellow = 30-39.9%, dark
green = 20-29.9%, green = 10-19.9% and light green = 0-9.9%. Cultivars are ordered
lowest average percent discolouration to highest average percent discolouration..........144
Table 3.34: Phytotoxicity trial #2 (19/06/17 - 19/08/05) with average percent blackening
across 10 A. stolonifera cultivars at fairway height by days post last treatment application
(DPT) and rating date. 1x FSH (250 g/100m2) of Iron Sulfate (21% ferrous sulfate) was
applied weekly from 19/06/17 until 19/07/08 and average discolouration values
(blackening + scarring) were calculated. Individual plots measured 0.0625 m2 with four
replicates for each treatment level. Orange shading = 50-59.9%, yellow shading = 4049.9%, dark green = 30-39.9%, green = 20-29.9% and light green = 10-19.9%, pale green
= 5.0-9.9%, gray = 0.1-4.9% and no shading = 0%. Cultivars are ordered lowest average
percent discolouration to highest average percent discolouration...................................145
Table 3.35: Root growth analysis trial comparing the root density and overall root length
of 2-cm-diameter soil cores taken from A. stolonifera cultivar Penncross, which was
treated with four rates of Iron Sulfate (21% ferrous sulfate). Cores (~10 cm deep) were
taken 28 days post last treatment application and thoroughly washed with deionized water
before analysis. Values are averaged from five soil core samples per treatment
level..................................................................................................................................146
Table 3.36: One application low ferrous sulfate rate blackening trial (19/05/15 19/06/03) with average % leaf blade blackening across A. stolonifera cultivar Penncross
at fairway height by days post last treatment application (DPT) and rating date. Five
different rates of Iron Sulfate (21% ferrous sulfate) were applied once on 19/05/14.
Individual plots measured 0.25 m2 with four replicates for each treatment level. Yellow
shading represents treatments with significantly more blackening compared to the
untreated control. Dark orange shading represents treatments with significantly more
blackening compared to lighter shaded treatments..........................................................147
Table 3.37: Multiple application low ferrous sulfate rate blackening trial (19/05/15 19/06/18) with average % leaf blade blackening across A. stolonifera cultivar Penncross
at fairway height by days post last treatment application (DPT) and rating date. Five
different rates of Iron Sulfate (21% ferrous sulfate) were applied weekly from 19/05/14 to
19/05/28. Individual plots measured 0.25 m2 with four replicates for each treatment level.
Yellow shading represents treatments with significantly more blackening compared to the
untreated control. Dark orange shading represents treatments with significantly more
blackening compared to lighter shaded treatments..........................................................148

xix

LIST OF FIGURES
Figure 1.1: Mycelia of Clarireedia jacksonii visible in the early morning dew (left) and
symptoms of dollar spot on Agrostis stolonifera at the Guelph Turfgrass Institute,
Guelph, Ontario, Canada in June 2019..............................................................................12
Figure 2.1: Tray filled with 40 conetainers seeded with 0.08 g/conetainer of A.
stolonifera cultivar Penncross seed, incubated in a plastic bag for 3-4 days and left to
grow for 14 days at 20oC with a 16-hr light/8-hr dark photoperiod...................................66
Figure 2.2: Mason jar (1 L) filled ~1/3 full with autoclaved red wheat seed, inoculated
with C. jacksonii and incubated at 20oC for 5-7 days........................................................67
Figure 2.3: Percent yellowing (chlorosis) scale of A. stolonifera cultivar Penncross
grown and incubated in a plastic bag for 3-4 days and left to grow for 7-10 days at 20oC
with a 16-hr light/8-hr dark photoperiod. Afterwards, each conetainer was inoculated
with 0.03 g mixed C. jacksonii and incubated in a plastic bag for 3-4 days, then left to
grow at 20oC with a 16-hr light/8-hr dark photoperiod......................................................68
Figure 2.4: L. perenne was grown in conetainers for ~21 days and then trimmed down to
~1 cm, leaving six 8-10 cm long leaf blades lying on wet paper towel. “A” represents the
non-inoculated top treated control (10 ul 1x FSH applied ~2 cm from the tip), “B”
represents the non-inoculated bottom treated control (10 ul 1x FSH applied ~3 cm from
the base) and “C” represents the top inoculated control (2 mm C. jacksonii fungal plugs
placed ~2 cm from the tip). “D” represents the inoculated top treated control (10 ul 1x
FSH applied ~2 cm from the tip and 2 mm C. jacksonii fungal plugs placed ~3 cm from
the base), “E” represents the bottom inoculated control (2 mm C. jacksonii fungal plugs
placed ~3 cm from the base) and “F” represents the inoculated bottom treated control (10
ul 1x FSH applied ~3 cm from the base and 2 mm C. jacksonii fungal plugs placed ~2 cm
from the tip). Yellow arrows indicate where 2 mm fungal plugs were placed, while blue
arrows indicate where FSH was applied............................................................................69
Figure 2.5: Phytotoxicity on A. stolonifera cultivar Penncross leaf blades at 7 days post
treatment application of increasing rates of ferrous sulfate heptahydrate (1x = 250
g/100m2). Plants were seeded in conetainers and incubated for 10-14 days under 16-hr
light / 8-hr dark at 20oC before treatment, and again for 7 days after treatment...............70
Figure 2.6: Phytotoxicity on A. stolonifera cultivar Penncross leaf blades at 7 days post
treatment application ferrous sulfate heptahydrate (FSH) (25x = 6.25 kg/100m2) under
light microscopy. Plants were seeded in conetainers and incubated for 10-14 days under
16-hr light / 8-hr dark at 20oC before treatment, and again for 7 days after treatment.
Untreated image only received water treatment................................................................71
Figure 2.7: Phytotoxicity on A. stolonifera cultivar Penncross leaf blades at 7 days post
treatment application ferrous sulfate heptahydrate (FSH) (100x = 25.0 kg/100m2) under

xx

light microscopy. Plants were seeded in conetainers and incubated for 10-14 days under
16-hr light / 8-hr dark at 20oC before treatment, and again for 7 days after treatment......72
Figure 2.8: Phytotoxicity on A. stolonifera cultivar Penncross leaf blades at 7 days post
treatment application ferrous sulfate heptahydrate (FSH) (25x = 6.25 kg/100m2) under
light microscopy. Plants were seeded in conetainers and incubated for 10-14 days under
16-hr light / 8-hr dark at 20oC before treatment, and again for 7 days after treatment. The
border between treated and untreated regions of the leaf blade is indicated by the blue
line......................................................................................................................................73
Figure 3.1: A 1 L hand sprayer for applying various treatments in the field..................149
Figure 3.2: Percent blackening scale used to assess discolouration of A. stolonifera due
to ferrous sulfate treatment applications..........................................................................150
Figure 3.3: Preliminary efficacy trial on fairway height A. stolonifera cultivar Penncross
at the Guelph Turfgrass Institute. The trial was conducted from August until October
2018 and plots were treated with ferrous sulfate (FSH), humic acid, para-aminobenzoic
acid (PABA), polyoxin-D zinc salt, Clonostachys rosea and the fungicide control Banner
Maxx. Plots measured 0.25 m2 with four replicates and all plots were inoculated with C.
jacksonii (1 g/m2). Picture was taken seven days post last treatment application...........151
Figure 3.4: Full efficacy trial on fairway height A. stolonifera cultivar Penncross at the
Guelph Turfgrass Institute. The trial was conducted once in 2018 on five cultivars
(September until November) and again in 2019 (June until August) and plots were treated
with ferrous sulfate (FSH), para-aminobenzoic acid (PABA), polyoxin-D zinc salt and
the fungicide control Banner Maxx. Plots measured 0.25 m2 with four replicates and all
plots were inoculated with C. jacksonii (1 g/m2). Top picture was taken one day post last
treatment application and the bottom picture was taken seven days post last treatment
application........................................................................................................................151
Figure 3.5: Ferrous sulfate pH adjustment trial on fairway height A. stolonifera cultivar
Penncross at the Guelph Turfgrass Institute. The trial was conducted once in Summer
2019 (June until August) and again in Fall 2019 (August until October). Plots were
treated with ferrous sulfate (FSH) and the fungicide control Banner Maxx. The pH of
FSH was adjusted using 0.5 M NaOH. Plots measured 0.25 m2 with four replicates and
all plots were inoculated with C. jacksonii (1 g/m2). Pictures were taken in July with the
top picture was taken one day post last treatment application and the bottom picture was
taken seven days post last treatment application.............................................................152
Figure 3.6: Ferrous sulfate rate and interval trial on fairway height A. stolonifera cultivar
Penncross at the Guelph Turfgrass Institute. The trial was conducted once in Summer
2019 (June until August) and again in Fall 2019 (August until October). Plots were
treated with ferrous sulfate (FSH) at three different rates (1x = 250 g/100m2, 2x = 500
g/100m2 and 3x = 750 g/100m2) and the fungicide control Banner Maxx (26 ml/100m2)
on a 3.5 day, 7 day or 14 day application schedule. Plots measured 0.25 m2 with four

xxi

replicates and all plots were inoculated with C. jacksonii (1 g/m2). Pictures were taken in
July, 14 days post last treatment application and 35 days post inoculation.....................153
Figure 3.7: Ferrous sulfate rate and interval trial on fairway height A. stolonifera cultivar
Penncross at the Guelph Turfgrass Institute. The trial was conducted once in Summer
2019 (June until August) and again in Fall 2019 (August until October). Plots were
treated with ferrous sulfate (FSH) at three different rates (1x = 250 g/100m2, 2x = 500
g/100m2 and 3x = 750 g/100m2) and the fungicide control Banner Maxx (26 ml/100m2)
on a 3.5 day, 7 day or 14 day application schedule. Plots measured 0.25 m2 with four
replicates and all plots were inoculated with C. jacksonii (1 g/m2). Pictures were taken in
August, 28 days post last treatment application and 49 days post inoculation................154
Figure 3.8: Ferrous sulfate rate and interval trial on greens height A. stolonifera cultivar
Penncross at the Guelph Turfgrass Institute. The trial was conducted once in Summer
2019 (June until August) and again in Fall 2019 (August until October). Plots were
treated with ferrous sulfate (FSH) at three different rates (1x = 250 g/100m2, 2x = 500
g/100m2 and 3x = 750 g/100m2) and the fungicide control Banner Maxx (26 ml/100m2)
on a 3.5 day, 7 day or 14 day application schedule. Plots measured 0.25 m2 with four
replicates and all plots were inoculated with C. jacksonii (1 g/m2). Pictures were taken in
August, 28 days post last treatment application and 49 days post inoculation................155
Figure 3.9: Phytotoxicity trial conducted on fairway height A. stolonifera cultivar
Penncross at the Guelph Turfgrass Institute. The trial was conducted once in 2018 on five
cultivars (August until October) and again in 2019 on 10 cultivars (June until August)
and plots were treated with four rates of ferrous sulfate (FSH) (1x = 0.25 kg/100m2, 5x =
1.25 kg/100m2, 10x = 2.50 kg/100m2 and 15x = 3.75 kg/100m2). Plots measured 0.0625
m2 with four replicates and all plots were inoculated with C. jacksonii (1 g/m2). Pictures
were taken from July until August 2019 at different intervals by days post last treatment
application (DPT) and days post inoculation (DPI).........................................................156
Figure 3.10: Phytotoxicity trial conducted on 10 cultivars of A. stolonifera maintained at
fairway height at the Guelph Turfgrass Institute. The trial was conducted in 2019 (June
until August) and plots were treated with four rates of ferrous sulfate (FSH) (1x = 0.25
kg/100m2, 5x = 1.25 kg/100m2, 10x = 2.50 kg/100m2 and 15x = 3.75 kg/100m2). Plots
measured 0.0625 m2 with four replicates and all plots were inoculated with C. jacksonii
(1 g/m2). Picture was taken in August 2019 at 28 days post last treatment application
(DPT) and 42 days post inoculation (DPI). Cultivars are ordered by lowest scarring (top)
to highest scarring (bottom).............................................................................................157
Figure 3.11: Phytotoxicity trial conducted on fairway height A. stolonifera cultivar
Penncross at the Guelph Turfgrass Institute. The trial was conducted once in 2018
(August until October) and again in 2019 (June until August) and plots were treated with
four rates of ferrous sulfate (FSH) (1x = 0.25 kg/100m2, 5x = 1.25 kg/100m2, 10x = 2.50
kg/100m2 and 15x = 3.75 kg/100m2). Plots measured 0.0625 m2 with four replicates and
all plots were inoculated with C. jacksonii (1 g/m2). Picture was taken in August 2019 at
28 days post last treatment application (DPT) and 42 days post inoculation (DPI)........158

xxii

Figure 3.12: Phytotoxicity trial conducted on fairway height A. stolonifera cultivar A4 at
the Guelph Turfgrass Institute. The trial was conducted once in 2018 (August until
October) and again in 2019 (June until August) and plots were treated with four rates of
ferrous sulfate (FSH) (1x = 0.25 kg/100m2, 5x = 1.25 kg/100m2, 10x = 2.50 kg/100m2
and 15x = 3.75 kg/100m2). Plots measured 0.0625 m2 with four replicates and all plots
were inoculated with C. jacksonii (1 g/m2). Picture was taken in August 2019 at 28 days
post last treatment application (DPT) and 42 days post inoculation (DPI)......................159
Figure 3.13: Root zones of 2-cm-diameter soil cores (~10 cm deep) that were taken
from A. stolonifera cultivar Penncross 28 days post last treatment application (after
receiving four weekly applications) and thoroughly washed with deionized water before
analysis. Four different treatment rates of ferrous sulfate heptahydrate (FSH) were used
in the analysis with 1x = 0.25 kg/100m2, 5x = 1.25 kg/100m2, 10x = 2.50 kg/100m2 and
15x = 3.75 kg/100m2........................................................................................................160
Figure 3.14: Low rate ferrous sulfate discolouration trial conducted on fairway height A.
stolonifera cultivar Penncross at the Guelph Turfgrass Institute. The trial was conducted
twice in 2019 (May until June) and plots were treated with five rates of ferrous sulfate
(FSH) (1x = 0.25 kg/100m2, 2x = 0.50 kg/100m2, 3x = 0.75 kg/100m2, 4x = 1.00
kg/100m2 and 5x = 1.25 kg/100m2). Plots measured 0.25 m2 with four replicates.
Treatments were applied three times with 7 days between each application. Pictures were
taken in June 2019 by days post last treatment application (DPT)..................................161
Figure 3.15: 2018 field season weather data for Guelph, ON including daily precipitation
(mm), maximum temperature (oC) and minimum temperature (oC)................................162
Figure 3.16: 2019 field season weather data for Guelph, ON including daily precipitation
(mm), maximum temperature (oC) and minimum temperature (oC)................................163

xxiii

LIST OF APPENDICES
Appendix 1.1 - General Introduction of Iron in Plant Systems.......................................178
Appendix 1.2 - Iron Deficiency.......................................................................................178
Appendix 1.3 - Iron Uptake and Transport Overview.....................................................179
Appendix 1.4 - Iron Uptake Strategies............................................................................179
Appendix 1.5 - Iron Transport Throughout the Plant......................................................180
Appendix 1.6 - Iron Storage and Functionality...............................................................180
Appendix 1.7 - Foliar Applications of Iron.....................................................................181
Appendix 2.1 - Example SAS statement used for calculating percent yellowing in
efficacy and phytotoxicity lab trials.................................................................................184
Appendix 2.2 - Example SAS statement used for calculating EC50 values in amended
agar tests...........................................................................................................................185
Appendix 3.1 - Black Layering in Soil Profiles Caused by Iron Application.................186
Appendix 3.2 - Example SAS statement for calculating average dollar spot counts in
efficacy field trials across multiple cultivars of A. stolonifera.........................................188
Appendix 3.3 - Example SAS statement for calculating percent discolouration in
phytotoxicity and discolouration field trials on multiple cultivars of A. stolonifera........189

xxiv

LIST OF ABBREVIATIONS AND ACRONYMS
a.i. - active ingredient
ASA - acetylsalicylic acid
C3 - carbon fixation pathway with the first stable product having three carbon atoms
C4 - carbon fixation pathway with the first stable product having four carbon atoms
CAD - Canadian dollars
DMI - demethylation inhibitors
DPI - day(s) post inoculation
DPT - day(s) post last treatment application
EC50 - effective concentration to cause 50% inhibition of fungal growth
FSH - ferrous sulfate heptahydrate
GTI - Guelph Turfgrass Institute
ISR - induced systemic resistance
LD50 - effective concentration to cause a 50% lethality rate
LSD - least significant difference
MECP - Ministry of Environment, Conservation and Parks
PABA - para-aminobenzoic acid
PDA - potato dextrose broth
PMRA - Pest Management Regulatory Agency
PR - pathogenesis related (genes)
SA - silicic acid
SAR - systemic acquired resistance
SSI - single-site inhibitors
UV - ultraviolet
xxv

Chapter 1: General Introduction & Literature Review
1.1 - Introduction
Dollar spot disease, caused by Clarireedia jacksonii, is one of the most common
and intensively managed diseases on turfgrass throughout Canada. This disease causes
both aesthetic and economic damage to golf courses, lawns and other sports pitches by
reducing the appearance and playing quality. Dollar spot disease symptoms include
small, straw coloured, circular patches caused by leaf tissue cellular chlorosis that results
in necrosis, and reduced turf height and density. Currently, the most effective method of
control is repeated fungicide applications throughout the growing season. However, there
is growing concern for fungicide use as a result of scientific reports linking repeated
fungicide use to environmental and human health concerns, as well as increased
fungicide resistance. That has resulted in increased fungicide bans in Ontario and the
need for non-conventional fungicides to provide new methods of control, while limiting
environmental risks.
There is limited published literature available for non-conventional fungicide use
for the control of dollar spot disease. Furthermore, most studies available on dollar spot
disease concentrate on a single species or cultivar of turfgrass. Since turfgrass cultivars
have different characteristics, such as susceptibility to dollar spot disease, they may react
differently to treatment applications. Therefore, certain treatments may prove to be highly
efficacious against dollar spot disease on one cultivar but not another of the same species.
Before recommending treatments for use on a species of turfgrass, it is important to
discern any differences in efficacy between cultivars. This will prevent inconsistencies in
efficacy when using non-conventional fungicides that are found to significantly reduce
dollar spot disease. Treatments that are found to be efficacious require further
investigation into their mode of action and effects on turfgrass health.
1.1.1 - Turfgrass
Humans have been utilizing various turfgrasses for over two millennia to improve
the quality of their local environments (Smiley et al., 2005). Turfgrasses are an important
part of terrestrial environments as they provide a number of benefits including
strengthening the pedosphere to reduce water and wind erosion, reducing CO2 levels
through photosynthesis, as well as reducing pollution in the atmosphere (Smiley et al.,
2005; Huang et al., 2014). Turfgrasses also provide many functional and aesthetic
benefits to humans due to their use in sports fields, such as soccer and golf, and lawns for
housing (Walsh et al., 1999).
There are over 10,000 species in the family Poaceae, which include cereals,
bamboos, and grasses found both in natural grasslands such as the prairies, and those
used in the cultivation of lawns and pastures (Huang et al., 2014). Among the latter type
of grasses, there are over 50 known turfgrass species that are commonly used in sports,
including golf courses and soccer fields, as well as in parks and lawns (Huang et al.,
2014). There are two main categories into which turfgrass species are divided. The first
group is comprised of C3 species, which are those adapted to cooler climates and the
other group is comprised of C4 species, which are adapted to warmer climates. The
photosynthetic abilities of C3 turfgrass species are reduced in temperatures exceeding
30oC so they are more commonly found in northern latitudes, whereas C4 turfgrass
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species peak in the 30oC to 35oC range so they are more commonly found in more
southern latitudes (Huang et al., 2014). Annual bluegrass (Poa annua), Kentucky
bluegrass (Poa pratensis), tall fescue (Festuca arundinacea), perennial ryegrass (Lolium
perenne), fine fescues (Festuca spp.), and creeping bentgrass (Agrostis stolonifera) are all
commonly used C3 turfgrass species (Huang et al., 2014; Watkins et al., 2010).
Due to the economic and environmental importance of turfgrasses, it has become
an increasingly important area of research and management (Huang et al., 2014).
Between 1982 and 1993, the United States saw an increase of $25 to $45 billion on
turfgrass research and care (Walsh et al., 1999). In the United States alone, around 20
million ha of turfgrass is managed annually and is estimated to have an economic value
of around $35 billion (Huang et al., 2014). This figure is expected to rise due to
continued urbanization, which results in new sports fields, golf courses, public parks and
both home and business lawns (Huang et al., 2014). When fields and forests are removed
to make way for subdivisions and industrial areas, turfgrasses are the most common plant
used for aesthetic value (Huang et al., 2014).
In Ontario, golf courses make up the second largest percentage of turfgrass
coverage, second only to household lawns, with around 40,000 ha of turfgrass province
wide (Tsiplova et al., 2008). In 2007, Ontario golf courses brought in $1.25 billion CAD
of revenue (Tsiplova et al., 2008). Therefore, this industry is highly dependent on the
quality and maintenance of turfgrass and it is crucial for golf course managers to
implement the most effective disease prevention practices. In temperate regions, creeping
bentgrass (Agrostis stolonifera) is the most commonly used species of turfgrass for
putting greens, as well as transition zones; however, it can be difficult to manage during
the Summer due to heat stress during high temperatures (Liu and Cooper, 1999). This
results in a shallow root system that causes a reduction in overall turfgrass nutrition,
which then makes the grass more susceptible to pathogen attack (Liu and Cooper, 1999).
Of the various turfgrass diseases that can impact golf courses in Canada and the
United States, dollar spot is the costliest and results in the most amount of money spent
on management practices (Goodman and Burpee, 1991; Tsiplova et al., 2008). In 2007,
$25.2 million CAD was spent on pesticides in Ontario, with $8.37 million CAD of this
being spent directly on combatting dollar spot disease, which was the largest amount
allotted towards any turfgrass disease (Tsiplova et al., 2008). Therefore, more cost
effective methods to maintain golf courses are always being sought.
In general, A. stolonifera is highly susceptible to C. jacksonii, which is the causal
pathogen of dollar spot disease. However, cultivars of A. stolonifera have varying levels
of resistance to the pathogen (Belanger and Meyer, 2004). One way of reducing fungicide
use is selecting cultivars that have higher natural resistance to certain pathogens (Lee et
al., 2003). Many studies have been conducted in order to test natural resistance of A.
stolonifera cultivars to dollar spot disease, however, few have looked at rate of recovery
post disease outbreak and fungicide treatment. Vincelli et al. (1997) found that cultivars
with higher natural resistance to development of disease did not exhibit faster recovery
periods compared to cultivars with lower resistance. Therefore, they hypothesize that
there is no link between natural resistance to dollar spot and recovery from dollar spot.
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1.1.2 - Dollar Spot Disease
Clarireedia jacksonii, formerly known as Sclerotinia homoeocarpa, is a
destructive pathogen that causes dollar spot disease on closely mown turfgrass across
temperate regions around the world (Burpee, 1997; Salgado-Salazar et al., 2018). Dollar
spot is a foliar disease, which affects all species of turfgrass in both cool and warm
regions (Allen et al., 2005; Smith et al., 1989). The global impact of this pathogen is
attributed to its ability to survive in a large range of environmental conditions. Generally,
dollar spot occurs on low cut (< 2.5 cm) patches of turfgrass including putting greens,
fairways, bowling greens and home lawns (Goodman and Burpee, 1991).
Symptoms from this pathogen include foliar lesions, which take on a silver to
straw colour, usually in 1-5 cm diameter patches (Figure 1.1). The patches form small
circular spots that are slightly sunken compared to the surrounding healthy turf (Smith et
al., 1989). In extreme cases, the spots can converge to create larger patches up to 15 cm
wide (Smiley at al., 2005). The lesions can either move downwards from the tip of the
leaf blade or laterally across the blade (Allen et al., 2005). An individual leaf blade can
exhibit signs of one to multiple lesions, which are often surrounded by a brown border
(Allen et al., 2005). Not only does this disease affect the aesthetic value of turfgrass, but
it also reduces the quality of golf play due to the sunken patches of grass. These patches
cause the turfgrass to become uneven and harder to read for golfers, making it an
undesirable playing surface (Smith et al., 1989). Therefore, this significantly reduces the
aesthetic and overall playing quality of golf courses.
The optimal growth conditions for this pathogen are temperatures in the range of
15oC to 32oC and growth enhanced by prolonged periods of humidity and wetness (Allen
et al., 2005; Smiley et al., 2005). Wetness can be caused by both human and
environmental conditions such as irrigation, rain and morning dew. Other conditions that
can increase visible symptoms of dollar spot are low soil moisture content, which
increases drought of turfgrass and increases its susceptibility to the pathogen (Allen et al.,
2005; Smiley et al., 2005). In addition, soil with low nitrogen levels also increases the
susceptibility of the turfgrass to this disease (Allen et al., 2005). One common sign that
dollar spot is present is a white mycelium patch that forms on turf covered in dew early in
the morning (Allen et al., 2005; Smiley et al., 2005).
The pathogen, C. jacksonii, infects turfgrass by penetrating directly into the
leaves, through damaged blades or by entering through the stomata (Allen et al., 2005).
Therefore, it can be a problem for intensively managed lawns such as golf courses that
regularly undergo mowing. Once the pathogen has reached the inside of the leaf blade, it
colonizes the epidermal and mesophyll cells (Allen et al., 2005). Afterwards, in order to
obtain nutrients, it releases enzymes and other toxins into the leaf blade, which causes
necrosis and the white to straw colour to appear (Allen et al., 2005). This pathogen does
not produce spores, but instead grows mycelium outwards from the leaf blade and
colonized plant tissues when conditions are favourable. The pathogen is dispersed in leaf
clippings by water and wind to nearby leaf blades, and humans, animals and lawn care
equipment aid in dispersal (Allen et al., 2005).
The fungus, now known as C. jacksonii, was first identified in 1935 by F.T.
Bennett, and was originally classified as a species of Sclerotinia in 1937 (SalgadoSalazar et al., 2018). Normally fungi in this genus have tuber-like sclerotia, however, C.
jacksonii has flat stroma (Smiley et al., 2005). Although the taxonomic placement of this
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fungus was speculated to be incorrect for decades, it remained S. homoeocarpa until
recently. Salgado-Salazar et al. (2018) used gene sequencing to show that this fungus
should be placed in the family Rustroemiaceae as opposed to the family Sclerotiniaceae.
However, it did not match any known species in this family, so it was established as a
new genus, Clarireedia. The taxon, known as S. homoeocarpa, was split into four new
species, namely C. jacksonii, C. bennettii, C. homoeocarpa and C. monteithiana.
However, only C. jacksonii is known to occur on A. stolonifera in Canada (Tom Hsiang,
personal communication).
1.1.3 - Management of Dollar Spot Disease
The most common and effective method for controlling dollar spot is the
application of fungicides throughout the growing season. However, there are a number of
cultural control methods that can be employed to help reduce dollar spot disease
symptoms, as well as amount of fungicide applications required.
1.1.3.1 - Cultural Control
As previously stated, cultivars of A. stolonifera have varying levels of
susceptibility to dollar spot disease (Belanger and Meyer, 2004). Blending a mix of
cultivars together is one method to reduce dollar spot disease. For instance, if one cultivar
has a higher visual or playing quality but is more susceptible to disease, mixing it with a
less aesthetically acceptable cultivar that is more resistant to dollar spot disease can help
reduce overall disease while maintaining quality (Dernoeden, 2012). However, there are
many other cultural practices that can be utilized to help reduce severity of disease.
Dollar spot is more severe in areas with limited nitrogen (N) availability or
turfgrass with N deficiencies, as disease is more common in areas of slow growing and
thin leaf blades (Williams et al., 1996). Previously, it has been shown that applying N on
a routinely basis during the active seasons (May to October) for dollar spot incidence can
delay the onset of disease and aid in the recovery from symptoms (Dernoeden, 2012).
One possible reason why this occurs is that higher N levels promote soil microbial
activity, and these microbes can then compete with or antagonize the pathogen, therefore
reducing its growth. The second more probable reason is that the additional N will
stimulate shoot growth to help the turf replace damaged sections of tissue at the same rate
as, or faster than, the pathogen inflicts injuries (Dernoeden, 2012; Smith et al., 1989). The
recommended application rate is 6.2 to 10 kg/ha N at a 7 to 14 day application interval
when disease pressure is low (Dernoeden, 2012). Once disease pressure is high,
additional N will no longer have a significant impact on severity, although, it can help
increase recovery rates post peak disease season or with fungicide applications. However,
over application of N can lead to higher disease symptoms due to reduced airflow and
increased moisture levels from denser turfgrass (Smith et al., 1989), as well as greater
susceptibility to other biotic or abiotic pressures. Therefore, it is recommended to use
both soluble and slow release forms of nitrogen fertilizer to avoid over stimulation of
grass growth (Dernoeden, 2012). Additionally, the application of potassium or
phosphorus can help improve plant growth, which can reduce severity and quicken the
recovery. However, there is no direct inhibitory effect of these nutrients against dollar
spot (Dernoeden, 2012).
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Another method used to reduce the severity of dollar spot disease is the removal
of dew to decrease moisture levels on the turf. There are various practical strategies that
can be used to remove dew including rolling, poling, dragging or whipping (Dernoeden,
2012; Smith et al., 1989). However, the most effective strategy is early morning mowing
and has been linked to significantly lower dollar spot incidence compared to the other
methods mentioned (Dernoeden, 2012). Since mowing every day may not be practical for
some areas, using another method of dew removal on days without mowing can help
decrease dollar spot disease severity. Another strategy to reduce wetness is to increase
airflow by pruning nearby trees and shrubs (Smiley et al., 2005). Additionally, soil
compaction has been linked to increased dollar spot disease. Soil aeration, vertical cutting
and sand topdressing have been shown to reduce dollar spot disease incidence
(Dernoeden, 2012). Overall, there are numerous practical cultural control methods that
can be utilized to help reduce dollar spot symptoms before applying fungicide or nonconventional fungicide treatment programs to help reduce the amount of treatment
applications.
1.1.3.2 - Chemical Control
Fungicides are defined as organic or inorganic compounds that inhibit fungal
growth or sporulation (Mohamed et al., 2018). In general, fungi are responsible for
upwards of 20% of all crop losses worldwide. This has resulted in the development of a
wide variety of fungicides in order to combat fungal pathogens (Mohamed et al., 2018).
Currently, the most effective method of preventing dollar spot is to apply fungicides
throughout the growing season in two to three week intervals (McCall et al., 2016).
Fungicides are divided into four categories based on mode of action including: contact,
localized penetrant, acropetal penetrant, and systemic (Young and Patton, 2006). The first
fungicides developed were contact fungicides, which prevent fungal diseases by coating
the leaf surface and inhibiting fungal germination and penetration, therefore preventing
the pathogen from growing and entering the target host plant (Mohamed et al., 2018).
However, contact fungicides do not provide long lasting protection due to the fungicide
getting removed from the applied leaf due to rain, irrigation, or mowing. Additionally,
leaves often get missed due to improper spraying or being blocked by other leaves, which
renders them unprotected and vulnerable to infection (Young and Patton, 2006). Since
contact fungicides do not enter the plant, they work more effectively as preventative
measures compared to penetrant fungicides, which can be applied after pathogen
infections to attack the pathogen inside the plant (Young and Patton, 2006). An example
of a commonly used contact fungicide is chlorothalonil (Lentola et al., 2017).
Localized penetrant fungicides differ from contact fungicides as they locally
penetrate into the leaf tissue and can inhibit fungal growth inside of the plant. However,
this type of fungicide has very limited mobility in the leaf tissue and travels very short
distances, often only to the opposite side of the leaf (Young and Patton, 2006). Examples
of localized penetrant fungicides are iprodione, prochloraz, pyroclastrobin, and
trifloxystrobin (Lentola et al., 2017). Similar to localized penetrant fungicides, acropetal
penetrant fungicides are able to penetrate into the leaf tissue. However, these fungicides
are able to travel through the xylem of the plant and protect areas above the point of
contact (Young and Patton, 2006). Examples of acropetal penetrant fungicides are
epoxiconazole, metconazole, fluoxastrobin and propiconazole (Lentola et al., 2017).
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Conversely, systemic fungicides are able to travel through both the xylem and the phloem
and can reach areas above and below the point of contact (Young and Patton, 2006).
Systemic fungicides have become increasingly popular since their introduction in the
1960s due to increased efficacy against fungal pathogens compared to contact fungicides
(Mohamed et al., 2018). An example of a systemic fungicide is metalaxyl (Wilkinson,
2001).
Propiconazole is the active ingredient in Banner Maxx and belongs to a group of
fungicides known as triazoles, which are demethylation inhibition fungicides (DMIs).
DMIs reduce fungal growth by the inhibition of cytochrome P450, which prevents
ergosterol biosynthesis (Lentola et al., 2017). Without the production or ergosterol,
fungal cell membranes cannot develop properly, which leads to severely reduced fungal
growth (Siegel, 1981).
1.1.4 - Issues With Fungicide Use
Fungicides are an appealing method of control for fungal pathogens of crops and
other economically important plants, including turfgrass, as a result of high levels of
disease suppression. Therefore, fungicide use has become widespread to prevent crop
yield loss and a decrease in visual quality. However, there is growing concern for
pathogens becoming resistant to frequently applied fungicides, in addition to negative
environmental impacts caused by fungicide use.
1.1.4.1 - Fungicide Resistance
Currently, fungicides are routinely used on intensively managed turfgrass
throughout the growing season to combat diseases such as dollar spot. Penetrant
fungicides, including systemic fungicides, have more specific modes of action compared
to contact fungicides (Young and Patton, 2006), which makes the pathogen more likely to
develop resistance to penetrant fungicides (Deising et al., 2008). Several modern
systemic fungicides are highly site specific, also known as single-site inhibitors (SSI),
meaning they only block one target site in the pathogen (Deising et al., 2008).
Surprisingly, resistance to these fungicides began appearing just two years after
widespread applications in multiple pathogen-host systems. Conversely, some fungicides
with multi-site inhibitors have been used for over 30 years without the development of
resistant isolates (Deising et al., 2008). One reason why pathogens develop resistance to
SSI is from mutations. For instance, if a gene for the target protein in a pathogen is
mutated, from UV radiation or other means, then the fungicide will no longer recognize
this target site and will not be able to bind there anymore (Deising et al., 2008).
Regardless of the amount of fungicide applied, individuals with the theoretical new
mutation will not be killed and will survive to produce new generations with this
mutation. Therefore, over time, the population will shift to having greater numbers of this
mutated fungus and more individuals will be resistant, leading to greater disease severity
(Deising et al., 2008). With increased resistance comes an increase in the quantities
required for maintaining disease, as well as reduced effectiveness at preventing
outbreaks.
1.1.4.2 - Environmental Impacts
Increased use of pesticides has caused growing concern for the negative
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environmental impacts they can impose. For instance, effects of pesticides on bee
populations have become a worldwide concern as more links have been made between
pesticide use and declining bee populations (Lentola et al., 2017). In particular,
neonicotinoid insecticides are of greatest concern due to their toxicity to bees and have
been shown to contaminate pollen and nectar in crop plants after application. Although
neonicotinoid insecticides are not applied to turfgrass, their toxicity to bees can increase
up to 1000 fold when bees also ingest DMI fungicides (Lentola et al., 2017). DMI
fungicides themselves have relatively low toxicity to invertebrates. However, DMI
fungicides have recently been speculated to inhibit P450 enzymes in invertebrates, which
normally help them detoxify insecticides. Therefore, by inhibiting these enzymes, the
insect’s ability to detoxify the more toxic pesticides is reduced (Lentola et al., 2017). This
interaction displays an effect known as toxic synergy, which occurs when multiple nonlethal doses of pesticides can become increasingly toxic when mixed together (Laetz et
al., 2009).
Other environmental impacts include run-off into surface and groundwater
reservoirs, ingestion by non-target wildlife, human exposure and negative effects on nontarget plants (Racke, 2000). Pesticides can enter local ponds, rivers and lakes through
spray drift, which occurs when wind transports spray droplets through the air away from
the target area, or via surface run-off (Racke, 2000; Phillips and Bode, 2004). Pesticides
can also leach down through the soil into groundwater reservoirs, which can result in
contaminated drinking water or irrigation water (Racke, 2000; Cohen et al., 1999; Miles
et al., 1992). This non-intentional contamination of nearby waterways and underlying soil
environments can result in wildlife such as worms, birds and fish dying if toxic levels are
reached (Racke, 2000).
Concern for pesticide run-off has increased since pesticides from turfgrass
applications have been found in nearby surface waters, which raises questions regarding
water quality (Kramer et al., 2009). Phillips and Bode (2004) sampled two rivers near
developed areas and analyzed them for pesticides. The river nearer a higher population
density had both larger quantities of pesticides and a greater abundance of pesticide types
compared to the river near a smaller population density. The river with a greater
abundance of pesticides did not exceed human health standards, however, they found four
insecticides and one herbicide in quantities exceeding the criteria set for aquatic life. The
highest numbers of pesticides were found after rainstorm events, which suggests that
rainfall events lead to increased pesticide run-off (Kramer et al., 2009). These results
agree with Haith and Duffany (2007), who compared run-off of pesticides from golf
courses and lawns across differing climates in 9 cities in the United States. They found
that pesticide run-off was significantly higher in areas with more rainfall, compared to
drier climates. In humid climates, there was an observed 37-g/ha pesticide run-off, while
in drier climates, there was only 2-g/ha run-off (Haith and Duffany, 2007).
Similarly, Gilliom et al. (2006) investigated quantities of 75 different pesticides,
in both groundwater and rivers, from 1992 until 2001 in 51 major hydrologic systems
across the United States. This analysis included water samples from 186 stream sites, fish
from 700 stream sites and ground water samples from 5,047 wells. Overall, they found
that pesticides were in almost every single stream site sampled (65 to 97%), although
most were not at toxic levels to humans (0 to 10%). In addition, pesticides were found
more frequently in stream water samples compared to groundwater samples, as well as in
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developed areas compared to undeveloped areas. They found a much higher frequency of
sample sites with potentially toxic amounts of pesticides for aquatic life and fish eating
wildlife, particularly near agriculture and urban areas. Vincelli (2004) ran computer
simulations of run-off from fungicide use on golf courses in Kentucky to predict the
possibility of lethal concentrations (LD50) being reached in rainbow trout and Daphnia
magna. They found that all simulated chlorothalonil applications resulted in run-off with
concentrations exceeding LD50 for both species. Additionally, some simulated
applications of azoxystrobin, oprodione and pentachloronitrobenzene resulted in run-off
concentrations exceeding LD50 for one of two species. Overall, Vincelli (2004) showed
the potential for fungicides used in golf course turf management programs to produce
toxic run-off concentrations in aquatic ecosystems.
Therefore, other methods to combat diseases such as dollar spot should be
explored. The use of natural compounds is particularly appealing, as they will produce
fewer to minimal toxic effects on non-target organisms near treated areas (Lee and Fry,
2003). These observed environmental and health impacts have led to stricter regulation of
pesticides, however, intensively managed turf, such as golf courses, still use rigorous
fungicide treatment programs. This study aimed to investigate the potential for lower risk
non-conventional fungicides to act as control methods for dollar spot disease, to help
reduce such environmental impacts.
1.1.5 - Canadian Pesticide Regulation
Pesticides are defined as any chemical or organic product that can be used to
suppress or prevent plant diseases (Statistics Canada, 2015). Pesticide bans have
continued to increase over the last decade. By 2015, there were seven provinces in
Canada with pesticide bans on some, or all, chemical pesticides. The bans prevent
homeowners from purchasing certain pesticides, however, some commercial bans still
allow certain licensed professionals to use these pesticides (Statistics Canada, 2015).
Other exceptions to pesticide bans in Canada often occur in sports turf management, such
as on golf courses, because of high turf quality standards (Alumai et al., 2009). However,
recently the Canadian Association of Physicians for the Environment recommended that
this exemption be removed for golf courses because of the potential environmental
impacts they cause (Arnold and Perrotta, 2016).
The quantity of pesticides sold in Canada increased from 109,000,000 kg of active
ingredient in 2013 to 132,000,000 kg in 2017. Of this, 73.4% were pesticides used for
agricultural purposes, 21.4% were used in non-agricultural sectors, whereas just 5.2%
were used for home lawn care (Health Canada, 2020). In 2013, 69% of farmers reported
using herbicides on their crops, 15% reported using insecticides, and 23% reported using
fungicides. Overall, pesticide use was higher in the Prairies compared to other provinces
and territories (Health Canada, 2020). Conversely, Canadian chemical pesticide use on
home lawns has decreased from 31% in 1994 to 19% in 2017 (Statistics Canada, 2015).
Pesticide bans and regulation have increased since the 1970s, after 1 billion
kilograms of dichloro-diphenyl-trichloroethane (DDT) was released in North America to
eliminate insect pests. This chemical had serious environmental impacts, especially
against bird populations, which led to stricter pesticide regulations going forward
(Statistics Canada, 2015). The Pest Management Regulatory Agency (PMRA) was
created under Health Canada to prevent negative environmental and human impacts from
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the use of pesticides (Health Canada, 2020). It operates under the Pest Control Products
Act, which was enacted to control the regulation of pesticides in Canada. Therefore, any
new pesticide product across Canada must be approved by the PMRA first before being
sold commercially. In addition, the PMRA will review previously approved pesticides 15
years later or since the last review, to make sure they are not causing significant impacts
on the environment. Currently, there are over 8,000 registered pesticide products in
Canada, which use 665 different active ingredients (Health Canada, 2020). The PMRA
also responds to incident reports of pesticides on humans, animals and the environment.
If a new potential risk is identified from an incident, they can recall the pesticide and
update its regulation. There were over 1500 incident reports made in the 2018-2019 fiscal
year alone from over 250 different pesticides. However, the vast majority of these
incidents only resulted in label changes and adjustments to scientific assessment
protocols (Health Canada, 2020). The National Pesticide Compliance Program (NPCP) is
another division of Health Canada that is dedicated to monitoring and enforcing
appropriate use of pesticides throughout Canada. They are responsible for ensuring
pesticide use is not abused and causing serious environmental impacts, as well as
preventing the import of banned pesticides into Canada (Health Canada, 2020.
The Ministry of the Environment created the Ontario Pesticides Advisory
Committee (OPAC) in 1971. This committee meets on a monthly basis to discuss the
negative environmental impacts of currently registered pesticides or potential pesticides
(Ontario Pesticides Advisory Committee, 2019). OPAC is responsible for pesticide
approval in Ontario and recommends safe, new products for official classification.
Factors that influence the decision process include human health hazards, environmental
toxicity, concentration required for application, and the persistence of the active
ingredient or metabolites in the environment. As of the end of 2018, OPAC has provided
mandates for over 3,000 pesticides and during 2017 alone, they recommended 215 new
products to be classified by the Ministry of the Environment, Conservation and Parks
(MECP) (Ontario Pesticides Advisory Committee, 2019). The MECP is responsible for
classifying existing and new pesticide products in Ontario. Pesticides are divided into 11
different classes based on a multitude of criteria such as type of industry it will be used
for, mode of action and lethal doses on representative animals (Government of Ontario,
2019). In 2008, the Cosmetic Pesticides Ban Act was passed in Ontario, which prevented
the sale and use of cosmetic pesticides. However, there are industries that are exempt
from this ban including golf courses, agriculture, forestry, as well as public health and
safety. Class 11 pesticides are considered to be low risk pesticides and are the only
pesticides available for cosmetic use by homeowners. In order to be classified as a class
11 pesticide, the active ingredient must meet the following criteria: 1) has a non-toxic
mode of action; 2) low toxicity to non-target organisms; 3) do not persist in the
environment; 4) used in a safe manner to minimize unnecessary human and
environmental exposure; 5) have been available for public use for a number of years
(Government of Ontario, 2019).
1.1.6 - Non-conventional Fungicides
Non-conventional fungicides in this study are defined as any chemical compound
or microbe, which is not registered as a pesticide, that has an inhibitory effect on the
growth of a fungal pathogen, or stimulates plant defense responses. The MECP defines
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non-conventional fungicides as compounds that are available for public use and have
limited environmental impacts on non-target organisms (Government of Ontario, 2019).
Another type of non-conventional pesticide is known as biopesticides.
Biopesticides have been increasing in popularity as a result of their environmentally
friendly nature (Copping and Menn, 2000). Biopesticides encompass a wide variety of
pest control compounds including: microbial organisms, entomophagous nematodes,
botanicals, and secondary metabolites. However, only 1% of world spending on
pesticides is targeted towards biopesticides (Copping and Menn, 2000). Factors that have
influenced the lack of acceptance of biopesticides include short shelf lives, conflicting
results from field trials and the limited number of pests they are registered to control.
More recently, biopesticides have been implemented in pest management programs, as
they help reduce the accumulation of pesticide resistance, as well as toxic exposure of
pesticides to non-target organisms (Copping and Menn, 2000). In order to increase
widespread non-conventional and biopesticide use, further research is needed into
developing longer shelf lives, and a greater abundance of products to cover a wider range
of plant pathogens. More field data is required to develop higher efficacy products that
can reduce disease levels to the same degree as conventional fungicides.
Unpublished field tests conducted by Dr. Jack Dong, working in the Hsiang Lab
in 2014, showed that compounds such as silicic acid, humic acid, and para-aminobenzoic
acid have potential to suppress dollar spot disease symptoms post application. In addition,
anecdotal work by Nathan Andrews showed potential for acetylsalicylic acid to reduce
dollar spot disease on turfgrass. Studies have shown that compounds such as these
contain phytohormones and osmoprotectants, which regulate plant growth and osmotic
stress respectively, that can improve overall stress tolerance, including against disease
pressure (Zhang et al., 2003). In addition, these compounds have the potential to
stimulate beneficial microbes that may act as antagonists against the pathogen.
Overall, there have been numerous non-conventional pesticides and biopesticides
identified as having antagonistic properties to pathogenic fungi such as C. jacksonii
(Suprapta, 2012). A notable gap in knowledge relating to non-conventional pesticides is
whether or not certain cultivars from commonly used turfgrass, such as A. stolonifera,
will respond differently to non-conventional pesticide applications. Previous studies
using non-conventional pesticides, as a preventative measure for dollar spot, have mostly
focused on one species or cultivar of turfgrass. This study aims to fill this knowledge gap
by assessing if there are any significant differences between cultivars in their response to
non-conventional fungicide application for suppression of dollar spot disease. Therefore,
this will provide insight into optimal combinations of potentially new non-conventional
pesticides and cultivars to use in intensively managed turfgrass settings.
1.2 - Hypothesis and Objectives
The purpose of this research was to assess low risk non-conventional fungicide
efficacy for control of the plant pathogen Clarireedia jacksonii, which causes dollar spot
disease, on multiple cultivars of Agrostis stolonifera, as alternative control methods to
conventional fungicides. The treatments used in this research include acetylsalicylic acid
(aspirin), Clonostachys rosea, humic acid, ferrous sulfate heptahydrate, paraaminobenzoic acid, polyoxin-D zinc salt (Affirm WDG), and silicic acid.
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1.2.1 - Hypotheses:
• Non-conventional fungicidal compounds can significantly reduce dollar spot
incidence caused by Clarireedia jacksonii on A. stolonifera.
• Efficacious non-conventional fungicidal compounds will have significantly
different levels of disease suppression across multiple cultivars of A.
stolonifera.
• Some of the non-conventional fungicidal compounds will directly inhibit
fungal growth of C. jacksonii.
• Increasing concentrations of ferrous sulfate cause increasing discolouration
and phytotoxicity on A. stolonifera.
1.2.2 - Objectives:
• Assess the efficacy of non-conventional fungicidal compounds against C.
jacksonii on multiple cultivars of A. stolonifera in the lab and field.
• Assess the ability of non-conventional fungicidal compounds that reduce
dollar spot incidence to directly inhibit (EC50) C. jacksonii isolates in
amended agar tests.
• Determine an optimal application rate and interval for ferrous sulfate against
C. jacksonii on A. stolonifera.
• Assess the degree to which ferrous sulfate causes discolouration and
phytotoxicity of A. stolonifera.
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Figure 1.1: Mycelia of Clarireedia jacksonii visible in the early morning dew (left) and
symptoms of dollar spot on Agrostis stolonifera at the Guelph Turfgrass Institute,
Guelph, Ontario, Canada in June 2019.
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Chapter 2: Effects of Non-Conventional Fungicidal Compounds Against Clarireedia
jacksonii: Lab Tests
2.1 - Introduction
Dollar spot disease, caused by Clarireedia jacksonii, is one of the most
common and intensively managed diseases worldwide, most notably in cooler
temperature regions. The pathogen C. jacksonii infects turfgrass by penetrating directly
into the leaves, through damaged blades or by entering through the stomata (Allen et al.,
2005). Therefore, it can be a problem for intensively managed lawns such as golf courses
that regularly undergo mowing. Due to the economic and environmental importance
of turfgrasses, it has become an increasingly important area of research and
management (Huang et al., 2014). In 2007, $25.2 million CAD was spent on
pesticides in Ontario, with $8.37 million CAD of this being spent directly on
combatting dollar spot disease, which is the largest amount allotted towards any
turfgrass disease in Ontario (Tsiplova et al., 2008).
Penetrant fungicides, including systemic fungicides, have more specific
modes of action compared to contact fungicides (Young and Patton, 2006), which
makes the pathogen more likely to develop resistance to penetrant fungicides
(Deising et al., 2008). There have been many reported cases of increased resistance
to benzimidazoles, dicarboximides, and demethylation-inhibiting fungicides in
recent years (Smiley et al., 2005). Additionally, there is growing concern for the
negative environmental impacts that conventional fungicides have on non-target
organisms, as well as run-off in nearby water ecosystems (Racke, 2000). Therefore,
other non-conventional methods to combat diseases, such as dollar spot, should be
explored. The use of natural compounds is particularly appealing, as they will
produce fewer to minimal toxic effects on non-target organisms near treated areas
(Lee and Fry, 2003).
There are limited published studies available investigating the potential for
non-conventional fungicides to suppress dollar spot disease. This works aims to
examine products already listed in Ontario’s Class 11 list, as well as other products
that have been reported in literature to suppress other plant diseases, however are
not yet registered for use to treat dollar spot disease. Identifying new products that
can be used to treat dollar spot can reduce environmental impacts for intensively
managed turf, including golf courses, and other sports pitches. Investigating the
mode of action will allow a better understanding of how to best use each product.
Ferrous sulfate is the only treatment used in this study that has been
extensively researched on turfgrass. Iron salts have been used in foliar applications
since the mid-1800s, in order to improve plant health and yield (Chen and Barak,
1982). More recently, ferrous sulfate has been identified as a method of control for
dollar spot. McCall et al. (2016) identified the iron component of ferrous sulfate as
responsible for the efficacy observed on turfgrass against dollar spot. Additionally,
Reams (2013) and Shelton (2018) also found that applications of ferrous sulfate
significantly reduced dollar spot disease. This study further investigated the
relationship between ferrous sulfate and C. jacksonii in A. stolonifera and attempted
to examine the parameters under which the product can give highest efficacy.
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2.1.1 - Hypotheses and Objectives
2.1.1.1 - Hypotheses
• Non-conventional fungicidal compounds can significantly reduce dollar spot
incidence on A. stolonifera.
• Some of the non-conventional fungicidal compounds will directly inhibit fungal
growth of C. jacksonii.
• Increasing concentrations of ferrous sulfate cause increasing discolouration and
phytotoxicity on A. stolonifera in lab tests.
• Ferrous sulfate has systemic properties that allow for reduction of dollar spot
incidence away from the site of application.
• Altering the pH level of ferrous sulfate treatments affects its efficacy against C.
jacksonii.

•
•

•
•
•

2.1.1.2 - Objectives
Assess the efficacy of non-conventional fungicidal compounds in inhibiting C.
jacksonii on A. stolonifera in lab trials.
Assess the ability of non-conventional fungicidal compounds that reduce dollar
spot incidence to directly inhibit (EC50) C. jacksonii isolates in amended agar
tests.
Evaluate if increasing rates of ferrous sulfate causes phytotoxicity and affects
growth and discolouration of A. stolonifera.
Conduct ferrous sulfate systemicity tests on individual leaf blades of A.
stolonifera in lab trials.
Determine if pH amended ferrous sulfate treatments have similar efficacy as nonamended treatments and if pH affects C. jacksonii growth rates.

2.2 - Materials and Methods
2.2.1 - Growing Turfgrass in Conetainers
Turfgrass used for indoor trials was grown in plastic black conetainers (3.8-cmdiameter x 14 cm depth; SC7R Cell, Ray Leach “Conetainer”™, Stuewe and Sons,
Tangent, OR, USA), which were placed upright in conetainer trays (HV93 tray with 40
cells, Stuewe and Sons, Tangent, OR, USA). In order to prevent sand from leaking out at
the bottom of each conetainer, the drainage holes were plugged using a Styrofoam
packing peanut enfolded in a one third piece of a paper towel. All conetainers were filled
to the brim using ~150 g autoclaved root zone mix sand. The sand was composed of 80%
high pH (8.0) sand (Hutcheson Sand and Mixes, Huntsville, ON, Canada) plus 20% peat
moss (v/v). Before use, the sand was autoclaved three times at 121oC for 20 minutes at 23
psi, with 24-hour cool down periods between each autoclave cycle to ensure any heat
resistant fungal or bacterial contaminants were eliminated. Once filled with sand, the
conetainers were brought to full water saturation by submerging the tray in deionized
water for 15-20 minutes, or until all air bubbles were absent, and then set out to drain for
15 minutes. Each conetainer was then sown with 0.08 g of creeping bentgrass (Agrostis
stolonifera) cultivar Penncross. Penncross was selected as a representative cultivar of
creeping bentgrass for all indoor trials because of its widespread use in the golf course
industry.
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Once seeded, the conetainer trays were placed in two-inch deep plastic trays filled
with water so that the grass was able uptake water through the sand as needed. Each
conetainer was misted with 1 ml deionized water to encourage germination before the
tray was covered with a clear plastic bag in order to maintain constant humidity levels.
The trays were placed in a growth room kept at 20oC under fluorescent lamps (Philips
cool white, F34T12/CW/RS/EW/ALTO, USA), with a photon flux density of 3050µmol/m2/s at the soil surface, and a 16-hr light/8-hr dark photoperiod. After 3-4 days of
incubation, the plastic bag was removed to allow for proper airflow for newly germinated
grass (Figure 2.1). Each conetainer was fertilized weekly with ~5 ml fertilizer solution
(1.25 g/L of 20-8-20 fertilizer, 250 ppm N, Master Plant-Prod Inc., Brampton, ON,
Canada, with phosphoric acid added to adjust pH to 6). The trays topped off with
deionized water up to 1 cm below the brim every other day to maintain water saturation.
In order to determine optimal seeding rates of A. stolonifera cultivar Penncross, a
preliminary germination trial was completed. Fifteen seeds of A. stolonifera were placed
directly on a damp paper towel inside of a petri plate (5 replicates) and placed in a growth
room at 20oC under fluorescent lamps (Philips cool white, F34T12/CW/RS/EW/ALTO,
USA), with a photon flux density of 30-50 µmol/m2/s at the soil surface, and a 16-hr
light/8-hr dark photoperiod. After five days, number of seeds germinated was recorded,
and this percentage was used to adjust the recommended seeding rate of 0.3-0.5
kg/100m2 set by the Ontario Ministry of Agriculture, Food and Rural Affairs
(Charbonneau and Hsiang, 2015). For each conetainer of 11.34 cm2 top surface area, the
seeding rate was ~0.06 g.
2.2.2 - Inoculum Preparation
Four isolates (SH06, SH15, SH25 and SH30) of Clarireedia jacksonii were
collected from Cambridge, Ontario between 2010-2015 and a fifth isolate (SH84) was
collected from Penn. State University, USA in 2011. All five isolates were from A.
stolonifera leaf blades infected with dollar spot disease, isolated in the lab, and
maintained in the local lab collection at -20oC. Dollar spot inoculum was produced by
growing these five C. jacksonii isolates on Norwell Hard Red Spring Wheat seed
(Triticum aestivum) (C&M Wheat Seed, Palmerston, ON, Canada). Seeds had been
stored at 4oC to prevent germination and contamination. Seeds were removed from
storage and soaked in deionized water for 24 hours in a plastic bin. Water was removed
using a metal strainer and the seeds were rinsed with deionized water to eliminate any
particulates. Soaked seeds were added to 500 ml Mason jars until the jars were 1/3 full
(150 g - 200 g wet weight). The Mason jar lids were placed with the rubber gasket side
up and left loosely screwed on to allow for air circulation. Jars were autoclaved three
times at 121oC for 20 minutes at 23 psi, with 24-hour cool down periods between each
autoclave cycle. Jars were shaken between each autoclave cycle to prevent water
accumulating with seeds stuck to the bottom and allowing for future bacterial
contamination.
Following the final autoclave cycle, jars were shaken and allowed to cool for 24hours before getting inoculated with fungal isolates under sterile conditions. Five isolates
of C. jacksonii (SH06, SH15, SH25, SH30 and SH84) from the Hsiang lab collection
were grown on 39 g/L potato dextrose agar (4 g potato starch, 20 g dextrose, 15 g agar,
BD DifcoTM Potato Dextrose Agar, France) (PDA) in 9-cm-diameter petri plates with 12
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ml per plate. Once fungal growth reached the edge of the plates (after 4-5 days), the agar
was cut into small squares (~1 cm by 1 cm) using a sterilized metal scalpel. Agar squares
from one half of each petri plate were added to each individual Mason jar of autoclaved
wheat seed, and then incubated in a growth chamber at 20°C. Once the wheat seed was
fully covered in white hyphae (~5-7 days) (Figure 2.2), the jars were emptied out on
sterilized plastic trays to dry (~2-3 days). Once dry, the seed was then ground using a
coffee grinder (Hamilton Beach® Custom Grind™ model 80393C, Walmart, ON,
Canada) into fine particles ranging from 0.001 mm3 to 1 mm3. These were placed in
small plastic bags and stored at -20°C.
2.2.3 - Inoculation Trial Protocol
Conetainers of A. stolonifera cultivar Penncross were used to determine the
optimal inoculation rate for C. jacksonii for indoor lab experiments. Plants 7 to 10 days
old, grown in conetainers were incubated in a growth chamber at 20oC, and 16-hr light/8hr dark (fluorescent lights at 50 µmol/m2/s), and inoculated with 0.01 g, 0.03 g, 0.06 g, or
0.1 g of mixed C. jacksonii inoculum. Prior to inoculating, leaf blades were trimmed to
~2 cm height and wetted using a 250 ml hand sprayer. Inoculum was evenly applied to
foliage from a small weigh boat. A visual rating scale consisting of percent foliage
yellowing on a scale ranging from 0-100% was used as per Cortes-Barco et al., (2010).
Ratings were taken at 4, 7, 10 and 14 days post inoculation (DPI). A reference yellowing
scale was established to ensure consistent ratings (Figure 2.3). The optimal inoculum rate
for C. jacksonii was tested twice, once in Winter 2018 and again in Winter 2019 when a
new batch was made up.
2.2.4 - Mixing Treatments
Non-conventional treatments (Table 2.1) were chosen from previous reports
completed by Dr. Tom Hsiang, Dr. Jack Dong, Rochelle Tazhoor (Tazhoor, 2013) and
Nathan Andrews (personal communication). Initial concentrations (designated as 1x)
used in lab tests were determined by previous work done by the Hsiang lab, Nathan
Andrews (personal communication) as well as Peter Sinuita (personal communication)
from Copetown Woods Golf Club (Copetown, Ontario). Treatments for lab tests were
prepared by diluting them in deionized water to the desired concentrations in glass
beakers. Once the desired concentration had been reached, the treatments were shaken
periodically over one hour to ensure they were completely dissolved and mixed before
use. Once mixed, the treatments were transferred into small (20 ml) hand sprayers for use
in lab tests. Para-aminobenzoic acid (PABA) did not fully dissolve in deionized water
due to using a concentration greater than the maximum solubility rate. This was done in
order to exploit the highest possible concentration. All other treatments completely
dissolved in solution.
2.2.5 - Initial Testing for Efficacy of Non-Conventional Treatments In vitro
Seven-to-ten-day-old A. stolonifera cultivar Penncross plants grown in
conetainers were trimmed to ~2 cm height and treated with ~1 ml (6 pumps of the small
20 ml hand sprayer) of each selected treatment separately (Table 2.1). Control
conetainers were treated in the same manner with deionized water including a noninoculated control, as well as an inoculated control. All treatments had four replications
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per trial and were placed in the trays in a randomized complete block design. Each trial
was completed 2-3 times per treatment. After treatment application, trays were placed
back in the same growth room conditions. Seven days later, treatments were re-applied in
the same manner, and foliage was allowed to dry. Deionized water was then misted onto
the foliage shortly before ~0.03 g of mixed C. jacksonii was sprinkled onto each
conetainer. Inoculated conetainer trays were placed in a clear plastic bag and allowed to
incubate for 3-4 days in the same growth room settings. At 4, 7, 10 and 14 days post
inoculation (DPI), conetainers were visually rated for percent foliage yellowing (Figure
2.3).
2.2.6 - Preliminary pH Tests
Increasing amounts of FSH (0.1x, 0.5x, 1x, 2x, 5x, 10x and 15x) were mixed with
50 ml deionized water in 125 ml glass Erlenmeyer flasks to see how FSH affected the pH
of different treatment levels used in both lab and field tests. Flasks were shaken
periodically for one hour to ensure they were completely dissolved and mixed before
readings were taken. A pH probe (Oakton PC450 Series pH Meter, Illinois, USA) was
placed in each of the flasks until a final reading was determined. The pH probe was
rinsed thoroughly with deionized water in between each reading to prevent any FSH
being transferred into other flasks.
Sodium hydroxide (NaOH) was selected as a buffer for amending the pH of 1x
and 5x FSH solutions up to a pH level of 6 for the FSH pH adjustment efficacy trials.
NaOH was added to 50 ml of each FSH solution in 1 ml increments after an initial
reading was taken; with pH being recorded at 1 ml each increment. The pH was recorded
again at 2 hours and 24 hours after the last NaOH increment was added to see if the pH
remained stable over time. This test was repeated three times.
Citrate buffer (0.1M) was selected as a buffer for amending the pH of potato
dextrose broth (PDB) for the shaker growth trials. Stock citrate buffer solutions of pH 3,
4, 5 and 6 (Table 2.2) were prepared using 0.1 M citric acid (C6H8O7), 0.1 M sodium
citrate (Na3C6H5O7), and deionized water according to a recipe from G-Biosciences, 2016
(Geno Technology Inc., St. Louis, USA). After an initial pH reading was taken, the stock
citrate buffers were added in 1 ml increments to 100 ml of PDB in 125 ml Erlenmeyer
flasks until the desired pH was reached. The flasks were left for seven days until a final
pH reading was taken to determine if the pH remained stable over time. This test was
repeated twice.
2.2.7 - C. jacksonii Shaker Growth Test
A 2 L stock solution of potato dextrose broth (PDB) was prepared in a 2.5 L
Erlenmeyer flask using 8 g potato starch, 40 g dextrose and deionized water according to
a recipe from Acumedia, 2015 (Neogen Corp., Michigan, USA). The flask was placed on
a heated magnetic stirrer for 48 hours to allow for proper mixing and allow the starch to
dissolve. The flask was then autoclaved twice at 121oC for 20 minutes at 23 psi, with 24hour cool down periods between each autoclave cycle. Afterwards, 100 ml of autoclaved
PDB solution was transferred into sterile 125 ml Erlenmeyer flasks with sterilized
aluminum foil caps to prevent any contamination.
Previously made stock solutions of citrate buffer at pH 3, 4, 5 and 6 (Table 2.2)
were autoclaved in the same manner. Based on preliminary pH test results, 10 ml of each

17

buffer solution was added to the sterilized PDB flasks to amend the pH to the desired
levels. Each flask was then inoculated with five 5 mm fungal plugs of C. jacksonii
(isolate SH84) under sterile conditions. Each pH level had three replications as well as
three non-amended replications for a non-amended inoculated control for a total of 15
flasks. The flasks were placed on a shaker at 150 rpm at room temperature (20oC) for
seven days. After 7 days, flasks were emptied and filtered through 5-cm-diameter fine
filter paper (initial weights of each filter paper were taken), leaving the plugs and
mycelial growth. Filters were placed in a drying oven at 60oC for 48 hours. Once dried,
filters were weighed again to determine the dry weight of fungal hyphal growth. This test
was repeated three times.
2.2.8 - Ferrous Sulfate pH Adjustment Trial
Seven-to-ten-day-old A. stolonifera cultivar Penncross plants grown in
conetainers were trimmed to ~2 cm height. The initial (1x) concentration of ferrous
sulfate heptahydrate (FSH) (21% Fe) (Crown Technology Inc., Vaughan, Ontario), which
has a pH of ~3, was amended with 0.5 M sodium hydroxide (NaOH) to raise the pH to
~6. Conetainers were treated with ~1 ml (6 squeezes of the small 20 ml hand sprayer) of
both amended and non-amended FSH and control conetainers receiving deionized water
for both the inoculated and non-inoculated controls. All treatments had four replications
per trial and were placed in the trays in a randomized complete block design. After
treatment application, trays were placed back in the same growth room conditions. Seven
days later, treatments were re-applied in the same manner and foliage was allowed to dry.
Deionized water was misted onto the foliage shortly before ~0.03 g of mixed C. jacksonii
was sprinkled onto each conetainer using a small plastic weigh boat. Inoculated
conetainer trays were placed in a clear plastic bag and allowed to incubate for 3-4 days in
the same growth room settings. After the incubation period, conetainers were visually
rated for percent foliage yellowing (Figure 2.3) at 4, 7, 10 and 14 days post inoculation
(DPI). This test was repeated 2 times.
2.2.9- Long Term Ferrous Sulfate Phytotoxicity Tests
Seven-to-ten-day-old A. stolonifera cultivar Penncross plants grown in
conetainers were trimmed to ~2 cm height and treated with ~1 ml of increasing
concentrations of FSH (1x, 5x, 10x, 15x, 25x, 50x and 100x) per conetainer. Control
conetainers were treated in the same manner with deionized water. All treatments had
four replications per trial and were placed in the trays in a randomized complete block
design. After treatment application, trays were placed back in the same growth room
conditions. A visual rating scale following Cortes-Barco et al. (2010) consisting of
percent foliage yellowing on a scale ranging from 0-100% was used (Figure 2.3). as well
as a percent foliar blackening ranging from 0-100%. Ratings were taken at 1, 4, 7, 10, 14,
17, 21, 24, 28 and 31 days post treatment application (DPT).
2.2.10 - Leaf Blade Phytotoxicity Microscope Analysis
Seven-to-ten-day-old A. stolonifera cultivar Penncross plants grown in
conetainers were trimmed to ~2 cm height and treated with ~1 ml of increasing
concentrations of FSH (1x, 5x, 10x, 15x, 25x, 50x and 100x). Control conetainers were
treated in the same manner with deionized water as an untreated control. All treatments
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had four replications per trial and were placed in the trays in a randomized complete
block design. After treatment application, trays were placed back in the same growth
room conditions. At 7 DPT, conetainers were removed from the growth chamber and
individual leaf blades from each treatment level were plucked from the conetainers using
sterilized metal tweezers. Leaf blades were placed on a glass slide and examined for
phytotoxic damage as well as causal effects of blackening under a microscope (Nikon
Phase Contrast-2) at 4x, 100x and 400x magnification. Photos of individual leaf blades as
well as leaf blades from different treatments placed side by side were taken with a
specialized microscope adapter camera (Nikon Coolpix 995).
2.2.11 - Ferrous Sulfate Leaf Blade Turgidity Test
Seven-to-ten-day-old A. stolonifera cultivar Penncross grown in conetainers were
trimmed to 25 mm height and treated with ~1 ml of increasing concentrations of FSH
(1x, 10x and 100x). Ten conetainers were used per treatment level with an additional ten
used as untreated controls, which only received ~1 ml of deionized water. After
treatment, the conetainers were placed back in the growth room and five conetainers from
each treatment level were allowed to grow for 7 DPT whereas the other five were
allowed to grow for 14 DPT. After the growing period, conetainers were trimmed back
down to 25 mm and fresh clippings were collected and placed in small aluminum weigh
boats, which were previously weighed. The fresh weights were recorded before placing
the weigh boats into a drying oven for 48 hours at 60oC. Once dried, the dry weights of
the clippings were recorded and relative water content was calculated using the following
formula:
relative water content % (RWC) =

[fresh weight (g) - dry weight (g)]
fresh weight (g)

2.2.12 - Ferrous Sulfate Systemicity Test
Because the leaf widths of A. stolonifera were too small for droplet tests,
perennial ryegrass (Lolium perenne) was grown in conetainers, following the same
protocol as for A. stolonifera. Two to three week old L. perenne conetainer trays were
moved to a separate growth chamber at 25oC, 16-hr light/8-hr dark (fluorescent lights at
100 µmol/m2/s). Leaf blades were trimmed down to ~1 cm except for six 8-10 cm long
leaf blades positioned side by side along one edge of the conetainer, which were left
untrimmed. The conetainers were placed horizontally on paper towels soaked with
deionized water in a plastic tray to allow for consistent moisture to the leaf blades. Fungal
plugs (2-mm-diameter) of C. jacksonii (isolate SH84) were placed either ~2 cm from the
tip of each leaf blade (top inoculated), or ~3 cm from the base of each leaf blade (bottom
inoculated). Since ~1 ml of FSH was applied per ~100 leaf blades in other efficacy trials,
10 ul was applied per leaf blade in this trial. FSH was either applied ~2 cm from the tip of
each leaf blade (top FSH) or ~3 cm from the bottom of each leaf blade (bottom FSH). A
1x FSH rate was used as 5x FSH resulted in phytotoxicity. There were six treatments, and
six leaf blades per treatment were used in each trial, with two repeated trials. For each
trial, there were two inoculated controls (one for top inoculated and one for bottom
inoculated), two non-inoculated treated controls (one for top FSH and one for bottom
FSH) and two inoculated treated controls (one for top FSH, bottom inoculated and one
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for bottom FSH, top inoculated) (Figure 2.4). Once treated, the tray was incubated in a
clear plastic bin to allow for full light penetration and the tray was lightly watered each
day to ensure the paper towels were kept damp throughout the trial. After five days,
visual ratings were conducted by estimating the percentage yellowing of the top half and
the bottom half of each leaf blade on a 0-100% scale.
2.2.13 - Amended Agar Direct Inhibition Tests
Non-conventional fungicides that showed potential for inhibiting C. jacksonii
development in lab tests were selected for amended agar tests to determine EC50 values
(Hsiang et al., 1997). PDA was prepared at 39 g/L in deionized water. After autoclaving
and cooling to ~50oC, molten PDA was amended with one of four or five concentrations
of each treatment including a water control. Treatments (12 ml per plate) were pipetted
into 9-cm-diameter petri plates and left to cool. Five isolates of C. jacksonii (SH06,
SH15, SH25, SH30 and SH84) from the Hsiang lab collection were used in this test with
five replicates per SH isolate and three replicates per treatment concentration for a total
of 75 petri plates per treatment (90 petri plates for PABA). Agar plugs 5 mm in diameter
were cut from the growing edge of mycelia using a sterilized metal corer and were placed
hyphae side down in the center of each petri plate. Plates were incubated at 20oC with
12-hour overhead fluorescent lighting. Mycelial growth of C. jacksonii was measured
perpendicularly to the closest millimeter 24 and 48 hours post agar plug plating. The
growth between measurements was used for analysis and amended agar tests were
repeated 2-3 times.
2.2.14 - Statistical Analysis
Statistical analyses of efficacy, phytotoxicity and root growth tests were
conducted using ANOVA as implemented in the General Linear Models procedure
(PROC GLM) in SAS 9.1 (SAS Institute Inc., Car, NC, 2019). When significant
treatment effects were found, means were separated with Fisher’s Protected Least
Significant Differences test at p = 0.05. An example of the SAS command statement for
these tests is given in Appendix 2.1. Disease suppression % was calculated using the
following formula:

(

)

average treatment dollar spot count
x100)
average inoculated control dollar
spot count
For the amended agar tests, EC50 and EC90 values were calculated using PROC
PROBIT in SAS 9.1 (SAS Institute Inc., Car, NC, 2019). An example of the SAS
command statement for these tests is given in Appendix 2.2. The PROBIT transformation
command was included in the SAS script to increase the accuracy of the EC50 value
estimations in comparison to untransformed data (Rohlf and Sokal, 1981).
disease suppression % = 100 - (
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2.3 - Results
2.3.1 - A. stolonifera Germination Trial
Seeds of A. stolonifera cultivar Penncross were grown on damp paper towel in
petri plates for five days to determine the optimal seeding rate for conetainer trials. The
germination rate ranged from 73 to 80% of 15 seeds per plate across five replicates
(Table 2.3). Starting with the recommended seeding rate of 0.06 g per conetainer
(Charbonneau and Hsiang, 2015), the adjusted seeding rate considering seed viability was
0.079 g, and hence a seeding rate of 0.08 g was implemented for all conetainer trials.
2.3.2 - Optimizing Inoculum Rate
Two preliminary experiments were conducted to optimize the inoculation rate of
C. jacksonii for conetainer trials. One experiment was conducted in Winter 2018 after the
first batch of inoculum was produced and the second one was conducted in Winter 2019
when a new batch of inoculum was produced. Overall, higher levels of foliar yellowing
positively correlated to an increasing amount of inoculum (0.01 g, 0.03 g, 0.06 g and 0.1
g) on A. stolonifera cultivar Penncross for both the Winter 2018 (Table 2.4) and Winter
2019 (Table 2.5) trials. The virulence of both batches was very similar, with close percent
foliar yellowing levels at each inoculum rate and rating date.
In both trials, disease levels were similar by DPI14 (days post inoculation). The
0.01 g rate produced significantly less disease compared to the other three inoculation
rates on almost all rating dates. By DPI14, the 0.01 g rate only resulted in about 20%
yellowing. On the other hand, by DPI14 the 0.10 g rate resulted in severe yellowing,
about 80%, which was significantly higher than the other three treatments on all rating
dates. In addition, the 0.06 g rate had about 60 to 65% yellowing by DPI14 and
significantly more disease compared to the 0.03 g rate on most rating dates. Lastly, the
0.03 g rate had about 45 to 50% yellowing by DPI14 and was selected as the optimal
inoculation rate for use in the efficacy indoor conetainer trials going forward.
2.3.3 - Efficacy of Non-Conventional Fungicides In vitro against C. jacksonii
Conetainers of A. stolonifera cultivar Penncross were subjected to numerous
treatments (Table 2.1), which were applied 7 days and 1 hour before inoculation with a
mix of five isolates of C. jacksonii (SH06, SH15, SH25, SH30 and SH84). They were
then rated for disease using a foliar percent yellowing scale (Figure 2.3) at 4, 7, 10 and 14
DPI. Individual treatment results are presented in the following subsections. PABA did
not fully dissolve in deionized water due to using a concentration greater than the
maximum solubility rate. This was done in order to exploit the highest possible
concentration possible for testing. The estimated effective solubility rate was 6 g/L.
2.3.3.1 - Acetylsalicylic Acid
Aspirin, containing 42.4% acetylsalicylic acid, was ground up, dissolved in water,
and applied to creeping bentgrass at 0.69 g, 6.88 g and 68.8 g/100m2. In the first round of
testing, there was not a significant reduction of disease yellowing caused by C. jacksonii
on any of the rating dates (Table 2.6). The two lower rates did not seem to have any
effect, but the highest rate resulted in significantly increased foliar yellowing on DPI04,
DPI07 and DPI14, with a 50% increase in yellowing by DPI14. Yellowing of inoculated
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controls only reached up to 20.5%, which was much lower than expected compared to
previous inoculum trials (Table 2.4 and 2.5) that showed 40 to 50% disease for inoculated
controls.
A second experiment involved only a 34.4 g rate on inoculated and noninoculated conetainers of A. stolonifera (Table 2.7). This rate was selected because the
higher 68.8 g rate caused increased yellowing while the lower rates had no observable
effect on disease yellowing. However, this rate also did not significantly reduce disease
yellowing and the non-inoculated treated controls did not show signs of phytotoxicity, as
percent yellowing was only 0.8% by DPI14. Yellowing of inoculated controls reached up
to 45%.
2.3.3.2 - Clonostachys rosea
Both of the treatment rates of C. rosea (0.79 kg and 7.90 kg/100m2) tested against
C. jacksonii in the first round of this experiment did not significantly reduce disease
yellowing at any of the rating dates (Table 2.8). In the non-inoculated treated controls,
the 0.79 kg rate did not cause any yellowing, but the 7.90 kg rate caused about 5%
yellowing by DPI07 which decreased to 2% by DPI14, indicating low levels of yellowing
induced by this treatment. Yellowing of inoculated controls reached up to 36.9%.
The same results were found in the second repeat of this experiment with neither
rate significantly reducing disease yellowing (Table 2.9). In the non-inoculated treated
controls, the 0.79 kg rate similarly did not cause any yellowing but the 7.90 kg rate
caused about 5% yellowing by DPI10 which decreased to 2% by DPI14. Yellowing of
inoculated controls reached up to 33.1%, which was lower than previous inoculum trials.
2.3.3.3 - Ferrous Sulfate
Among the three rates of Iron Sulfate (21% ferrous sulfate), the higher two (250 g
and 1250 g/100m2 significantly reduced disease yellowing on two and three rating dates
respectively (Table 2.10) in the first round of testing. The 250 g rate significantly reduced
yellowing on DPI07 (by 23%) and DPI14 (by 14%), but was very close to significantly
reducing disease on DPI10 (by 11%) as well. The 1250 g rate significantly reduced
yellowing on DPI07 (by 23%), DPI10 (by 16%) and DPI14 (by 23%) and had slightly
lower yellowing compared to the 250 g rate, although these did not significantly differ on
any rating dates. The 50 g rate did not significantly reduce yellowing on any of the rating
dates. Lastly, the 50 g and 250 g rates caused little to no phytotoxicity (0 to 1%) by
DPI14 on non-inoculated treated controls, whereas the 1250 g caused almost 5%
yellowing by DPI10, but this decreased to 3.8% by DPI14. Yellowing of inoculated
controls reached up to 71%, which was higher than previous inoculum trials.
Similar results were found in the second repeat of this experiment as the 1250 g
rate resulted in significantly reduced disease yellowing on all rating dates (between 22 to
36%) (Table 2.11). In addition, similar to the first round, the 50 g rate caused no
significant reduction in yellowing on any rating dates. However, the 250 g results
differed from the first round, as it did not cause a significant reduction in yellowing on
any of the rating dates. Lastly, none of the non-inoculated treated controls had any
yellowing, indicating no phytotoxicity was caused by any of these three rates of ferrous
sulfate. Yellowing of inoculated controls reached up to 53%.
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2.3.3.4 - Humic Acid
All three treatment rates of 6% humic acid (1.2 ml, 6 ml and 30 ml/100m2) tested
against C. jacksonii in the first round of this experiment significantly reduced disease
yellowing on DPI07 (by 48 to 67%) and DPI10 (by 33 to 60%) but not on DPI14,
although all three rates gave slightly lower yellowing on this date compared to the
inoculated control (Table 2.12). In addition, there was little to no phytotoxicity caused by
these treatments with only 0.4 to 2.0% yellowing observed by DPI14 in the noninoculated treated controls. Yellowing of inoculated controls reached up to 31%, which
was lower than previous inoculum trials.
Slightly different results were observed in the second repeat of this experiment as
the 6 ml rate only significantly reduced disease yellowing on DPI10 (by 31%), while the
30 ml rate significantly reduced disease yellowing on DPI07 (by 42%) and DPI10 (by
35%) (Table 2.13). The 1.2 ml rate did not significantly reduce disease on any rating
dates. Similarly to the first round of this experiment, the second round had no noticeable
phytotoxicity induced by the treatments on non-inoculated treated controls on any rating
dates. Yellowing of inoculated controls reached up to 37.5%.
2.3.3.5 - Para-aminobenzoic Acid
All three treatment rates of para-aminobenzoic acid (0.04 kg, 0.22 kg and 1.09
kg/100m2) dissolved in water and tested against C. jacksonii in the first round of this
experiment did not significantly reduce disease yellowing on any rating dates (Table
2.14). On the contrary, the 0.04 kg and 1.09 kg rates caused significantly higher
yellowing on DPI14 (by 55% and 59% respectively). The 0.22 kg rate also had slightly
higher yellowing compared to the inoculated control on DPI14 (by 32%) but not
significantly. By DPI14, the three non-inoculated treated controls had yellowing ranging
from 3.4-6.6%. However, the untreated control also had 5.2% yellowing by DPI14, which
indicated that the turfgrass may have become unhealthy by the end of this round. Lastly,
the inoculated control yellowing was low as it only reached up to 28%, which was less
than expected compared to previous inoculum trials.
Different results were obtained during the second repeat of this experiment, with
the 1.09 kg rate significantly reducing disease levels on DPI10 (by 63%) and DPI14 (by
53%) (Table 2.15). In addition, there was only 0.4% yellowing observed on the noninoculated treated control, indicating that this rate did not cause phytotoxicity. The
inoculated control yellowing reached 45%. Lastly, the untreated control yellowing only
reached 1.4%, which was lower than the first round of this experiment.
2.3.3.6 - Polyoxin-D Zinc Salt
The 27 g/100m2 rate of 11.3% polyoxin-D zinc salt dissolved in water and tested
against C. jacksonii in the first round of this experiment did not significantly reduce
disease yellowing on any rating dates and slightly increased the yellowing on all rating
dates compared to the inoculated control (Table 2.16). However, the inoculated control
disease levels were low, only reaching 22.5% by DPI14 and the LSD values were very
high, indicating high variability conetainer to conetainer, and inconsistent disease levels.
A second trial was conducted which had different results from the first trial. The
27 g rate significantly reduced disease yellowing on DPI10 (by 27%) and DPI14 (by
27%) (Table 2.17). Also, the inoculated control percent yellowing reached 41.3% by
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DPI14 and LSD values were much lower, indicating less variability conetainer to
conetainer and more consistent disease levels. The non-inoculated treated controls for
both rounds of this experiment had 0% yellowing, which indicated that no phytotoxicity
was being induced by this treatment.
2.3.3.7 - Silicic Acid
The 42.4 g/100m2 rate of silicic acid tested against C. jacksonii in the first round
of this experiment did not significantly reduce disease yellowing on any rating dates but
significantly increased yellowing on DPI04 (by 117%) (Table 2.18). This treatment did
have slightly less yellowing on DPI10 (by 14%) and DPI14 (by 20%) compared to the
inoculated control, but not at significant levels. Yellowing of inoculated controls reached
up to 45%.
A second trial was conducted using a rate of 212 g and had very similar results.
This treatment did not reduce disease yellowing on any of the rating dates but
significantly increased yellowing on DPI04 (by 100%) (Table 2.19). Differing from the
first round, this treatment had very similar levels of yellowing compared to the inoculated
control on DPI10 and DPI14. There was little to no yellowing observed (0 to 0.4%) on
the non-inoculated treated controls in both trials, indicating that this rate did not cause
phytotoxicity. Yellowing of inoculated controls reached up to 45%.
2.3.4 - Preliminary pH Tests
Various concentrations of ferrous sulfate were measured for pH. Overall, there
was a linear decrease in pH level as the concentration of ferrous sulfate increased (Table
2.20). For treatments used in both laboratory and field experiments, pH levels ranged
from 2.80 at a rate of 0.25 kg to 1.97 at a rate of 3.75 kg.
To test whether pH had an effect on ferrous sulfate treatments, 0.5 M sodium
hydroxide (NaOH) was added to 0.25 kg and 1.25 kg solutions in 1 ml increments and pH
measured at each step. After averaging 3 trials, it took about 12 ml of 0.5 M NaOH to
reach pH 6 for the 0.25 kg rate (Table 2.21) and 18 ml for the 1.25 kg rate (Table 2.22).
However, by 1 day later, the pH dropped down to ~5.60 for both solutions, which
indicated that pH 6 was not stable with these solutions, and with increasing incubation
time, pH continued to drop further.
To test whether pH itself had an effect on fungal growth, potato dextrose broth
(PDB, native pH was 4.2) was adjusted to four different pH levels (3, 4, 5 and 6), with a
mixture of 0.1 M citric acid and 0.1 M sodium citrate, which produced a 0.1 M citrate
buffer for each pH. This was added in 1 ml increments and pH measured. For the pH 3
adjustment, it took 4 ml of the 0.1 M citrate buffer (46.5 ml 0.1 M citric acid + 3.5 ml 0.1
M sodium citrate) for the PDB to reach a pH of ~3 (Table 2.23) and when checked after 7
days, the pH remained stable. For the pH 4 adjustment, it took 1 ml of the 0.1 M citrate
buffer (35.0 ml 0.1 M citric acid + 15.0 ml 0.1 M sodium citrate) for the PDB to reach a
pH of ~4 (Table 2.24) and when checked after 7 days, the pH remained dropped slightly
to ~3.5. For the pH 5 adjustment, it took 3 ml of the 0.1 M citrate buffer (20.5 ml 0.1 M
citric acid + 29.5 ml 0.1 M sodium citrate) for PDB to reach a pH of ~5 (Table 2.25 and
when checked after 7 days, the pH remained stable. Lastly, it took 1 ml of the 0.1 M
citrate buffer (7.2 ml 0.1 M citric acid + 42.8 ml 0.1 M sodium citrate) for PDB to reach a
pH of 6 (Table 2.26) and remained stable after 7 days.
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2.3.5 - Effects of pH Amendment on C. jacksonii Growth Rates
Five 5-mm-diameter fungal plugs of C. jacksonii (SH84) were placed in pHamended flasks of 100 ml PDB (non-amended control at pH 4.2, pH 3, pH 4, pH 5 and
pH 6), and shaken at 150 rpm and left to grow for 7 days at 25oC. After two repeats of
this experiment, pH 3 flasks had significantly less fungal growth compared to the nonamended control (by 53 to 68%) and pH 5 flasks had significantly more fungal growth
compared to the non-amended control (by 40 to 93%) (Table 2.27). However, the pH 6
flasks had significantly less fungal growth in one of the two trials (by 62%) so a third
trial was completed. In the third trial, the pH 6 flasks also had significantly less fungal
growth compared to the non-amended control (by 45%). This indicated that low (pH 3)
and high (pH 6) conditions significantly reduced growth of C. jacksonii and an
environment with pH 5 conditions significantly increased growth. A ferrous sulfate
solution where pH was amended was also tested in the lab (2.3.6) and field (3.3.3) trials.
2.3.6 - Effects of Ferrous Sulfate pH Amendment on Efficacy
To test whether pH affected ferrous sulfate efficacy against C. jacksonii, solutions
of 1250 g/100m2 ferrous sulfate were adjusted to pH 6.0 with 0.5 M NaOH. Conetainers
of A. stolonifera cultivar Penncross were sprayed with pH-adjusted and non-adjusted
solutions of ferrous sulfate treatments 7 days and 1 hour before sprinkling on ground
wheat seed inoculum of C. jacksonii. Percent yellowing was rated at 4, 7, 10 and 14 DPI.
Both the pH-amended and non-amended 1250 g ferrous sulfate treatments
significantly reduced yellowing by DPI14 in the first round of this experiment (Table
2.28). The amended ferrous sulfate treatment gave significantly less disease yellowing on
DPI07 (by 22%), DPI10 (by 30%) and DPI14 (by 26%), and the non-amended treatment
also significantly reduced yellowing on DPI10 (by 22%) and DPI14 (by 18%). However,
differing from the amended treatment, the non-amended treatment did not significantly
reduce yellowing on DPI07. There was no yellowing observed in the non-inoculated
treated controls, indicating that these treatments did not cause phytotoxicity.
Similar results were found in the second round of this experiment. Both amended
and non-amended treatments had significantly less disease yellowing on DPI10 (by 19%
and 25% respectively) and DPI14 (by 24% and 28% respectively) (Table 2.29). Differing
from the first experiment, both the amended and non-amended treatments had
significantly less yellowing on DPI07 (by 21% and 25% respectively). However, there
was some slight yellowing ranging from 2.4 to 3.2% by DPI14 in the non-inoculated
treated controls. The yellowing percentages were much higher overall in this round for
the inoculated control (up to 80%).
Overall, the results obtained from this experiment indicated that altering the pH
level of ferrous sulfate had no effect on efficacy against C. jacksonii as nearly identical
results were obtained for both amended and non-amended treatments.
2.3.7 - Phytotoxicity of Ferrous Sulfate on A. stolonifera
Conetainers of A. stolonifera cultivar Penncross were treated with various rates of
ferrous sulfate and rated for percent blackening and percent yellowing at 1, 4, 7, 10, 14,
17, 21, 24, 27 and 31 DPT (days post last treatment application). In general, increasing
rates of ferrous sulfate applied to A. stolonifera cultivar Penncross resulted in amplified
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blackening (Table 2.30) and yellowing (Table 2.32) of leaf blades. Blackening was most
evident 1 DPT ranging from 0% at the 0.25 kg rate up to 20% for the 25.0 kg rate. The
blackening effect dissipated over time and all treatment rates had 0% blackening by 31
DPT. The 6.25 kg, 12.5 kg and 25.0 kg rates had significantly more blackening compared
to the lower rates and the untreated control. However, when looking at just the 4 lower
rates (0.25 kg, 1.25 kg, 2.50 kg and 3.75 kg) of ferrous sulfate, the 1.25 kg, 2.50 kg and
3.75 kg had significantly more blackening compared to the untreated control and the 0.25
kg rate at 1 and 4 DPT (Table 2.31). By 10 DPT, none of the lower rate treatments
significantly differed from the untreated control and all treatments had 0% blackening by
21 DPT. This experiment indicated that the blackening effect was temporary and became
un-noticeable over time, by 21 DPT for rates 3.75 kg and below, and by 31 DPT for
higher rates up to 25.0 kg.
The opposite effect was found when percent yellowing was considered. Overall,
the yellowing effect increased over time for all ferrous sulfate treatment rates except the
0.25 kg rate, which had 0% yellowing throughout the whole experiment (Table 2.32).
The 6.25 kg, 12.5 kg and 25.0 kg rates had significantly more yellowing on almost all
rating dates compared to the untreated control. In addition, when the lower rates were
compared (Table 2.33), the 3.75 kg rate had significantly more yellowing compared to
the untreated control on all ratings dates. By 31 DPT, the 1.25 kg and 2.50 kg rates also
had significant yellowing compared to the untreated control.
Overall, the results from this experiment indicated that higher rates of ferrous
sulfate caused a blackening effect that dissipated over time and phytotoxicity that
increased over time for higher rates up to 31 DPT.
2.3.8 - Microscopic Examination of Foliar Phytotoxicity Induced by Ferrous Sulfate
Conetainers of A. stolonifera cultivar Penncross were sprayed with various rates
of ferrous sulfate. After 7 days, individual leaf blades were examined under a microscope
at numerous magnifications for blackening and phytotoxic damage. As seen in Figure
2.5, increasing rates of ferrous sulfate caused increased blackening, which covered more
of the tip downwards (0.25 kg = 2% tip blackening, 1.25 kg = 5%, 2.5 kg = 15%, 6.25 kg
= 25%, 12.5 kg = 50%, 25.0 kg = 85%). The treatments were all sprayed from directly
above the conetainers and darkening for the higher rates were observed from the tip down
to the base of the leaves. Once a certain distance was reached, the blackening effect
stopped, leaving a distinct border between darkened and non-darkened regions (Figure
2.8). Higher rates (2.50 kg, 6.25 kg, 12.5 kg and 25.0 kg/100m2) caused a significant
change in colour compared to the untreated control (Figure 2.6). In addition, higher
ferrous sulfate rates caused increased wilting in the leaf blades (Figure 2.5) starting 2-3
days after treatment. The highest rate of 25.0 kg gave an orange precipitate that was
visible on the outer surface of the leaf blade (Figure 2.7). In addition, as seen in Figure
2.7, small orange clusters, which may have been iron, seemed to collect in the free space
of the mesophyll.
2.3.9 - Turgidity of A. stolonifera Leaf Blades After Ferrous Sulfate Treatment
Applications
To see the effect of ferrous sulfate on leaf growth, conetainers of A. stolonifera
cultivar Penncross were treated with three rates of ferrous sulfate (0.25 kg, 2.50 kg and
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25.0 kg/100m2) and left to grow for 7 or 14 days. After this period, turfgrass height was
measured, conetainers were trimmed to 25 mm grass height, and both fresh and dry
weights of trimmed clippings were recorded.
In the first round of this experiment, the fresh weight of the 2.50 kg rate was
significantly less than the untreated control at both the 7 and 14 day growth periods (by
29% and 18% respectively) (Table 2.34). Additionally, the 25.0 kg rate had significantly
less fresh weight compared to the non-treated control for both growth periods (by 69%
and 34% respectively). When considering dry weight, all three ferrous sulfate treatment
rates (0.25 kg, 2.5 kg and 25.0 kg) had significantly less weight compared to the
untreated control at both 7 DPT (by 41%, 51% and 83% respectively) and 14 DPT (35%,
35% and 45% respectively). After calculating percent relative water content (RWC), the
0.25 kg and 2.50 kg rates had significantly higher RWC values compared to the untreated
control at both 7 DPT (by 3.6% and 2.2% respectively) and 14 DPT (by 3.4% and 2.4%
respectively), while the 25.0 kg only had a significantly higher RWC value at 7 DPT (by
3.6%). In addition, after 7 days, the 25.0 kg rate had significantly less vertical growth
compared to the other two ferrous sulfate treatments (by 18% and 13% respectively) and
the untreated control (by 18%) (Table 2.36). The 2.50 kg rate had slightly less vertical
growth compared to the untreated control (by 5%) but not significantly. By 14 DPT, both
the 2.50 kg and 25.0 kg rates had significantly less vertical growth compared to the
untreated control (by 5% and 9% respectively).
In the second repeat of this experiment, similar results were obtained overall. The
0.25 kg rate did not differ significantly from the untreated control. The fresh weight of
the 2.50 kg rate was significantly less than the untreated control for both the 7 and 14 day
growth periods (by 22% and 19% respectively) (Table 2.35). Furthermore, the 25.0 kg
rate had significantly less fresh weight compared to the untreated control for both growth
periods (by 70% and 78% respectively) and compared to the 0.25 kg and 2.50 kg rates as
well. For dry weights, all three ferrous sulfate treatments had significantly less weight
compared to the untreated control (by 24%, 25% and 72% respectively) and the 25.0 kg
rate had significantly less dry weight compared to the 0.25 kg and 2.50 kg rates as well.
The RWC results obtained from this second trial differed from the first trial as the RWC
values did not significantly differ from the untreated control except for the 25.0 kg rate at
14 DPT, which had a significantly lower RWC value (by 11%). Additionally, the second
trial had slightly different results for the turfgrass vertical growth results. The 2.50 kg rate
had significantly less growth compared to the untreated control (by 11%) and 0.25 kg rate
(by 8%) at 7 DPT and the 25.0 kg rate had significantly less growth compared to the
untreated control, 0.25 kg rate and 2.50 kg rate at 7 DPT (by 23%, 20% and 13%
respectively) (Table 2.37). By 14 DPT, the 0.25 kg, 2.5 kg and 25.0 kg ferrous sulfate
treatment rates all had significantly less growth compared to the untreated control (by
5%, 9% and 29% respectively). The 25.0 kg rate had significantly less growth compared
to the 0.25 kg and 2.50 kg rates (by 25% and 21% respectively), while the 2.50 kg rate
had significantly less growth compared to the 0.25 kg rate (by 5%).
2.3.10 - Systemic Properties of Ferrous Sulfate on L. perenne
To test for systemicity of ferrous sulfate, individual leaf blades of L. perenne were
subjected to ferrous sulfate treatment either near the tip or base of the leaf blade,
inoculated with fungal plugs of C. jacksonii (SH84) at the opposite end of the leaf blade
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and monitored for percent yellowing at both the top and bottom half of the leaf blade.
Overall, no significant differences were found between treated leaf blades and inoculated
controls (Table 2.38) in both repeats of this experiment. However, there was slightly less
disease yellowing in both trials in leaf blades with ferrous sulfate applied near the tip and
inoculated near the base compared to the inoculated control (by 7 to 27%), but not
significantly. Lastly, low levels of yellowing were observed in the bottom half of leaf
blades for the non-inoculated controls (1.7% to 13.3%), while no yellowing was observed
in the top half of leaf blades for the non-inoculated controls.
2.3.11 - Amended Agar EC50 Tests
Increasing concentrations of the non-conventional treatments including ferrous
sulfate, para-aminobenzoic acid and polyoxin-D zinc salt were tested in amended agar
tests against five isolates of C. jacksonii (SH06, SH15, SH25, SH30 and SH84). The
average EC50 value of ferrous sulfate was 2.01 g/L and the average EC90 value was
6.43g/L after three repeats of this experiment (Table 2.39). The average EC50 value of
para-aminobenzoic acid was 0.55 g/L and the average EC90 value was 1.96 g/L after two
repeats (Table 2.40). Lastly, the average EC50 value of polyoxin-D zinc salt was 0.013
g/L and the average EC90 value was 0.98 g/L after two repeats (Table 2.41). Overall, all
three treatments exhibited direct inhibition of C. jacksonii growth.
2.4 - Discussion
2.4.1 - Efficacious Treatments
2.4.1.1 - Ferrous Sulfate
Ferrous sulfate is one of two forms of iron sulfate that have been investigated in
literature as a potential inhibitor of dollar spot disease. Stone (2019) found that ferric
sulfate could decrease dollar spot disease in lab and field trials. Both forms can be used to
increased plant yield through increased photosynthetic capacity due to higher chlorophyll
and chloroplast production (López-Millán et al., 2013). Plants more easily absorb ferrous
sulfate, due to its higher solubility, which results in it being the preferred compound for
turfgrass nutrient management compared to ferric sulfate (Havlin et al., 2005). A review
of iron in plant systems can be found in Appendix 1.1 to 1.7. Ferrous sulfate has been
reported as an herbicide for broad-leaf weeds in lawns (Thornton and Durrell, 1933) as
well as a control for moss (Cook et al., 2002). Ferrous sulfate is currently registered as an
herbicide in Canada in the heptahydrate (Registration #23873) and monohydrate
(Registration #23874) forms, although it is not listed as a fungicide.
In the current study, weekly applications of ferrous sulfate (21% Fe), applied at
250g/100 m2 (25 kg/ha) and 1250 g/100m2 (125 kg/ha), reduced dollar spot symptoms on
average by 11% (two trials) and 26% (six trials), respectively, by 14 days post
inoculation, which was also the time of the last treatment application. Previous studies
have shown that iron sulfate can inhibit disease caused by C. jacksonii. Shelton (2018)
and Reams (2013) found that increasing rates of ferrous sulfate (20% Fe) significantly
reduced dollar spot incidence on A. stolonifera in the field. Similarly, Stone (2019) found
that ferric sulfate significantly reduced dollar spot in both lab and field conditions.
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Additionally, an increasing blackening effect was observed with increasing
ferrous sulfate concentrations. Higher concentrations of ferrous sulfate caused a more
pronounced blackening effect and this colour change further down the leaf blade. When
examined under a microscope, it appeared that iron was accumulating in the apoplast of
the leaf blades (Figures 2.9, 2.10 and 2.11). Mourrissey and Guerinot (2009) state that
ferrous iron ions can bind to apoplast walls in the xylem, which may be causing the
observed darkening in this study. Since iron ions require chelators for transport, it is
possible that there are not enough chelators present to deal with the large increase in iron
from the foliar applications, which caused the presumed build up of iron inside of the leaf
blade. Additionally, there were small orange clumps observed in the leaf blades treated
with higher quantities of ferrous sulfate, which may from high levels of iron
accumulation in the apoplast (Figure 2.7). An experiment conducted by El-Jendoubi et al.
(2014) on peach tree leaves found that large pools of iron formed in leaves treated with
ferrous sulfate, causing a blackening effect. They hypothesize that the leaves have
difficulties translocating sudden large increases in iron, which causes it to accumulate in
the treated areas. Therefore, based on the results from this study and previous studies, it is
hypothesized that the observed blackening effect is due to the high accumulation of iron,
which may bind to the surrounding apoplast walls. More research is needed to determine
the cause of the orange clumps observed in this study as well as determining the exact
reason for the presumed build up of iron in treated leaves.
In amended agar tests, ferrous sulfate was found to have an average EC50 value of
2.01 g/L and an average EC90 value of 6.43 g/L (Table 2.39), which indicates that this
compound is a direct inhibitor of C. jacksonii. Ferrous sulfate was applied at a rate of
2.84 g/L (1x) and 14.175 g/L (5x) in the in vitro efficacy trials. However, there are
currently no published studies that have conducted further tests to see if this is the only
mode of action for ferrous sulfate against C. jacksonii. In the current study, it was
hypothesized that ferrous sulfate may have systemic properties in turfgrass that induced
an activated disease resistance response and stimulated defense genes. However, no
systemic activity was observed in this study (Table 2.38), which suggests lack of defense
gene activation. Because systemic activity of ferrous sulfate was not found in tests where
ferrous sulfate application at one location resulting in decreased disease at another
location, defense gene activation was not further directly examined, but should be further
investigated in future studies. Other studies have indicated that iron can also act as a
defense against plant pathogens by activating oxidative bursts when iron levels are
heightened in localized cells (Verbon et al., 2017). Therefore, it is possible that the
increased iron concentrations in the leaf tissue, from foliar applications, induce oxidative
bursts, which aid in disease suppression along with the direct inhibition, but again, further
study is needed in this area.
Aside from direct inhibition at time of application, the exact mode of action by
which ferrous sulfate suppresses disease is still unknown. However, McCall et al. (2016)
and Reams (2013) have recently hypothesized that iron from ferrous sulfate chelates with
oxalic acid released by C. jacksonii, therefore limiting its pathogenicity. Venu et al.
(2009) were the first researchers to show that C. jacksonii produces oxalic acid, which
causes wilting symptoms in the infected host plant leaf tissue (Walz et al., 2007). One
mode of action of oxalic acid to cause leaf tissue wilting is the prevention of stomatal
closure by inhibiting the abscisic acid-induced stomatal closure. This action causes the

29

leaf tissue to lose water through evaporation, and also aids in fungal infection (Walz et
al., 2007). In addition, Guimarães and Stotz (2004) found that stomata remained open
ahead of the advancing hyphae of a related fungus (Sclerotinia sclerotiorum), indicating
that oxalic acid is secreted ahead of the infection hyphae. The newly opened stomata
were used as secondary infection sites across the leaf tissue, which aids in the spread and
size of the infection (Guimaraães and Stotz, 2004).
This lead McCall et al. (2016) to hypothesize that the ferrous iron ions chelate
with the secreted oxalic acid, therefore reducing infection. They hypothesized that
reducing the amount of oxalic acid available for infection will also cause less pectin
degradation of the host cell walls and therefore less pathogenicity. This chelation event
between ferrous iron and oxalic acid is influenced by the pH of the environment (Verela
and Tien, 2003). Previously, it has been shown that fungi secrete organic acids out of
their mycelium, which lowers the pH of the extracellular environment. This has been
hypothesized to allow for nearby iron ions to stabilize in the ferrous form and prevent
them from oxidizing to the insoluble ferric state (Verela and Tien, 2003). Therefore, the
release of oxalic acid by the pathogen may actually aid in the suppression of the pathogen
when ferrous sulfate is applied, as the lower pH environment may help the ferrous iron
ions chelate with the oxalic acid (Verela and Tien, 2003). In the current study, increasing
the pH from 3 to 5 of the foliar applied ferrous sulfate did not result in a significant
change in efficacy. This does not support the hypothesis that Verala and Tien (2003)
stated, as adding the buffered ferrous sulfate treatment did not result in lowered efficacy.
In this test, the amount of oxalic acid produced by the fungus probably did not counteract
the buffer used in the ferrous sulfate treatment; therefore, the oxalic acid should not have
effected pH change (and no change in pH was detected in the first 24 hours after adding
the 0.5 M NaOH buffer to the ferrous sulfate treatment). According to their hypothesis,
there should be an observed lowered efficacy caused by ferrous ions destabilizing into
insoluble ferric ions, as well as increasing the rate of H2O2 and other hydroxyl radical
formation, which can cause further damage. Therefore, we hypothesize ferrous sulfate
does not affect the activity of oxalic acid in this system. However, the buffered pH of 5
may still be too acidic for a significant change in the soluble ferrous to insoluble ferric
ion ratio. Further research investigating the hypothesis that oxalic acid and iron chelation
events causes the observed disease suppression is needed in order to determine the
precise mode of action.
2.4.1.2 - Humic Acid
Humic acids occur naturally in the soil and originate from the decomposition of
plant, animal and microbial material, which eventually in the presence of high pressure
forms a type of coal called Leonardite (Du Jardin, 2015; White, 2013). Leonardite is
formed due to its close proximity to the soil surface where the precursor material (lignite
coal) becomes oxidized to Leonardite. It is then more accessible for mining (White,
2013). Since humic acids result from a mix of decomposing material, humic acids will
differ depending on their source environment (White, 2013). There have been many
studies indicating the positive influences that humic acids have on plant growth and
health. However, due to the origin of humic acids tested, there are many inconsistencies
in results (Du Jardin, 2015).
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In general, humic acids help maintain moisture and nutrients in the root zone due
to a high cation exchange capacity (White, 2013). This allows the humic acids to bind to
nearby positively charged minerals and prevent them from leeching further down in the
soil profile, therefore increasing nutrient availability for plants (Hunter and Anders, 2004;
White, 2003). Manufacturers of humic acid products claim many benefits to using humic
acids such as improved heat tolerance, higher growth rates, deeper and denser root
systems, and improved nutrient uptake and soil structure (Liu and Cooper, 1999). Liu and
Cooper (1999) investigated how different humic substances affect the growth and stress
tolerance of A. stolonifera. Prior to Liu and Cooper (1999), there was very limited
scientific research on the effects of humic acid on any turfgrass species. They found that
increasing rates of humic acids resulted in increased photosynthetic rates and but did not
increase shoot growth rates. In addition, they found that nutrient uptake changes were
small and most likely had no biological significance. Similarly, Maibodi et al. (2014)
investigated the effects of foliar applied humic acid on growth and nutrient content of
leaves shoots and roots in L. perenne. Their results also indicate that leaf nutrient
composition and growth is unaffected by the foliar applications. However, in their study,
both shoot and root growth improved as well as nitrogen uptake from the roots. Another
study by Hunter and Anders (2004) found similar results in A. stolonifera treated with
humic acids. They examined root characteristics in A. stolonifera root zones post humic
acid treatment and found that the nutritional make up of the leaves were not affected.
However, they observed an increase in the growth of the plant as well as an increased
resistance to drought. In addition, the architecture of the roots was different compared to
those that were not treated and had a greater overall mass. These results indicated that
humic acid aids in plant growth, drought resistance and alters the growth of the roots but
did not increase nutrient uptake to the leaves (Hunter and Anders, 2004) in contrast to the
results of Liu and Cooper (1999). The observed differences in results may be due to the
origin of humic acid products and the environment in which the plants were grown (Du
Jardin, 2015).
Interestingly, Zhang et al. (2003) were looking at the physiological effects of
humic acid applications on A. stolonifera but noticed that plots receiving humic acid
treatments showed significantly less dollar spot disease incidence compared to untreated
plots. Various microorganisms, most notably bacteria, have recently been found to attach
themselves to humic acids and provide natural defenses against pathogenic bacteria or
insects (Wu et al., 2016). The origin of the humic acid is thought to influence its structure
and therefore the species of microorganism that can attach to it. Therefore, there may be
observed differences in the ability of humic acids to act against plant pathogens (Wu et
al., 2016). Little is known about how humic acids can protect plants against pathogenic
fungi as most studies have focused on bacterial pathogens. Wu et al. (2016) were some of
the first researchers to examine effects of humic acids against pathogenic fungi, and they
discovered that humic acids did in fact also have antifungal properties. However, they
found that this was primarily due to humic acid preventing soil-borne pathogens from
entering the plant and not actually helping fight off the pathogen in the plant. They
observed this by investigating humic acids taken and purified from soils that have been
cultivated for an increasing length of time. Soils with fewer cultivation years had humic
acids with more antifungal properties, as those humic acids directly inhibited the growth
of a greater number of soil-borne fungal pathogens compared to humic acids derived
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from soils that have been cultivated for a higher number of years. This supported the
hypothesis that humic acids from different environments have different disease resistance
properties, as well as provided the first evidence of antifungal characteristics of humic
acid (Wu et al., 2016).
In the current in vitro study (two trials), all three rates (1.2 ml, 6 ml and 30 ml/100
2
m ) of 6% humic acid (humate, 0-0-2) significantly reduced dollar spot disease incidence
by an average of 33%, 50% and 47%, respectively, by 7 days post inoculation and last
treatment application (Tables 2.12 and 2.13). However, this observed suppression
declined and was not significant at any of the three rates by 14 days post inoculation and
last treatment application, with suppression values averaging 11%, 18% and 25%
respectively. Since increased stress reduces the ability of A. stolonifera to deal with
disease pressures, treating it with humic acid may help reduce disease symptoms
(Schmidt and Zhang, 1998). Schmidt and Zhang (1998) cited a study which found that
humic acid treatment significantly reduced dollar spot incidence in A. stolonifera
compared to inoculated control plots as well as plots that received high nitrogen
treatments. Therefore, we hypothesize that since the turfgrass used in this in vitro study
was under high disease pressure, the humic acid initially promoted growth and allowed
the turfgrass to fight off the pathogen but the effect was short-lived (significant disease
reduction at 1 week after treatment which dissipated by 2 weeks after treatment).
However, further research is needed to specifically test this.
2.4.1.3 - Para-aminobenzoic Acid
Para-aminbenzoic acid (PABA), also known as Vitamin Bxx is a cyclic amino acid
that is synthesized by bacteria, yeasts and plants (Song et al., 2013). PABA is a precursor
in the formation of folic acid, which is an enzyme cofactor that is involved in nucleotide
biosynthesis, DNA methylation and DNA repair (Lu et al., 2014). In general, plants use
PABA as the main source of folic acid production in the mitochondria. PABA is first
synthesized in the chloroplast by PABA synthase and then sent to the mitochondria
where it is further synthesized into folic acid (Lu et al., 2014). PABA is an analog of
salicylic acid (SA), which has previously been shown to act as a plant defense stimulator
as well as aid in heat tolerance of a wide range of plants (Lu et al., 2014).
Lu et al. (2014) hypothesized that PABA may have similar effects on plant heat
stress tolerance and other environmental stress benefits. They tested PABA on the
mushroom species Agarcus bisporus to see if it could help improve its thermotolerance.
They found that inhibiting PABA synthesis lowered heat tolerance of the mushroom,
while providing excess PABA increased the heat tolerance. In addition, they noted that
the mushrooms that received PABA treatment also accumulated less H2O2 and had an
over expression of defense related proteins under heat stress.
In animals, PABA has previously been shown to activate the synthesis of
interferon, which is a protein that is released during a viral infection that helps stop the
virus from replicating (Song et al., 2013). Song et al. (2013) investigated the potential for
PABA to elicit a systemic activated response (SAR) response in pepper plant seedlings
(Capsicum annum L.) against cucumber mosaic virus (CMV) and Xanthaomonas
axonopodis. They used 10 mM and 100 mM concentrations of PABA and selected three
marker genes to assess the resistance response. Overall, they found that PABA
significantly reduced disease symptoms against CMV and X. axonopodis as well as
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increased the overall plant yield. PABA was shown to induce SAR against both
pathogens in the study, mainly through salicylic acid pathways due to up-regulated PR4
and PR marker genes. However, expression of CaTin1, related to the ethylene signalling
pathway, and CaPIN2, related to the jasmonic acid (JA) signalling pathway, were not
induced. These results indicated that PABA induced resistance through the SAR
signalling pathway but did not induce the ethylene or JA defense signalling pathways
(Song et al., 2013).
Rochelle (2013) further investigated PABA against Pseudomonas syringae pv.
Tomato on tomato plants to see if ISR and SAR related gene expression was up
regulated. They used an 18 mM concentration, as it showed no phytotoxicity against
tomato leaves in preliminary trials. The 18 mM PABA treatment significantly reduced
disease severity by 48%, whereas 36 mM reduced disease severity by 30%, which was
not significantly different from the inoculated control. This indicated that increased the
concentration of PABA may not result in increased efficacy. However, this reduction in
disease only occurred in plants fertilized with 1.26 g/L (pH=6) (20-8-20 NPK), as a slight
increase in disease severity occurred in non-fertilized plants. Lastly, there were no
significant changes in plant growth observed following PABA treatments.
Rochelle (2013) also found that SIPR1a, a SAR marker gene, was not over
expressed by PABA treatment before inoculation, however, two other SAR marker genes,
SIPR3b and SIPAL5, were up regulated by 40 and 52% respectively. These results
indicated that some SAR-related genes are expressed after PABA treatment but before
inoculation. In addition, the SIPR1a expression increased more rapidly and stronger in
the PABA treated plants compared to the water treated plants post inoculation.
Additionally, there was no up regulation of SIPR3b and SIPAL5 post inoculation. When
examining ISR-related genes, they found no increase in expression post-PABA treatment
before or after inoculation, indicating that PABA had no effect on this defense response.
Overall, these results indicated that PABA may prime the SAR pathway prior to infection
but likely doesn’t have as much of an impact post inoculation.
Although evidence has been found for antibacterial properties of PABA, there is
limited information available on antifungal properties of PABA. Laborda et al. (2019)
were the first to examine antifungal properties of PABA against Colletotrichum
fructicola, which causes pear bitter rot disease. First, they looked at the direct inhibition
by PABA against conidial germination. Both 10 mM and 15 mM concentrations did not
impact the germination rate, indicating that PABA does not affect the formation of the
germ tube. However, there was a significant reduction in hyphal growth by ~80%, which
indicated direct inhibition to the fungal growth. To further investigate this growth
suppression, they examined the fungal cell cycle of germination, elongation, mitosis and
cell separation. Interestingly, they found that 5 mM of PABA resulted in a decrease in
both number and size of hyphae. A 10 mM PABA treatment caused even smaller and less
abundant hyphae. In the cells treated with PABA, both the germination and elongation
steps occurred similarly to the untreated control cells. However in the treated cells, there
was an abundance of elongated cells with two or three nuclei, which was uncommon in
the control cells. There was a very low rate of septum separation in the treated cells that
ended up multinucleate, associated with the reduced hyphal growth. They concluded that
PABA does not affect germ tube formation, cell elongation or DNA replication, but
inhibits proper cell septation, and hence reduces hyphal growth. They hypothesized that
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PABA inhibits the biosynthesis of actomyosin, which is required for cell division.
Currently only PABA and bleomycins have been reported to have antifungal properties
due to a disruption in cell septation.
They then applied a curative foliar PABA spray (50 mL, 10 mg/mL) and
protective spray (50 mL, 379.4 mg/L) on pears inoculated with C. fructicola and found
that PABA significantly reduced disease in both scenarios. However, PABA worked
more effectively as a curative spray, as opposed to a protective spray. In the current study
(one trial), all three rates of PABA 3.6 mM, 18 mM and 90 mM (0.04 kg/ha, 0.22 kg/ha
and 1.09 kg/ha) did not reduce dollar spot disease incidence (Tables 2.14 and 2.15). By
14 days post inoculation and last treatment application, all three rates increased disease
incidence by 54%, 32% and 59% respectively. The 3.6 mM and 90 mM treatments
significantly increased dollar spot disease, however the observed increase in disease for
the 18 mM treatment was not significant. In this trial the inoculated control disease
incidence was very low, which may have affected the results and obscured potential
effects. However, in a second trial, the higher 90 mM treatment resulted in significant
reduction in dollar spot disease incidence (54%) by 14 days post inoculation and last
treatment application. The inoculated control disease incidence was higher in the second
trial (45% vs. 29%), which may account for this difference. PABA has a maximum
solubility of about 6 g/L (43.7 mM) between 25-30oC
(https://pubchem.ncbi.nlm.nih.gov/compound/4-Aminobenzoic-acid#section=ComputedProperties). However, a rate of 90 mM was selected for the high rate to ensure the
maximum amount of PABA was dissolved in solution for the highest possible rate tested.
In amended agar tests, PABA was found to have an average EC50 value of 0.55
g/L (4.01 mM) and an average EC90 value of 1.96 g/L (14.3 mM) (Table 2.39), which
indicates that this compound is a direct inhibitor of C. jacksonii. These results are similar
to results of Laborda et al. (2019), which showed that 10 to 15 mM caused a ~80%
decrease in growth rate of C. fructicola. They also found that just 1 to 3 mM was enough
to significantly reduce the growth rate, which was also observed in this study. A 1.8 mM
rate used in this amended agar test showed the first signs of reduced growth rate of the C.
jacksonii hyphae. Therefore, we hypothesize that PABA has a direct inhibitory effect on
C. jacksonii, similar to the one observed by Laboda et al. (2019). The cause of this
inhibition may be due to a similar method of fungal cell septation inhibition, which needs
to be further explored. Since other studies indicated that PABA induces the SAR pathway
against viral and bacterial pathogens, we hypothesize that this may also be occurring in A.
stolonifera, which aids in the disease suppression against C. jacksonii. However, gene
expression testing needs to be conducted in order to determine if this is occurring.
2.4.1.4 - Polyoxin-D Zinc Salt
Polyoxin-D is the active component of polyoxin-D zinc salt (Hao et al., 2017).
Since polyoxin-D is highly water soluble, zinc salt is part of the formulation to allow the
compound more time to be absorbed by the plant and come into contact with pathogen
(https://www3.epa.gov/pesticides/chem_search/reg_actions/registration/related_PC230000_1-Jul-03.pdf). Polyoxin-D is a peptidyl-pyrimidine nucleoside antibiotic that was
derived in the 1980s in Japan from Streptomyces cacaoi var. asoensis for use against
black spot of pear and apple (Hao et al., 2017). Polyoxin-D zinc salt is classified as a
biopesticide, which are biochemicals derived from natural materials, or microorganisms,
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that have a nontoxic mode of action (Keinath, 2018). In addition, biopesticides generally
have a 4-hour re-entry interval, which is shorter than other pesticides, which are generally
12-24 hours. This allows for quicker absorption into the plant and less run-off (Keinath,
2018). Since the 1980s, it has been found to have antifungal properties against a variety
of plant pathogens such as gray mold of small fruits (Hao et al., 2017).
Polyoxin-D zinc salt was first registered as a fungicide for use on turfgrass in
1997 in the U.S. This was expanded to include food crops including strawberry in 2008
(Dowling et al., 2016). The mode of action of this compound is the prevention of chitin
formation in the fungal cell wall. It achieves this by inhibiting the chitin synthetase
enzyme found in fungi (Dowling et al., 2016). This enzyme inhibition reduces hyphal
growth and spore germination by weakening cell walls, which causes them to break apart
(Dowling et al., 2016). Since humans, mammals and plants do not have chitin, this
compound is nontoxic and does not pose a health concern to these groups (Dowling et al.,
2016). The Biopesticides and Pollution Prevention Division of the US Environmental
Protection Agency concluded that this active ingredient poses no risk to human health or
the environment and recommended unconditional registration of this compound
(https://www3.epa.gov/pesticides/chem_search/reg_actions/registration/related_PC230000_1-Jul-03.pdf). There are no notable toxic effects to humans through oral, dermal,
ocular or inhibition exposure. Testing this compound against mallard ducks (avian
representative), rodents (mammalian representative), two-spotted spider mites, brown
plant hoppers and diamond back moths (terrestrial insect representatives), revealed
minimal to non-existent toxicity to species of these categories. However, moderate
toxicity was found in rainbow trout and other freshwater invertebrates
(https://www3.epa.gov/pesticides/chem_search/reg_actions/registration/related_PC230000_1-Jul-03.pdf). Overall, this compound is a preferred method of plant disease
control due to its low environmental and health risks. There is no toxicity threat to
vertebrate species and no residual effects have been observed from excess product
washing off of treated plant surfaces (Hao et al., 2017).
Affirm WDG (Registration #32920), which contains Polyoxin-D, was registered
in Canada in 2017 after being submitted by Nufarm Agriculture Inc. for evaluation
(https://www.canada.ca/en/health-canada/services/consumer-product-safety/reportspublications/pesticides-pest-management/decisions-updates/registrationdecision/2017/polyoxin-d-zinc-salt-rd-2017-10.html). Polyoxin-D zinc salt is the active
ingredient, which breaks down quickly through hydrolysis and aqueous photolysis. It has
a half-life of 32.5 days (25oC, pH 7.0) through hydrolysis but has a faster half-life of 2.4
days in aquatic environments (pH 7.0) due to photo transformation
(https://www.canada.ca/en/health-canada/services/consumer-product-safety/reportspublications/pesticides-pest-management/decisions-updates/registrationdecision/2017/polyoxin-d-zinc-salt-rd-2017-10.html). The manufacturers claim that
polyoxin-D zinc salt has antifungal properties, through direct contact, against multiple
turfgrass diseases such as anthracnose, brown patch, yellow patch, fairy ring and both
gray and pink snow mould, however they do not list dollar spot as a disease that it can
effectively control (https://nufarm.com/ca/product/affirmfungicide/?region=west&region_ttl=0).
In the current study, polyoxin-D zinc salt (11.3% in Affirm WDG) at a product
rate of 27 g/100 m2 and applied at 10 L/100 m2 (equivalent to 239 ug/ml a.i.) significantly
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reduced dollar spot disease incidence in one of two trials. In the first trial (Table 2.16),
the polyoxin-D zinc salt treatment had a 44% increase in disease by 14 days post
inoculation and last treatment application compared to the inoculated controls. However,
in that trial, the inoculated control had low levels of disease (22.5%) by the end of this
trial, which may have accounted for this result. In the second trial, the polyoxin-D zinc
salt treatment significantly reduced disease by 27% compared to the inoculated control by
14 days post inoculation and last treatment application (Table 2.17). The inoculated
control had much higher disease levels in this trial (41.3% vs. 22.5%) but the polyoxin-D
zinc salt treatment had a similar level of disease compared to the first trial (32.5% vs.
30%). Therefore, polyoxin-D zinc salt likely has some inhibitory effect against dollar
spot disease, in comparison to ferrous sulfate at 250 g/100m2 (11% average disease
suppression) or 1250 g/100m2 (25% average disease suppression).
After performing amended agar tests in the current study, polyoxin-D zinc salt
was found to have an average EC50 value of 12.8 ug/ml and an average EC90 value of 980
ug/ml (Table 2.40), which indicated that this compound was a direct inhibitor of C.
jacksonii. These results are similar to results obtained by Dowling et al. (2016), who
tested the effectiveness of polyoxin-D zinc salt as an inhibitor against Botrytis cinerea,
which causes gray mold of strawberries and other plant species. They tested increasing
rates of polyoxin-D zinc salt against this fungus, and found EC50 values ranging from
0.59 to 2.27 ug/ml for sensitive isolates and 4.6 to 5.8 ug/ml for mildly resistant isolates.
Similarly, Mamiev et al. (2013) tested the sensitivity of Botrytis cinerea from sweet basil
crops in Israel to polyoxin-D zinc salt. They found EC50 values ranging from 0.4 to 1.5
ug/ml for sensitive isolates and 4.0 to 6.5 ug/ml for mildly resistant isolates. When
comparing results from these two studies to the current study, it took a higher
concentration of polyoxin-D zinc salt in order to reach the 50% fungal growth reduction
against C. jacksonii compared to B. cinerea, even when compared to the low-resistant
isolates they used in their studies. This along with the very high EC90 value suggested
that this compound doesn’t have a strong direct inhibitory effect and required a high
concentration in order to inhibit hyphal growth of C. jacksonii. We therefore hypothesize
that polyoxin-D zinc salt is an inhibitor of C. jacksonii through the same mode of action
(direct inhibition) but is limited in its capacity to reduce disease caused by C. jacksonii.
Understanding why C. jacksonii is not as sensitive to this compound or mode of action
needs further investigation.
2.4.2 - Non-efficacious Treatments
2.4.2.1 - Acetylsalicylic Acid
Acetylsalicylic acid (ASA) was first synthesized in the late 1890s and is the active
ingredient in aspirin (Paterson and Lawrence, 2001). It belongs to a group of compounds
known as salicylates, which includes salicylic acid. ASA is stable in dry air but it has a
half-life of less than 30 minutes in wet conditions, after which it breaks down into the
primary metabolite, salicylic acid (Paterson and Lawrence, 2001). Salicylic acid is
naturally occurring in most plants and has been thoroughly studied for its effects on plant
growth and development, as well as acting as a systemic plant defense activator (Vicente
and Plasencia, 2011). It has been shown to help plants respond to abiotic stresses such as
drought, heat and cold, as well as heavy metal toxicity. In addition, due to its
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involvement in natural plant defense pathways, salicylic acid has been a focus of interest
in stimulating disease resistance through foliar applications.
After a plant host identifies a biotrophic pathogen attack, an R-gene mediated
resistance is activated through hormone signalling pathways (Rahman et al., 2013). After
the response pathway is activated, the plant produces reactive oxygen species at the
infection site in order to produce a hypersensitive response (HR) and attempt to stop the
infection (Rahman et al., 2013). Simultaneously, the plant produces salicylic acid, and it
induces the systemic acquired resistance (SAR) signalling pathway, which activates a
disease resistance response throughout the plant (Rahman et al., 2013; Sticher et al.,
1997). This transduction pathway results in the induction of pathogenesis-related (PR)
genes that help with disease resistance as well as other abiotic stresses. Foliarly applied
salicylic acid has been shown to stimulate these pathways in a variety of species, and the
SAR response can last for weeks to months (Ward et al., 1991). Examples of plant
pathogens that salicylic acid has significantly affected in other studies include P.
expansum and A. alternata in sweet cherry (Qin et al., 2003), B. cinerea in strawberry
(Babalar et al., 2007), and more recently, M. oryzae in perennial ryegrass (Rahman et al.,
2013). Rahman et al. (2013) looked at gray leaf spot disease (caused by Magnaporthe
oryzae) on perennial ryegrass (Lolium perenne) and found that foliarly applied salicylic
acid caused a significant reduction in disease compared to untreated controls. In addition,
they were able to identify multiple PR genes that were over expressed after salicylic acid
treatment, as well as a build up of callose surrounding the fungal penetration sites. This
indicated that treatment of salicylic acid enhanced the SAR of the L. perenne to M.
oryzae. Rahman et al. (2013) also stated that there may be other species and turfgrass
pathogens that are affected by foliarly applied salicylic acid (Rahman et al., 2013), but
studies have been limited.
In the current study, aspirin (42% ASA), dissolved in water and applied at a
product rate of 0.69 (0.1x), 6.88 (1x), 34.4 (5x) and 68.8 (10x) g/100m2 did not
significantly reduce dollar spot disease incidence on A. stolonifera in lab tests by 14 days
post inoculation and last treatment application (Tables 2.6 and 2.7). In the first test, the
0.1x rate reduced disease by 30%, but this was not statistically significant. The 1x rate
slightly increased disease by 5%, and the 10x rate significantly increased disease
incidence by 50%. However, the inoculated control in this test had low levels of disease
by the end of the trial (20%), which may have affected the efficacy results. Furthermore,
in a second trial, the 5x rate increased disease by 11%, but not significantly. Overall,
there was no disease suppression by any of the treatments and a slight increase in disease
at the three higher rates. It is possible that the higher rates of ASA may be causing an
increased HR response and increased stress, resulting in symptomatic foliage, although
there was little to no phytotoxicity observed in non-inoculated treated control. On the
other hand, the observed non-significant reduction in disease by the lower rate may
indicate that lower concentrations could stimulate the SAR response in A. stolonifera,
without causing further damage. However, Stone (2019) results may contradict this
hypothesis. They also found that ASA from aspirin applied at product rates ranging from
1 to 136 g/100m2 did not significantly reduce dollar spot disease incidence. Contrary to
the results in this study, the lowest rate slightly increased disease, whereas the higher
rates slightly reduced disease, although neither was significant. To our knowledge, this
current study as well as the Stone (2019) study are the only papers to date that have tested
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ASA as a salicylic acid treatment on A. stolonifera to reduce infection from C. jacksonii.
We observed no conclusive evidence that ASA increases disease resistance to C.
jacksonii and this treatment was ultimately removed from further testing.
2.4.2.2 - Clonostachys rosea
Clonostachys rosea is a necrotrophic mycoparasitic fungus that has been used as a
biocontrol agent against many fungal pathogens including Alternaria spp., Bipolaris
sorokiniana, Botrytis cinerea, Fusarium culmorum, Fusarium graminearum and
Sclerotinia sclerotiorum (Nygren et al., 2018). C. rosea forms a beneficial relationship
with a wide variety of plants, most notably almost all crop plants. The fungus can grow in
all types of plant tissue including roots, leafs, stems, flowers and fruits and is commonly
found in plants around the world
(https://patentimages.storage.googleapis.com/c3/d7/28/cb88b24cfd6648/US9758758.pdf)
. C. rosea does not cause any physical damage to the host such as lesions, wilting, or
spotting, which are common symptoms of other fungal pathogens. There are numerous
different strains of C. rosea with some strains having a greater beneficiary effect to
certain hosts. Certain strains can be better suited for promoting plant growth, while others
are more effective at protecting the host against invading pathogens
(https://patentimages.storage.googleapis.com/c3/d7/28/cb88b24cfd6648/US9758758.pdf)
. The isolate C. rosea ACM 941 (used in this study), was formulated as CLO-1 and was
registered in 2014 by ICUS Canada Inc., a biopesticide company located in St. John’s,
Newfoundland, Canada (Xue et al., 2014).
There have been various modes of action reported depending on the strain of C.
rosea and pathogen-host system with which it is interacting (Nygren et al., 2018). The
main modes of action include the release of fungal cell wall degrading enzymes,
parasitism of the fungal pathogen, induction of plant defense pathways and increasing the
overall health of the host plant (Nygren et al., 2018). Recently, Nygren et al. (2018)
found that C. rosea is able to distinguish host plants and activate specific genes that
induce different modes of action depending on the host. This showed that C. rosea could
use different methods of protection against invading fungal pathogens depending on the
host (Nygren et al., 2018).
Rodrigeuz et al. (2012) tested C. rosea as a biocontrol agent against S.
sclerotiorum, which is closely related to C. jacksonii, in soybean and lettuce. C. rosea
reduced disease symptoms in both plants in greenhouse trials. They were able to isolate
antifungal compounds produced by C. rosea that inhibited S. sclerotiorum hyphal growth
as well as sclerotial formation. They found two different mechanisms by which C. rosea
helped to reduce S. sclerotiorum, including petaibiotic metabolite production and
mycoparasitism activity (Rodrigeuz et al., 2012). Similarly, Jensen et al. (2016) tested C.
rosea on barley against Bipolaris sorokiniana to see if it induced a resistance response.
Foliar application of C. rosea resulted in up to 70% less disease caused by B. sorokiniana
when it was applied 24 hours before inoculation or during inoculation. However, there
was no observed beneficial effect when it was applied 24 hours after inoculation. In
addition, treatment with C. rosea significantly reduced spore production of the pathogen.
The modes of action were identified as the inhibition of conidial germination as well as
suppression of appressorial formation, which limited germination and successful invasion
of host tissue. They found no evidence for induced resistance of the host following C.
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rosea treatment and concluded that direct inhibition was the cause of disease suppression
in this plant-pathogen system (Jensen et al., 2016). No published reports on C. rosea
being used as a biocontrol agent for turfgrass against C. jacksonii were found. However,
a recent biocontrol patent in US (2017) claims that the foliar application of C. rosea to
turfgrass with fresh wounds from mowing (within 48 hours) can result in long-term
protection against wound infecting pathogens such as C. jacksonii. They also state that
treating seeds with C. rosea before seeding will help the plant fight off soil-borne
pathogens as well as increase drought resistance as C. rosea will grow in the root systems
of the newly germinated plants
(http://patentimages.storage.googleapis.com/c3/d7/28/cb88b24cfd6648/US9758758.pdf).
In the current study (two lab trials), C. rosea applied at 0.79 kg/100 m2 and 7.90
kg/100 m2 did not significantly reduce dollar spot disease incidence (Tables 2.8 and 2.9).
The 0.79 kg rate had an average increase in disease by 26%, while the 7.90 kg rate had an
average increase in disease by 41% by 14 days post inoculation and last treatment
application, although neither increases were statistically significant. The inoculated
control levels were relatively low in these trials (32.5% and 26.3%), which may have
impacted these results. Therefore, these results do not support the hypothesis that C.
rosea has a beneficial impact on A. stolonifera in prevention or reduction of dollar spot
disease. Since it was applied before inoculation, we would expect it to have a beneficial
impact since Rodrigeuz et al. (2012) stated that applying the biocontrol before
inoculation resulted in increased disease resistance. However, since it has been reported
that different strains of C. rosea have certain antifungal properties and range of disease
suppression, the lack of suppression observed in this study could be due to using a strain
not well suited to this pathogen-host system. We chose to include this biocontrol in
further field-testing to further explore its potential to reduce dollar spot disease in a field
setting, particularly since the strain used has been registered as a biocontrol agent against
Fusarium head blight caused by F. graminearum on wheat.
2.4.2.3 - Silicic Acid
Silicon (Si) makes up 31% of the lithosphere, making it the second most abundant
element behind oxygen (Hull, 2004). It can be found in many forms such as silicates,
silicon dioxide, silicic acid and biogenic silica (Laane, 2016). However, most of Si is
unavailable to plants as it binds to other insoluble minerals, like aluminum, to make
silicates. Only silicic acid (SA) (Si(OH)4) can be absorbed by plants through the roots
(Currie and Perry, 2007). Over time Si slowly hydrates and solubilizes as SA, which is
normally found in soils between concentrations of 0.1 to 0.6 mM (Currie and Perry,
2007). SA is absorbed through the roots and then transported throughout the plant via the
xylem (Exley, 2015; Laane, 2016). Once it has reached its destination, SA polymerizes
into silica, which is then deposited into cell walls, cell lumen and other intracellular
spaces (Laane, 2016).
Si makes up anywhere from 0.1 to 10% dry weight of plants (Currie and Perry,
2007). Although it is not considered an essential micronutrient, it can make up more of
the plant than some macronutrients. Si accumulation in the plant is species specific with
plants of the Poaceae family having moderate levels of Si (~4%). Si accumulation can
also vary between different parts of the plant. For example, SA is deposited in areas with
high levels of transpirational water loss such as the outer epidermal cell walls and hairs of
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leaves. The extra Si layers on the epidermal cell walls help protect the plant against
excess transpiration (Hull, 2004). In addition, Si helps strengthen the xylem throughout
the plant, which can help prevent xylem collapse during periods of drought and high
temperature stress (Hull, 2004) Symptoms of plants that are deficient in Si include
growth and reproduction abnormalities, as well as a weakened structure (Currie and
Perry, 2007). Foliar applications of SA have been showed to increase plant root and shoot
growth as well as increase the rate of nutrient uptake (Laane, 2016). In addition, foliar
applications can help against other abiotic stresses such as metal toxicity and high salinity
(Currie and Perry, 2007).
Turfgrasses are known as SA non-accumulators, which are a group of plants that
only absorb Si through their roots by the pressure created from water transpiration. They
do not actively uptake SA like other SA accumulator plants, and have on average
between 0.5 to 1.5% SA dry mass (Hull, 2004). Multiple studies have shown a positive
correlation between Si applications on turfgrass and resistance to foliar pathogens (Hull,
2004). One study found that gray leaf spot on St. Augustinegrass (Stenotaphrum
secundatum) was reduced by 30% due to Si treatment (Hull, 2004). Another study on
bermudagrass (Cynodon dactylon) found that plots with high Si content had a 40%
reduction in leaf spot (Hull, 2004). Another study on A. stolonifera found that soluble Si
significantly reduced dollar spot disease incidence (Hull, 2004). However, a study
conducted by Uriarte et al. (2006) had conflicting results against dollar spot disease. They
treated plots of A. stolonifera on a biweekly schedule with soluble silica (0, 25 and 50
kg/ha) over two field seasons. They noticed no observable difference in turf quality
between plots treated with silica against untreated control plots. In the first field season,
plots treated with both rates of silica had significantly fewer dollar spot counts compared
to inoculated controls, although not to aesthetically acceptable levels. In the second field
season, there was no significant difference between treated and untreated plots. They
hypothesize that silica may provide low levels of disease suppression against dollar spot
(Uriarte et al., 2006).
Si was first thought of as a mechanical barrier to fungal pathogens through the
deposition of silica in the leaf apoplast, which would prevent penetration into the leaf
(Fauteux et al., 2005). Many studies have shown that Si accumulates near infection sites,
however this may be due to increased transpiration rates pulling Si towards these areas as
opposed to the plant actively transporting Si to these sites as a defense mechanism
(Fauteux et al., 2005). Wang et al. (2017) conducted a meta-analysis of studies that have
tested the effects of Si against plant pathogens and summarized the potential modes of
action that Si has against them. There are three main modes of action for Si resistance
that have supporting evidence. The first is through physical mechanisms such as Si
deposition underneath the cuticle to prevent pathogen penetration into the leaf, cell wall
strengthening to prevent hyphae from entering the cell and papillae formation to add
another barrier to invading pathogens (Wang et al., 2017). The second mode of action is
through biochemical mechanisms such as the activation of defense related enzymes,
production of antimicrobial compounds and the regulation of systemic signalling (Wang
et al., 2017). The third mode of action is through molecular mechanisms including
expression and up-regulation of defense genes (Wang et al., 2017). Although many
studies have been conducted to show that there is Si-mediated resistance in these three
categories, more research is needed to understand the more complex interactions such as
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plant signalling transduction and regulation of plant defense pathways, as well as
determining how different plant species react to Si treatment (Wang et al., 2017). Since
few studies have shown a significant effect between SA treatment and a reduction in
dollar spot disease, we hypothesize that there is little to no biochemical or molecular
defense pathway activation in A. stolonifera, but this should be further explored.
In the current study, SA (100%) at a rate of 42.4 g/100m2 (4.24 kg/ha) or 212
g/100m2 (21.2 kg/ha) did not significantly affect dollar spot disease incidence on A.
stolonifera in growth room tests (Tables 2.18 and 2.19). The lower rate had slightly less
dollar spot disease compared to the inoculated control (by 20%) by 14 days post
inoculation and last treatment application, although it was not significant. In the second
trial, using a higher rate, there was a 0% disease reduction by 14 days post inoculation
and last treatment application. Therefore, since no significant reduction in disease was
observed in our trials, and other studies found conflicting results, this compound was
removed from future tests in this study.
2.5 - Concluding Remarks
Based on the results from this study, specific compounds and rates were selected
for testing in the field. Acetylsalicylic acid and silicic acid did not significantly reduce
dollar spot disease at any of the rates tested, and were therefore eliminated from fieldtesting. However, ferrous sulfate (250 and 1250 g/100 m2), humic acid (6 ml and 30
ml/100 m2), para-aminobenzoic acid (1090 g/100 m2), and polyoxin-D zinc salt (27 g/100
m2) significantly reduced dollar spot disease and were selected for use in field trials. A
lower rate of 218 g/100 m2 was chosen for para-aminobenzoic acid because of excess
precipitation and inadequate mixing in solution at the higher rate. Lastly, although C.
rosea did not significantly reduce dollar spot disease in lab trials, this compound was
selected for use in field trials. This decision was based on reports in the literature of C.
rosea having high efficacy against other fungal diseases.
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Table 2.1: Treatments and their source, active ingredient (%) and 1x rate (per 100 m2)
used in laboratory trials.
Treatment
Aspirin (acetylsalicylic acid)
Clonostachys rosea
Deionized water
Ferrous sulfate
Humic acid (humate, 0-0-2)
Para-aminobenzoic acid
Affirm WDG (polyoxin-D zinc salt)
Silicic acid
a

Source
Walmart (Bayer)
Lab
Lab
Crown Technology Inc.
Organic Gardener's Pantry
PureBulk
Nufarm Agriculture Inc.
Alfa Aesar

Active
Ingredient
(%)
42%
100%
n/a
21%
6%
100%
11.3%
100%

Rates are per 100 m2 diluted for application in water at 100 ml/m2.
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1x
Product
Ratea
6.88 g
7.9 kg
n/a
250 g
6 ml
218 g
27 g
42.4 g

Table 2.2: Amounts of 0.1 M citric acid, 0.1 M sodium citrate and deionized water used
to produce target pH levels of citrate buffer used in potato dextrose broth growth tests of
C. jacksonii, adapted from Acumedia, 2015.
Target pH Level 0.1 M Citric Acid (ml)
3
46.5
4
35.0
5
20.5
6
7.2

0.1 M Sodium Citrate (ml)
3.5
15.0
29.5
42.8
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dH2O (ml)
50.0
50.0
50.0
50.0

Table 2.3: Number of A. stolonifera cultivar Penncross seeds germinated on damp paper
towel in in petri plates. Adjusted seeding rate calculated by multiplying the percent
germination by the original seeding rate recommend by the Ontario Ministry of
Agriculture, Food and Rural Affairs (Integrated Pest Management For Turf, 2015).
Original
Adjusted
Average
# Seeds
Germination
Seeding
Seeding
Seeding
Rep #
Germinated
(%)
Rate (g)
Rate (g)
Rate (g)
1
11/15
73
0.06
0.082
2
12/15
80
0.06
0.075
3
12/15
80
0.06
0.075
4
11/15
73
0.06
0.082
5
11/15
73
0.06
0.082
0.079
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Table 2.4: Percent yellowing of A. stolonifera cultivar Penncross grown in conetainers
and inoculated with increasing rates of mixed C. jacksonii inoculum (SH06, SH15, SH25,
SH30 and SH84) in Winter 2018 by days post inoculation (DPI).
Percent yellowing (0-100%)
Inoculum Rate (per conetainer)
DPI04
DPI07
DPI10
DPI14
Non-inoculated control
0.0
0.0
0.0
0.0
0.01 g
6.8
15.0
16.8
20.0
0.03 g
10.0
28.8
35.0
44.3
0.06 g
27.5
40.0
57.5
65.0
0.10 g
34.3
52.5
72.5
87.5
LSD (p=0.05)
5.2
9.8
12.8
12.3
Table 2.5: Percent yellowing of A. stolonifera cultivar Penncross grown in conetainers
and inoculated with increasing rates of mixed C. jacksonii inoculum (SH06, SH15, SH25,
SH30 and SH84) in Winter 2019 by days post inoculation (DPI).
Percent yellowing (0-100%)
Inoculum Rate (per conetainer)
DPI04
DPI07
DPI10
DPI14
Non-inoculated control
0.0
0.0
0.0
0.0
0.01 g
5.0
12.5
17.5
22.5
0.03 g
11.0
29.0
40.0
49.0
0.06 g
21.0
36.3
48.8
60.0
0.10 g
24.8
45.0
68.3
79.0
LSD (p=0.05)
4.7
8.6
11.2
11.7
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Table 2.6: First trial of percent yellowing by days post inoculation (DPI) of A. stolonifera
cultivar Penncross treated in vitro with increasing rates of acetylsalicylic acid 7 days and
1 hour before inoculation with 0.03 g/conetainer of C. jacksonii. All treatments were
diluted with deionized water and applied at a rate of 1 ml/conetainer (11.34 cm2). Yellow
shading indicates a treatment with significantly more yellowing compared to the
inoculated control.
Percent yellowing (by date)a
Treatment
Product Rateb
DPI04
DPI07
DPI10
DPI14
Untreated control
0.0
0.0
0.0
0.0
Inoculated control
100 g
0.7
10.5
20.5
20.0
Acetylsalicylic acid (0.1x)
0.69 g
0.0
3.6
13.0
14.0
Acetylsalicylic acid (1x)
6.88 g
0.6
10.0
22.0
21.0
Acetylsalicylic acid (10x)
68.8 g
16.0
27.0
28.0
30.0
LSD (p=0.05)
3.4
8.1
11.5
9.0
a
Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
Table 2.7: Second trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with acetylsalicylic acid 7 days and 1 hour
before inoculation with 0.03 g/conetainer of C. jacksonii. All treatments were diluted
with deionized water and applied at a rate of 1 ml/conetainer (11.34 cm2).
Percent yellowing (by date)a
Treatment
Product Rateb
DPI04 DPI07 DPI10 DPI14
Untreated control
0.0
0.2
1.4
1.4
Inoculated control
100 g
5.8
17.0
35.0
45.0
Inoculated ASA (5x)
34.4 g
7.4
24.0
41.0
50.0
Non-inoculated ASA (5x)
34.4 g
0.0
0.2
0.4
0.8
LSD (p=0.05)
3.7
10.1
15.3
12.6
a
Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
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Table 2.8: First trial of percent yellowing by days post inoculation (DPI) of A. stolonifera
cultivar Penncross treated in vitro with increasing rates of Clonostachys rosea 7 days and
1 hour before inoculation with 0.03 g/conetainer (11.34 cm2) of C. jacksonii.
Percent yellowing (by date)a
Treatment
Product Rateb DPI04 DPI07 DPI10 DPI14
Untreated control
0.0
1.5
1.5
0.5
Inoculated control
0.10 kg
0.1
34.4
36.9
32.5
Inoculated C. rosea (0.1x)
0.79 kg
0.3
31.3
35.0
22.5
Non-inoculated C. rosea (0.1x)
0.79 kg
0.0
0.0
0.0
0.0
Inoculated C. rosea (1x)
7.90 kg
1.0
42.5
53.8
43.8
Non-inoculated C. rosea (1x)
7.90 kg
0.0
5.0
5.0
2.0
LSD (p=0.05)
1.1
31.1
34.0
26.1
a
Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Rates are per 100 m2.
Table 2.9: Second trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with increasing rates of Clonostachys rosea
7 days and 1 hour before inoculation with 0.03 g/conetainer (11.34 cm2) of C. jacksonii.
Percent yellowing (by date)a
Treatment
Product Rateb DPI04 DPI07 DPI10 DPI14
Untreated control
0.0
5.0
5.0
2.5
Inoculated control
0.10 kg
0.1
27.5
33.1
26.3
Inoculated C. rosea (0.1x)
0.79 kg
0.0
32.5
40.0
41.3
Non-inoculated C. rosea (0.1x)
0.79 kg
0.0
0.0
0.0
0.0
Inoculated C. rosea (1x)
7.90 kg
0.0
45.0
50.0
38.8
Non-inoculated C. rosea (1x)
7.90 kg
0.0
3.0
5.0
2.0
LSD (p=0.05)
0.6
25.3
27.7
19.7
a
Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Rates are per 100 m2.
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Table 2.10: First trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with increasing rates of ferrous sulfate
heptahydrate 7 days and 1 hour before inoculation with 0.03 g/conetainer of C. jacksonii.
All treatments were diluted with deionized water and applied at a rate of 1 ml/conetainer
(11.34 cm2). Green shading indicates a treatment with significantly less yellowing
compared to the inoculated control.
Percent yellowing (by date)a
Treatment
Product Rateb DPI04 DPI07 DPI10 DPI14
Untreated control
Inoculated control
Inoculated ferrous sulfate (0.2x)
Non-inoculated ferrous sulfate (0.2x)
Inoculated ferrous sulfate (1x)
Non-inoculated ferrous sulfate (1x)
Inoculated ferrous sulfate (5x)
Non-inoculated ferrous sulfate (5x)
LSD (p=0.05)

0.10 kg
0.05 kg
0.05 kg
0.25 kg
0.25 kg
1.25 kg
1.25 kg

a

0.0
22.0
21.0
0.0
22.0
0.2
23.0
2.4
9.4

0.0
61.0
54.0
0.0
47.0
0.2
47.0
3.4
9.2

0.4
71.0
67.0
0.2
63.0
0.8
60.0
4.8
9.4

1.0
65.0
63.0
0.0
56.0
1.0
50.0
3.8
8.8

Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
Table 2.11: Second trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with increasing rates of ferrous sulfate
heptahydrate 7 days and 1 hour before inoculation with 0.03 g/conetainer of C. jacksonii.
All treatments were diluted with deionized water and applied at a rate of 1 ml/conetainer
(11.34 cm2). Green shading indicates a treatment with significantly less yellowing
compared to the inoculated control.
Treatment
Untreated control
Inoculated control
Inoculated ferrous sulfate (0.2x)
Non-inoculated ferrous sulfate (0.2x)
Inoculated ferrous sulfate (1x)
Non-inoculated ferrous sulfate (1x)
Inoculated ferrous sulfate (5x)
Non-inoculated ferrous sulfate (5x)
LSD (p=0.05)

Product Rateb
0.10 kg
0.05 kg
0.05 kg
0.25 kg
0.25 kg
1.25 kg
1.25 kg

a

Percent yellowing (by date)a
DPI04 DPI07 DPI10 DPI14
0.0
0.0
0.0
0.0
27.0
46.0
50.0
53.0
24.0
46.0
52.0
47.0
0.0
0.0
0.0
0.0
23.0
37.0
44.0
49.0
0.0
0.0
0.0
0.0
19.0
32.0
39.0
34.0
0.0
0.0
0.0
0.0
7.2
9.4
9.6
12.1

Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
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Table 2.12: First trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with increasing rates of humic acid 7 days
and 1 hour before inoculation with 0.03 g/conetainer of C. jacksonii. All treatments were
diluted with deionized water and applied at a rate of 1 ml/conetainer (11.34 cm2). Green
shading indicates a treatment with significantly less yellowing compared to the
inoculated control.
Percent yellowing (by date)a
Treatment
Product Rateb DPI04 DPI07 DPI10 DPI14
Untreated control
0.0
0.0
0.3
3.3
Inoculated control
0.1 kg
0.2
15.0
30.0
31.0
Inoculated humic acid (0.2x)
1.2 ml
0.0
7.8
20.0
26.3
Non-inoculated humic acid (0.2x)
1.2 ml
0.0
0.0
0.0
0.5
Inoculated humic acid (1x)
6.0 ml
0.2
5.0
13.0
25.0
Non-inoculated humic acid (1x)
6.0 ml
0.0
0.2
0.4
0.4
Inoculated humic acid (5x)
30 ml
0.2
7.4
12.0
22.0
Non-inoculated humic acid (5x)
30 ml
0.0
0.0
1.0
2.0
LSD (p=0.05)
0.4
5.0
8.8
10.2
a
Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
Table 2.13: Second trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with increasing rates of humic acid 7 days
and 1 hour before inoculation with 0.03 g/conetainer of C. jacksonii. All treatments were
diluted with deionized water and applied at a rate of 1 ml/conetainer (11.34 cm2). Green
shading indicates a treatment with significantly less yellowing compared to the
inoculated control.
Percent yellowing (by date)a
Treatment
Product Rateb DPI04 DPI07 DPI10 DPI14
Untreated control
0.0
0.0
0.0
0.0
Inoculated control
0.1 kg
3.3
19.0
32.5
37.5
Inoculated humic acid (0.2x)
1.2 ml
1.0
15.0
27.5
35.0
Non-inoculated humic acid (0.2x)
1.2 ml
0.0
0.0
0.0
0.0
Inoculated humic acid (1x)
6.0 ml
1.0
12.5
22.3
31.0
Non-inoculated humic acid (1x)
6.0 ml
0.0
0.0
0.0
0.0
Inoculated humic acid (5x)
30 ml
0.0
11.0
21.0
30.0
Non-inoculated humic acid (5x)
30 ml
0.0
0.0
0.0
0.0
LSD (p=0.05)
2.7
6.7
7.2
8.4
a
Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
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Table 2.14: First trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with increasing rates of para-aminobenzoic
acid (PABA) 7 days and 1 hour before inoculation with 0.03 g/conetainer of C. jacksonii.
All treatments were diluted with deionized water and applied at a rate of 1 ml/conetainer
(11.34 cm2). Yellow shading indicates a treatment with significantly more yellowing
compared to the inoculated control.
Percent yellowing (by date)a
Treatment
Product Rateb DPI04 DPI07 DPI10 DPI14
Untreated control
0.2
1.4
5.2
5.2
Inoculated control
0.10 kg
11.0
24.0
28.0
22.0
Inoculated PABA (0.2x)
0.04 kg
14.0
29.0
34.0
34.0
Non-inoculated PABA (0.2x)
0.04 kg
0.0
1.4
5.2
6.6
Inoculated PABA (1x)
0.22 kg
11.0
21.0
26.0
29.0
Non-inoculated PABA (1x)
0.22 kg
0.2
1.2
5.0
5.2
Inoculated PABA (5x)
1.09 kg
12.2
26.0
32.0
35.0
Non-inoculated PABA (5x)
1.09 kg
0.0
1.0
3.4
3.4
LSD (p=0.05)
8.0
9.0
12.9
10.3
a
Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
Table 2.15: Second trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with para-aminobenzoic acid (PABA) 7
days and 1 hour before inoculation with 0.03 g/conetainer of C. jacksonii. All treatments
were diluted with deionized water and applied at a rate of 1 ml/conetainer (11.34 cm2).
Green shading indicates a treatment with significantly less yellowing compared to the
inoculated control.
Percent yellowing (by date)a
Treatment
Product Rateb DPI04 DPI07 DPI10 DPI14
Untreated control
0.0
0.2
1.4
1.4
Inoculated control
0.10 kg
5.8
17.0
35.0
45.0
Inoculated PABA (5x)
1.09 kg
4.4
10.0
13.0
21.0
Non-inoculated PABA acid (5x)
1.09 kg
0.0
0.0
0.2
0.4
LSD (p=0.05)
4.8
8.8
12.5
9.7
a
Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
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Table 2.16: First trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with polyoxin-D zinc salt 7 days and 1 hour
before inoculation with 0.03 g/conetainer of C. jacksonii. All treatments were diluted
with deionized water and applied at a rate of 1 ml/conetainer (11.34 cm2).
Percent yellowing (by date)a
Treatment
Product Rateb DPI04 DPI07 DPI10 DPI14
Untreated control
0.0
0.0
0.0
0.0
Inoculated control
0.1 kg
7.0
18.8
22.5
22.5
Inoculated polyoxin-D (1x)
27 g
10.3
26.3
32.5
32.5
Non-inoculated polyoxin-D (1x)
27 g
0.0
0.0
0.0
0.0
LSD (p=0.05)
15.2
24.7
32.6
32.6
a
Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
Table 2.17: Second trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with polyoxin-D zinc salt 7 days and 1 hour
before inoculation with 0.03 g/conetainer of C. jacksonii. All treatments were diluted
with deionized water and applied at a rate of 1 ml/conetainer (11.34 cm2). Green shading
indicates a treatment with significantly less yellowing compared to the inoculated control.
Percent yellowing (by date)a
Treatment
Product Rateb DPI04 DPI07 DPI10 DPI14
Untreated control
0.0
0.0
0.0
0.0
Inoculated control
0.1 kg
8.5
27.5
38.8
41.3
Inoculated polyoxin-D (1x)
27 g
6.3
20.5
28.5
30.0
Non-inoculated polyoxin (1x)
27 g
0.0
0.0
0.0
0.0
LSD (p=0.05)
5.1
9.7
9.9
10.2
a
Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
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Table 2.18: First trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with silicic acid 7 days and 1 hour before
inoculation with 0.03 g/conetainer of C. jacksonii. All treatments were diluted with
deionized water and applied at a rate of 1 ml/conetainer (11.34 cm2). Yellow shading
indicates a treatment with significantly more yellowing compared to the inoculated
control.
Percent yellowing (by date)a
Treatment
Product Rateb DPI04 DPI07 DPI10 DPI14
Untreated control
0.0
0.2
1.4
1.4
Inoculated control
100 g
6.0
17.0
35.0
45.0
Inoculated silicic acid (1x)
42.4 g
13.0
21.0
30.0
36.0
Non-inoculated silicic acid (1x)
42.4 g
0.0
0.0
0.0
0.4
LSD (p=0.05)
3.3
8.2
13.3
9.4
a
Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
Table 2.19: Second trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with silicic acid 7 days and 1 hour before
inoculation with 0.03 g/conetainer of C. jacksonii. All treatments were diluted with
deionized water and applied at a rate of 1 ml/conetainer (11.34 cm2). Yellow shading
indicates a treatment with significantly more yellowing compared to the inoculated
control.
Percent yellowing (by date)a
Treatment
Product Rateb DPI04 DPI07 DPI10 DPI14
Untreated control
0.0
0.0
0.2
0.0
Inoculated control
100 g
5.5
18.2
33.2
45.0
Inoculated silicic acid (5x)
212 g
11.0
25.0
35.0
45.0
Non-inoculated silicic acid (5x)
212 g
0.0
0.0
0.0
0.0
LSD (p=0.05)
5.1
9.4
12.2
9.9
a
Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
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Table 2.20: pH readings of increasing rates of ferrous sulfate.
Treatment
Product Ratea
Ferrous sulfate (0.1x)
0.03 kg
Ferrous sulfate (0.5x)
0.13 kg
Ferrous sulfate (1x)
0.25 kg
Ferrous sulfate (2x)
0.50 kg
Ferrous sulfate (5x)
1.25 kg
Ferrous sulfate (10x)
2.50 kg
Ferrous sulfate (15x)
3.75 kg
a
Rates are per 100 m2 diluted for application in water at 100 ml/m2.
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pH Level
3.06
2.84
2.80
2.73
2.52
2.22
1.97

Table 2.21: pH readings of a 250 g/100m2 ferrous sulfate solution (100 ml) amended
with 0.5 M NaOH to raise the pH level to ~6. Readings were taken every 1 ml of 0.5 M
NaOH added, 2 hours later and 1 day later. Solution was diluted from a 10 L/100m2 rate.
pH Read Time Point
Rep 1
Rep 2
Rep 3
Average
Initial pH
2.66
2.64
2.63
2.64
1 ml 0.5 M NaOH added
2.95
2.92
2.94
2.94
2 ml 0.5 M NaOH added
3.10
3.09
3.12
3.10
3 ml 0.5 M NaOH added
4.42
4.36
4.31
4.36
4 ml 0.5 M NaOH added
5.05
4.92
4.94
4.97
5 ml 0.5 M NaOH added
5.42
5.17
5.19
5.26
6 ml 0.5 M NaOH added
5.64
5.35
5.40
5.46
7 ml 0.5 M NaOH added
5.80
5.48
5.58
5.62
8 ml 0.5 M NaOH added
5.96
5.59
5.74
5.76
9 ml 0.5 M NaOH added
6.15
5.70
5.84
5.90
10 ml 0.5 M NaOH added
6.22
5.79
5.90
5.97
11 ml 0.5 M NaOH added
6.20
5.88
5.99
6.02
12 ml 0.5 M NaOH added
6.16
5.92
6.04
6.04
2 Hours Later
5.68
5.72
5.75
5.72
1 Day Later
5.61
5.65
5.71
5.66
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Table 2.22: pH readings of a 1250 g/100m2 ferrous sulfate solution (100 ml) amended
with 0.5 M NaOH to raise the pH level to ~6. Readings were taken every 1 ml of 0.5 M
NaOH added, 2 hours later and 1 day later. Solution was diluted from a 10 L/100m2 rate.
pH Read Time Point
Rep 1
Rep 2
Rep 3
Average
Initial pH
2.53
2.47
2.52
2.51
1 ml 0.5 M NaOH added
2.65
2.63
2.71
2.66
2 ml 0.5 M NaOH added
2.75
2.70
2.74
2.73
3 ml 0.5 M NaOH added
2.84
2.81
2.82
2.82
4 ml 0.5 M NaOH added
2.85
2.91
2.87
2.88
5 ml 0.5 M NaOH added
2.89
2.93
2.88
2.90
6 ml 0.5 M NaOH added
2.92
2.95
2.94
2.94
7 ml 0.5 M NaOH added
2.95
3.01
3.03
3.00
8 ml 0.5 M NaOH added
3.11
3.11
3.23
3.15
9 ml 0.5 M NaOH added
3.26
3.41
4.22
3.63
10 ml 0.5 M NaOH added
4.19
4.30
4.91
4.47
11 ml 0.5 M NaOH added
5.08
5.11
5.24
5.14
12 ml 0.5 M NaOH added
5.54
5.47
5.52
5.51
13 ml 0.5 M NaOH added
5.88
5.73
5.68
5.76
14 ml 0.5 M NaOH added
6.05
5.91
5.84
5.93
15 ml 0.5 M NaOH added
6.09
5.98
6.02
6.03
16 ml 0.5 M NaOH added
6.09
6.05
6.06
6.07
17 ml 0.5 M NaOH added
6.06
6.11
6.08
6.08
18 ml 0.5 M NaOH added
6.05
6.12
6.06
6.08
2 Hours Later
5.81
5.65
5.84
5.77
1 Day Later
5.65
5.45
5.71
5.60
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Table 2.23: pH readings of potato dextrose broth filled Erlenmeyer flasks (100 ml)
amended with 0.1 M citrate buffer to lower the pH to ~3. Readings were taken after every
1 ml of 0.1 M citrate buffer added and 7 days later.
pH Read Time Point
Rep #1
Rep #2
Average
Initial pH
4.35
4.29
4.32
1 ml pH 3 citrate buffer added
3.38
3.21
3.30
2 ml pH 3 citrate buffer added
3.21
3.04
3.13
3 ml pH 3 citrate buffer added
3.10
2.94
3.02
4 ml pH 3 citrate buffer added
3.04
2.88
2.96
5 ml pH 3 citrate buffer added
2.99
2.83
2.91
7 Days Later
2.97
2.87
2.92
Table 2.24: pH readings of potato dextrose broth filled Erlenmeyer flasks (100 ml)
amended with 0.1 M citrate buffer to lower the pH to ~4. Readings were taken after every
1 ml of 0.1 M citrate buffer added and 7 days later.
pH Read Time Point
Rep #1
Rep #2
Average
Initial pH
4.17
4.19
4.18
1 ml pH 4 citrate buffer added
3.78
3.73
3.76
7 Days Later
3.45
3.46
3.46
Table 2.25: pH readings of potato dextrose broth filled Erlenmeyer flasks (100 ml)
amended with 0.1 M citrate buffer to lower the pH to ~5. Readings were taken after every
1 ml of 0.1 M citrate buffer added and 7 days later.
pH Read Time Point
Rep #1
Rep #2
Average
Initial pH
4.17
4.33
4.25
1 ml pH 5 citrate buffer added
4.71
4.84
4.78
2 ml pH 5 citrate buffer added
4.80
4.85
4.83
3 ml pH 5 citrate buffer added
4.83
4.86
4.85
4 ml pH 5 citrate buffer added
4.84
4.83
4.84
5 ml pH 5 citrate buffer added
4.83
4.83
4.83
7 Days Later
4.79
4.81
4.80
Table 2.26: pH readings of potato dextrose broth filled Erlenmeyer flasks (100 ml)
amended with 0.1 M citrate buffer to lower the pH to ~6. Readings were taken after every
1 ml of 0.1 M citrate buffer added and 7 days later.
pH Read Time Point
Rep #1
Rep #2
Average
Initial pH
4.32
4.30
4.31
1 mL pH 6 citrate buffer added
5.96
6.04
6.00
2 mL pH 6 citrate buffer added
6.06
6.07
6.07
3 mL pH 6 citrate buffer added
6.10
6.06
6.08
4 mL pH 6 citrate buffer added
6.10
6.06
6.08
5 mL pH 6 citrate buffer added
6.10
6.05
6.08
7 Days Later
6.10
6.05
6.08
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Table 2.27: Potato dextrose broth (PDB) filled Erlenmeyer flasks (100 ml) amended with
0.1 M citrate buffers and inoculated with five 5 mm fungal plugs of C. jacksonii (SH84).
Average dry fungal weights were taken after a 7 day growth period at 20oC on a shaker at
150 rpm, followed by filtration and drying in an oven at 60oC for two days. Green
shading indicates a pH level with significantly more dry fungal weight compared to the
non-amended control whereas yellow shading indicates a pH level with significantly less
dry fungal weight compared to the non-amended control.
Dry fungal weight (g)a
PDB pH Level
Round 1
Round 2
Round 3
Non-amended control (pH ~4.2)
0.077
0.075
0.108
pH 3
0.037
0.024
n/a
pH 4
0.087
0.070
n/a
pH 5
0.149
0.105
n/a
pH 6
0.078
0.029
0.059
LSD (p=0.05)
0.026
0.020
0.038
a
Values were averaged from 3 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
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Table 2.28: First trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with ferrous sulfate heptahydrate (FSH) 7
days and 1 hour before inoculation with 0.03 g/conetainer of C. jacksonii. FSH treatments
with a pH level of 6 were amended using 0.5 M NaOH. All treatments were diluted with
deionized water and applied at a rate of 1 ml/conetainer (11.34 cm2). Green shading
indicates a treatment with significantly less yellowing compared to the inoculated control.
Percent yellowing (by date)a
Product
Treatment
pH
Rateb
DPI04 DPI07 DPI10 DPI14
Untreated control
7
0.0
0.0
0.0
0.0
Inoculated control
7
0.10 kg
19.0
41.0
50.0
51.0
Inoculated FSH (5x)
6
1.25 kg
20.0
32.0
35.0
38.0
Non-inoculated FSH (5x)
6
1.25 kg
0.0
0.0
0.0
0.0
Inoculated FSH (5x)
3
1.25 kg
17.0
36.0
39.0
42.0
Non-inoculated FSH (5x)
3
1.25 kg
0.0
0.0
0.0
0.0
LSD (p=0.05)
5.7
7.2
6.9
6.1
a
Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
Table 2.29: Second trial of percent yellowing by days post inoculation (DPI) of A.
stolonifera cultivar Penncross treated in vitro with ferrous sulfate heptahydrate (FSH) 7
days and 1 hour before inoculation with 0.03 g/conetainer of C. jacksonii. FSH treatments
with a pH level of 6 were amended using 0.5 M NaOH. All treatments were diluted with
deionized water and applied at a rate of 1 ml/conetainer (11.34 cm2). Green shading
indicates a treatment with significantly less yellowing compared to the inoculated control.
Percent yellowing (by date)a
pH
Product
Treatment
Level
Rateb
DPI04 DPI07 DPI10 DPI14
Untreated control
7
0.0
0.0
0.0
0.0
Inoculated control
7
0.10 kg
26.0
75.0
79.0
80.0
Inoculated FSH (5x)
6
1.25 kg
19.0
59.0
64.0
61.0
Non-inoculated FSH (5x)
6
1.25 kg
0.0
2.0
2.0
2.4
Inoculated FSH (5x)
3
1.25 kg
20.0
56.0
59.0
58.0
Non-inoculated FSH (5x)
3
1.25 kg
0.0
1.0
1.0
3.2
LSD (p=0.05)
7.5
8.0
8.3
9.3
a
Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
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Table 2.30: Percent blackening by days post last treatment application (DPT) of A.
stolonifera cultivar Penncross treated in vitro with increasing rates of ferrous sulfate
heptahydrate (FSH). All treatments were diluted with deionized water and applied at a
rate of 1 ml/conetainer (11.34 cm2). Yellow shading indicates treatments with
significantly more blackening compared to the inoculated control, orange shading
indicates treatments with significantly more blackening compared to the yellow shaded
treatments and red shading indicates treatments with significantly more blackening
compared to orange shaded treatments.
Percent blackening (by DPT)a
Treatment

Product Rateb 1 DPT 4 DPT 7 DPT 10 DPT 14 DPT 17 DPT 21 DPT 24 DPT 27 DPT 31 DPT

Untreated control

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

FSH (1x)

0.25 kg

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

FSH (5x)

1.25 kg

1.2

1.4

0.6

0.6

0.4

0.0

0.0

0.0

0.0

0.0

FSH (10x)

2.50 kg

0.6

1.2

0.6

0.4

0.4

0.2

0.0

0.0

0.0

0.0

FSH (15x)

3.75 kg

2.0

2.0

1.0

0.6

0.4

0.4

0.0

0.0

0.0

0.0

FSH (25x)

6.25 kg

6.0

6.0

4.4

2.0

0.4

0.6

0.0

0.0

0.0

0.0

FSH (50x)

12.5 kg

9.0

11.0

7.0

3.8

2.8

2.0

1.2

0.6

0.2

0.0

FSH (100x)

25.0 kg

20.0

17.0

8.4

6.4

5.0

2.0

1.2

0.8

0.8

0.2

4.5

4.2

2.8

1.8

2.0

1.4

0.5

0.3

0.3

0.2

LSD (p=0.05)
a

Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Rates are per 100 m2 diluted for application in water at 100 ml/m2.
Table 2.31: Percent blackening by days post last treatment application (DPT) of A.
stolonifera cultivar Penncross treated in vitro with four rates of ferrous sulfate
heptahydrate (FSH). All treatments were diluted with deionized water and applied at a
rate of 1 ml/conetainer (11.34 cm2). Yellow shading indicates treatments with
significantly more blackening compared to the inoculated control.
Percent blackening (by DPT)a
Treatment

Product Rateb 1 DPT 4 DPT 7 DPT 10 DPT 14 DPT 17 DPT 21 DPT 24 DPT 27 DPT 31 DPT

Untreated control

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

FSH (1x)

0.25 kg

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

FSH (5x)

1.25 kg

1.2

1.4

0.6

0.6

0.4

0.0

0.0

0.0

0.0

0.0

FSH (10x)

2.50 kg

0.8

1.2

0.6

0.4

0.4

0.2

0.0

0.0

0.0

0.0

FSH (15x)

3.75 kg

2.0

2.0

1.0

0.6

0.4

0.4

0.0

0.0

0.0

0.0

0.7

1.1

0.9

0.7

0.6

0.4

0.0

0.0

0.0

0.0

LSD (p=0.05)
a

Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Rates are per 100 m2 diluted for application in water at 100 ml/m2.
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Table 2.32: Percent yellowing by days post last treatment application (DPT) of A.
stolonifera cultivar Penncross treated in vitro with increasing rates of ferrous sulfate
heptahydrate (FSH). All treatments were diluted with deionized water and applied at a
rate of 1 ml/conetainer (11.34 cm2). Yellow shading indicates treatments with
significantly more blackening compared to the inoculated control whereas orange shading
indicates treatments with significantly more blackening compared to the yellow shaded
treatments.
Percent yellowing (by DPT)a
Treatment

Product Rateb 1 DPT 4 DPT 7 DPT 10 DPT 14 DPT 17 DPT 21 DPT 24 DPT 27 DPT 31 DPT

Untreated control

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

FSH (1x)

0.25 kg

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

FSH (5x)

1.25 kg

0.0

0.0

0.8

1.2

1.0

0.6

0.6

1.2

1.8

3.0

FSH (10x)

2.50 kg

1.0

1.0

1.6

2.2

2.0

1.8

1.2

2.2

4.4

4.4

FSH (15x)

3.75 kg

1.8

2.8

2.6

4.8

4.8

4.8

4.6

4.8

7.0

7.0

FSH (25x)

6.25 kg

1.4

9.0

14.0

17.0

15.0

17.0

20.0

16.0

16.0

27.0

FSH (50x)

12.5 kg

5.4

21.0

31.0

39.0

40.0

45.0

47.0

44.0

46.0

53.0

FSH (100x)

25.0 kg

11.0

27.0

35.0

41.0

44.0

48.0

49.0

46.0

48.0

55.0

2.6

7.0

8.3

7.2

9.2

10.7

10.7

9.7

9.1

9.8

LSD (p=0.05)
a

Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Rates are per 100 m2 diluted for application in water at 100 ml/m2.
Table 2.33: Percent yellowing by days post last treatment application (DPT) of A.
stolonifera cultivar Penncross treated in vitro with four rates of ferrous sulfate
heptahydrate (FSH). All treatments were diluted with deionized water and applied at a
rate of 1 ml/conetainer (11.34 cm2). Yellow shading indicates treatments with
significantly more blackening compared to the inoculated control whereas orange shading
indicates treatments with significantly more blackening compared to the yellow shaded
treatments.
Percent yellowing (by DPT)a
Treatment

Product Rateb 1 DPT 4 DPT 7 DPT 10 DPT 14 DPT 17 DPT 21 DPT 24 DPT 27 DPT 31 DPT

Untreated control

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

FSH (1x)

0.25 kg

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

FSH (5x)

1.25 kg

0.0

0.0

0.8

1.2

1.0

0.6

0.6

1.2

1.8

3.0

FSH (10x)

2.50 kg

1.0

1.0

1.6

2.2

2.0

1.8

1.2

2.2

4.4

4.4

FSH (15x)

3.75 kg

1.8

2.8

2.6

4.8

4.8

4.8

4.6

4.8

7.0

7.0

0.6

1.3

1.8

2.5

2.3

2.3

2.2

2.2

1.8

2.1

LSD (p=0.05)
a

Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Rates are per 100 m2 diluted for application in water at 100 ml/m2.
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Table 2.34: First trial of the average fresh weight, dry weight and relative water content
(RWC) percentage for clippings 7-14 days post ferrous sulfate application. Penncross
conetainers were trimmed to 25 mm before treatments were applied. One group was
allowed to grow for 7 days post treatment application (DPT), while another for 14 DPT.
Conetainers were then trimmed to 25 mm and clippings were collected. After fresh
weight was recorded, clippings were dried at 60oC for 2 days and weighed. Yellow
shading indicates a treatment with significantly less clipping weight compared to the
untreated control, while orange shading indicates a treatment with significantly less
clipping weight compared to the yellow shaded treatments. Green shading indicates a
treatment with significantly more RWC compared to the untreated control.
Treatment
Untreated control
Ferrous sulfate (1x)
Ferrous sulfate (10x)
Ferrous sulfate (100x)
LSD (p=0.05)
a

Product Rate
0.25 kg
2.50 kg
25.0 kg

b

Fresh weight (g)a

Dry weight (g)a

7 DPT

14 DPT

7 DPT

14 DPT

7 DPT

14 DPT

0.114
0.098
0.081
0.035
0.022

0.195
0.183
0.160
0.129
0.025

0.012
0.007
0.007
0.002
0.002

0.020
0.013
0.013
0.011
0.002

89.7
92.9
91.7
92.9
0.8

89.9
92.9
92.1
91.1
1.5

RWC (%)

Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Rates are per 100 m2 diluted for application in water at 100 ml/m2.
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Table 2.35: Second trial of the average fresh weight, dry weight and relative water
content (RWC) percentage for clippings 7-14 days post ferrous sulfate application.
Penncross conetainers were trimmed to 25 mm before treatments were applied. One
group was allowed to grow for 7 days post treatment application (DPT), while another for
14 DPT. Conetainers were then trimmed to 25 mm and clippings were collected. After
fresh weight was recorded, clippings dried at 60oC for 2 days and weighed. Yellow
shading indicates a treatment with significantly less fresh weight compared to the
untreated control or a significantly smaller relative water content value, while orange
shading indicates a treatment with significantly less fresh weight compared to the yellow
shaded treatments.
Fresh weight (g)a
Treatment
Untreated control
Ferrous sulfate (1x)
Ferrous sulfate (10x)
Ferrous sulfate (100x)
LSD (p=0.05)
a

Product Rate
0.25 kg
2.50 kg
25.0 kg

a

Dry weight (g)a

RWC (%)

7 DPT

14 DPT

7 DPT

14 DPT

7 DPT

14 DPT

0.113
0.105
0.088
0.034
0.020

0.157
0.144
0.127
0.034
0.026

0.014
0.011
0.011
0.004
0.003

0.023
0.019
0.018
0.008
0.004

87.2
89.0
87.7
88.4
3.5

85.1
86.5
85.7
75.7
3.1

Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Rates are per 100 m2 diluted for application in water at 100 ml/m2.
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Table 2.36: First trial of the average turfgrass height for A. stolonifera cultivar Penncross
conetainers (11.34 cm2), treated with three rates of ferrous sulfate, taken 7-14 days post
last treatment application (DPT). Turfgrass was trimmed down to 25 mm before
treatments were applied and one group was allowed to grow for 7 DPT, while another
group was allowed to grow for 14 DPT. Conetainers were then measured for vertical
growth. Yellow shading indicates a treatment with significantly less turfgrass growth
compared to the untreated control.
Turfgrass height (mm)a
Treatment
Product Rateb
7 DPT
14 DPT
Untreated control
38.0
44.2
Ferrous sulfate (1x)
0.25 kg
38.2
43.4
Ferrous sulfate (10x)
2.50 kg
36.0
41.8
Ferrous sulfate (100x)
25.0 kg
31.2
40.4
LSD (p=0.05)
2.1
1.6
a
Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Rates are per 100 m2 diluted for application in water at 100 ml/m2.
Table 2.37: Second trial of the average turfgrass height for A. stolonifera cultivar
Penncross conetainers (11.34 cm2), treated with three rates of ferrous sulfate, taken 7-14
days post last treatment application (DPT). Turfgrass was trimmed down to 25 mm before
treatments were applied and one group was allowed to grow for 7 DPT, while another
group was allowed to grow for 14 DPT. Conetainers were then measured for vertical
growth. Yellow shading indicates a treatment with significantly less turfgrass growth
compared to the untreated control, orange shading indicates a treatment with significantly
less turfgrass growth compared to the yellowing shaded treatments and red shading
indicates a treatment with significantly less turfgrass growth compared to the orange
shaded treatments.
Turfgrass height (mm)a
Treatment
Product Rateb
7 DPT
14 DPT
Untreated control
38.6
41.4
Ferrous sulfate (1x)
0.25 kg
37.0
39.4
Ferrous sulfate (10x)
2.50 kg
34.2
37.6
Ferrous sulfate (100x)
25.0 kg
29.6
29.6
LSD (p=0.05)
1.8
1.5
a
Values were averaged from 5 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Rates are per 100 m2 diluted for application in water at 100 ml/m2.

63

Table 2.38: Average percent yellowing for individual leaf blades of L. perenne treated
with ferrous sulfate (250 g/100 m2) at a rate of 10 uL per leaf blade and inoculated with 2
mm fungal plugs of C. jacksonii (SH84). L. perenne was grown in conetainers for ~21
days and then trimmed down to ~1 cm, leaving six 8-10 cm long leaf blades lying on wet
paper towel and incubated in a plastic bin. Five days post treatment application and
inoculation, percent yellowing of the top and bottom half of each leaf blade was recorded.
Yellow shading indicates values that were compared in each column to determine if any
changes in yellowing were occurring.
Percent yellowing (0-100%)a

Treatment

Product
Rateb

Round 1
Leaf Top
Leaf Bottom
Half
Half

Round 2
Leaf Top
Leaf Bottom
Half
Half

Bottom inoculated control

26.7

86.7

30.0

76.7

Top inoculated control

55.0

0.0

68.3

0.0

Bottom FSH control (1x)

250 g

0.0

13.3

0.0

3.3

Top FSH control (1x)
Top FSH, bottom
inoculated (1x)
Bottom FSH, top
inoculated (1x)

250 g
250 g

0.0

5.0

0.0

1.7

21.7

63.3

22.5

71.7

60.0

3.3

65.0

2.5

26.8

25.9

11.5

16.0

LSD (p=0.05)
a

250 g

Values were averaged from 6 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Rates are per 100 m2 diluted for application in water at 100 ml/m2.
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Table 2.39: Amended agar direct inhibition test using four rates of ferrous sulfate (0.13,
1.33, 13.28 and 132.8 g/L) and an untreated control against five C. jacksonii isolates.
Individual and average EC50 values are shown as well as average EC90 values for each
isolate.
EC50 values (g/L)
EC90 values (g/L)
C. jacksonii isolate Round 1 Round 2 Round 3 Average
Average
SH06
1.96
2.80
1.51
2.09
8.12
SH15
2.29
1.80
1.27
1.79
4.32
SH25
1.79
4.21
1.51
2.50
6.27
SH30
1.96
3.17
1.25
2.13
7.24
SH84
2.09
1.36
1.17
1.54
6.22
Average
2.01
2.67
1.34
2.01
6.43
Table 2.40: Amended agar direct inhibition test using five rates of para-aminobenzoic
acid (0.0247, 0.247, 2.47, 6.00 and 21.8 g/L) and an untreated control against five C.
jacksonii isolates. Individual and average EC50 values are shown as well as average EC90
values for each isolate.
EC50 values (g/L)
EC90 values (g/L)
C. jacksonii Isolate
Round 1
Round 2
Average
Average
SH06
0.40
0.70
0.55
1.87
SH15
0.41
0.54
0.47
2.29
SH25
0.35
1.07
0.71
2.02
SH30
0.31
0.56
0.44
1.91
SH84
0.43
0.73
0.58
1.68
Average
0.38
0.72
0.55
1.96
Table 2.41: Amended agar direct inhibition test using four rates of polyoxin-D zinc salt
(0.001, 0.01, 0.1 and 1 g/L) and an untreated control against five C. jacksonii isolates.
Individual and average EC50 values are shown as well as average EC90 values for each
isolate.
EC50 values (g/L)
EC90 values (g/L)
C. jacksonii Isolate
Round 1
Round 2
Average
Average
SH06
0.013
0.010
0.012
1.13
SH15
0.015
0.026
0.021
2.76
SH25
0.012
0.011
0.012
0.38
SH30
0.012
0.011
0.011
0.40
SH84
0.012
0.005
0.009
0.23
Average
0.013
0.013
0.013
0.98
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Figure 2.1: Tray filled with 40 conetainers seeded with 0.08 g/conetainer of A.
stolonifera cultivar Penncross seed, incubated in a plastic bag for 3-4 days and left to
grow for 14 days at 20oC with a 16-hr light/8-hr dark photoperiod.
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Figure 2.2: Mason jar (1 L) filled ~1/3 full with autoclaved red wheat seed, inoculated
with C. jacksonii and incubated at 20oC for 5-7 days.
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Figure 2.3: Percent yellowing (chlorosis) scale of A. stolonifera cultivar Penncross
grown and incubated in a plastic bag for 3-4 days and left to grow for 7-10 days at 20oC
with a 16-hr light/8-hr dark photoperiod. Afterwards, each conetainer was inoculated
with 0.03 g mixed C. jacksonii and incubated in a plastic bag for 3-4 days, then left to
grow at 20oC with a 16-hr light/8-hr dark photoperiod.
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Figure 2.4: L. perenne was grown in conetainers for ~21 days and then trimmed down to
~1 cm, leaving six 8-10 cm long leaf blades lying on wet paper towel. “A” represents the
non-inoculated top treated control (10 ul 1x FSH applied ~2 cm from the tip), “B”
represents the non-inoculated bottom treated control (10 ul 1x FSH applied ~3 cm from
the base) and “C” represents the top inoculated control (2 mm C. jacksonii fungal plugs
placed ~2 cm from the tip). “D” represents the inoculated top treated control (10 ul 1x
FSH applied ~2 cm from the tip and 2 mm C. jacksonii fungal plugs placed ~3 cm from
the base), “E” represents the bottom inoculated control (2 mm C. jacksonii fungal plugs
placed ~3 cm from the base) and “F” represents the inoculated bottom treated control (10
ul 1x FSH applied ~3 cm from the base and 2 mm C. jacksonii fungal plugs placed ~2 cm
from the tip). Yellow arrows indicate where 2 mm fungal plugs were placed, while blue
arrows indicate where FSH was applied.
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Figure 2.5: Phytotoxicity on A. stolonifera cultivar Penncross leaf blades at 7 days post
treatment application of increasing rates of ferrous sulfate heptahydrate (1x = 250
g/100m2). Plants were seeded in conetainers and incubated for 10-14 days under 16-hr
light / 8-hr dark at 20oC before treatment, and again for 7 days after treatment.
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Figure 2.6: Phytotoxicity on A. stolonifera cultivar Penncross leaf blades at 7 days post
treatment application ferrous sulfate heptahydrate (FSH) (25x = 6.25 kg/100m2) under
light microscopy. Plants were seeded in conetainers and incubated for 10-14 days under
16-hr light / 8-hr dark at 20oC before treatment, and again for 7 days after treatment.
Untreated image only received water treatment.
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Figure 2.7: Phytotoxicity on A. stolonifera cultivar Penncross leaf blades at 7 days post
treatment application ferrous sulfate heptahydrate (FSH) (100x = 25.0 kg/100m2) under
light microscopy. Plants were seeded in conetainers and incubated for 10-14 days under
16-hr light / 8-hr dark at 20oC before treatment, and again for 7 days after treatment.
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Figure 2.8: Phytotoxicity on A. stolonifera cultivar Penncross leaf blades at 7 days post
treatment application ferrous sulfate heptahydrate (FSH) (25x = 6.25 kg/100m2) under
light microscopy. Plants were seeded in conetainers and incubated for 10-14 days under
16-hr light / 8-hr dark at 20oC before treatment, and again for 7 days after treatment. The
border between treated and untreated regions of the leaf blade is indicated by the blue
line.
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Chapter 3: Effects of Non-Conventional Fungicidal Compounds Against Clarireedia
jacksonii: Field Tests
3.1 - Introduction
In Ontario, golf courses make up the second largest percentage of turfgrass
coverage, second only to household lawns, with around 40,000 ha of turfgrass province
wide (Tsiplova et al., 2008). This industry is highly dependent on the quality and
maintenance of turfgrass, and it is crucial for golf course managers to implement highly
effective disease prevention practices. In cool temperate regions, Agrostis stolonifera is
the most commonly used species of turfgrass for putting greens, as well as transition
zones; however, it can be difficult to manage during the Summer due to heat stress (Liu
and Cooper, 1999).
In general, A. stolonifera is highly susceptible to Clarireedia jacksonii, which is
the causal pathogen of dollar spot disease. However, cultivars of A. stolonifera have
varying levels of resistance to the pathogen (Belanger and Meyer, 2004). Most studies
available on dollar spot disease concentrate on a single species or cultivar of turfgrass.
Since turfgrass cultivars have different characteristics, such as susceptibility to dollar spot
disease, they may react differently to treatment applications. Certain treatments may
prove to be highly efficacious against dollar spot disease on one cultivar but not another
of the same species, and hence multiple cultivars should be examined.
Of the various turfgrass diseases that can impact golf courses in Canada and the
United States, dollar spot is the costliest and results in the highest proportion of money
spent on management practices (Goodman and Burpee, 1991; Tsiplova et al., 2008).
Clarireedia jacksonii is a destructive fungal pathogen that causes dollar spot disease on
closely mown turfgrass across temperate regions around the world (Burpee, 1997;
Salgado-Salazar et al., 2018). Symptoms from this pathogen include foliar lesions, which
take on a silver to straw colour, usually in 1-5 cm diameter patches that are slightly
sunken compared to the surrounding turf (Smith et al., 1989).
Currently, the most effective method of preventing dollar spot is to apply
fungicides throughout the growing season at two to three week intervals (McCall et al.,
2016). However, there is growing concern for the repeated use of pesticides resulting in
resistance to these pesticides (Deising et al., 2008), and negative impacts on non-target
organisms and run-off into bodies of water (Racke, 2000). Reported environmental and
health impacts have led to stricter regulation of pesticides. In 2008, the Cosmetic
Pesticides Ban Act was passed in Ontario, which limited the sale and use of pesticides for
cosmetic purposes. However, there are industries that are exempt from this ban including
golf courses, agriculture, forestry, as well as public health and safety.
There is an increasing need for non-conventional fungicides to provide new
methods of control, while limiting environmental risks and preventing an increase of
fungicide resistance. The Ministry of the Environment, Conservation and Parks (MECP)
defines non-conventional fungicides as compounds that are available for public use and
have limited environmental impacts on non-target organisms (Government of Ontario,
2019). There are also anecdotal reports of non-conventional products with fungicidal
activity. Products on the “low-risk” Class 11 list as presented by the Ontario government,
and anecdotal reports should be examined scientifically.
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3.1.1 - Hypotheses and Objectives
3.1.1.1 - Hypotheses
• Non-conventional fungicidal compounds that showed potential for efficacy
against C. jacksonii in the lab will significantly reduce disease in the field.
• Efficacious non-conventional fungicidal compounds will have significantly
different levels of disease suppression across multiple cultivars of A. stolonifera.
• Ferrous sulfate causes discolouration and phytotoxicity in the field at higher
concentrations.
• Increasing concentrations of ferrous sulfate causes increased efficacy against C.
jacksonii on A. stolonifera.
• Ferrous sulfate efficacy against C. jacksonii will be similar across fairway and
greens height A. stolonifera.

•
•
•
•

3.1.1.2 - Objectives
Assess the efficacy of non-conventional fungicidal compounds against C.
jacksonii on multiple cultivars of A. stolonifera in the field.
Assess the degree to which ferrous sulfate causes discolouration and phytotoxicity
of A. stolonifera.
Assess the efficacy of ferrous sulfate against C. jacksonii on both fairway and
greens height A. stolonifera.
Determine an optimal application rate and interval for ferrous sulfate against C.
jacksonii on A. stolonifera.

3.2 - Materials and Methods
3.2.1 - Inoculum Preparation
Four isolates (SH06, SH15, SH25 and SH30) of Clarireedia. jacksonii were
collected from Cambridge, Ontario between 2010-2015 and a fifth isolate (SH84) was
collected from Penn. State University, USA in 1984. All five isolates were from A.
stolonifera leaf blades infected with dollar spot disease and isolated in the lab, and
maintained in the local lab collection at -20oC. Inoculum was prepared in the same
manner as in Chapter 2. To summarize, Norwell Hard Red Spring Wheat seed (Triticum
aestivum) (C&M Wheat Seed, Palmerston, ON, Canada) stored at 4oC was soaked in
deionized water for 24 hours before being strained and rinsed thoroughly. Mason jars
(500 ml) were filled one-third with soaked wheat seeds before being autoclaved thrice
with 24 hour intervals between each cycle. Mason jars were shaken thoroughly in
between each autoclave cycle to prevent seeds from sticking to the glass and to also
ensure seeds were evenly distributed.
After the last autoclaving and when seeds had cooled, Mason jars were inoculated
with five isolates of Clarireedia jacksonii. The isolates had been grown on PDA in 9-cmdiameter petri plates until colonies grew to the edge of the plates. Agar was then cut into
1 cm by 1 cm pieces, and half of a petri plates worth of agar was placed in each Mason
jar. Each jar was shaken to evenly distribute the agar pieces throughout the wheat seed
and then incubated at 20oC. Once Mason jars were fully colonized by mycelia, wheat
seed was laid out to dry in sterile plastic trays, and then ground up into fine particles.
Ground wheat seed was placed in small plastic bags and stored at -20oC. For application,
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the five C. jacksonii isolates were mixed together in equal portions and 1 g of the mix
was added to 12 cm by 6 cm manila pouches. Wheat bran was added as filler (4 g per
pouch) and the pouches were shaken to mix the inoculum with the bran. For inoculation,
contents from each pouch were distributed evenly over field plots at a rate of 5 g/m2.
3.2.2 - Treatment Preparation
Non-conventional treatments were prepared in the same manner as in Chapter 2.
Compounds were selected based on results from efficacy trials conducted in the lab that
showed potential for dollar spot suppression (Table 3.1), or from published research.. For
water soluble or dispersible products, treatments were prepared in 1 L plastic hand
sprayers (Figure 3.1) by diluting selected compounds in deionized water until the target
concentration was reached. Sprayers were shaken periodically over the course of one
hour to allow for proper mixing. For living organisms used as biocontrols, these were
grown on wheat seed following the pathogen inoculum protocol above.
3.2.3 - Efficacy of Non-Conventional Treatments Against C. jacksonii in Field
Situations
3.2.3.1 - Preliminary Field Trial on A. stolonifera Cultivar Penncross
For preliminary field screening of non-conventional treatments, a plot was set up
in Summer 2019 on “Range 10” at the Guelph Turfgrass Institute (GTI) on fairway height
turfgrass composed primarily of A. stolonifera cultivar Penncross. Turf was mown and
maintained at a height of ~11 mm by staff at the GTI. Plots were irrigated as needed and
fertilized with sulphur-coated urea (N-P-K: 25-4-10) twice annually, once in the Spring
and again in late Summer, at a product rate of 2 kg/100 m2. Plots were set up in a
randomized complete block design with four replicates per treatment. Each individual
plot measured 0.5 m by 0.5 m (0.25 m2), and plots were laid out using white golf tees
(Pride PTS Golf Tees, 5.3 cm, Canadian Tire) and marked using orange spray paint
(Armor Coat spray paint, Canadian Tire).
Plots were treated with compounds that showed potential for reducing dollar spot
disease in previously completed lab trials. Treatments were applied on a weekly schedule
(except Clonostachys rosea, which was only applied twice, one week before pathogen
inoculation and one hour before inoculation) using 1 L plastic hand sprayers at a liquid
rate of 10 L/100m2 or 25 ml per 0.25 m2 plot (Table 3.2). Fungicide control plots were
treated with Banner Maxx (Syngenta Crop Protection, Canada) diluted in 10 L
water/100m2 on a biweekly basis, whereas inoculated control plots were treated with
deionized water on a weekly basis. On the second week of treatment applications, plots
were inoculated with the C. jacksonii inoculum. Ratings were taken by estimating dollar
spot counts per plot on a weekly basis for eight weeks.
3.2.3.2 - Full Field Trial on 10 Cultivars of A. stolonifera
For a comparison between efficacy of treatments across different cultivars of A.
stolonifera, plots were set up on “Range 10” at the GTI, which consisted of 10 different
cultivars: 007, A4, Alpha, Focus, L93, MacKenzie, Penncross, Tyee, T1 and V8. The
turfgrass was mown and maintained in a similar manner as described above. Plots were
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set up in a randomized complete block design with individual treatment plots measuring
0.5 m by 0.5 m.
Plots were treated with non-conventional compounds that showed efficacy against
C. jacksonii in the preliminary field trial (Table 3.3). Treatments were applied using 1 L
hand sprayers (Figure 3.1) on a weekly schedule following the same application protocol
mentioned above. Banner Maxx was applied biweekly as a fungicide control with
deionized water applied weekly as the inoculated control. On the second week of
applications, plots were inoculated following the same inoculation protocol mentioned
above. Ratings were taken by estimating dollar spot counts per plot on a weekly basis for
7-8 weeks until the trial was complete. This trial was repeated twice (Fall 2018 and
Summer 2019).
3.2.3.3 - Ferrous Sulfate pH Adjustment Trial
To investigate the effects of varying pH levels of ferrous sulfate heptahydrate
(FSH) (21% Fe) (Crown technology Inc., Vaughan, Ontario) treatments against C.
jacksonii, plots were set up on “Range 10” and the “Pathology Green” at the GTI. Range
10 was mown at fairway height (11 mm) whereas the Pathology Green was mown at
greens height (5 mm). Plot areas were chosen in order to investigate differences between
the two playing surfaces. The Pathology Green was made up primarily of A. stolonifera
cultivar Penncross with a 20% Poa annua component, and was maintained in the same
manner described above. The plot on Range 10 was set up on A. stolonifera cultivar
Penncross to compare the same cultivar between playing surfaces. Plots were set up in a
randomized complete block design with individual plots measuring 0.5 m by 0.5 m.
Plots were treated with both a pH amended and non-amended low (1x) and high
rate (5x) of FSH. The 1x and 5x concentrations of FSH were amended with 0.5 M sodium
hydroxide (NaOH) to raise the pH to ~6. Treatments were applied using 1 L hand
sprayers (Figure 3.1) on a weekly schedule following the same application protocol
mentioned above (Table 3.4). Banner Maxx was applied biweekly as a fungicide control
with deionized water applied weekly as the inoculated control. On the second week of
applications, plots were inoculated following the same inoculation protocol mentioned
above. Ratings were taken by estimating dollar spot counts per plot on a weekly basis for
seven weeks until the trial was complete. This trial was repeated twice (Summer 2019
and Fall 2019).
3.2.3.4 - Ferrous Sulfate Rate and Interval Trial
To optimize the rate and application interval of FSH treatments against C.
jacksonii, plots were set up on “Range 10” and the “Pathology Green” Plots were set up
in a randomized complete block design with individual plots measuring 0.5 m by 0.5 m,
and treated with 1 L hand sprayer with 1x, 2x and 3x FSH rates with each treatment level
consisting of a 3.5 day, 1 week and 2 week application intervals for a total of nine
treatments plus controls (Table 3.5). Banner Maxx was applied biweekly as a fungicide
control with deionized water applied weekly as the inoculated control. On the second full
week of applications, plots were inoculated following the same inoculation protocol
mentioned above. Ratings were taken by estimating dollar spot counts per plot on a
weekly basis for seven weeks until the trial was complete. This trial was repeated twice
(Summer 2019 and Fall 2019).
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3.2.4 - Phytotoxicity Trials of Ferrous Sulfate on A. stolonifera
3.2.4.1 - Phytotoxic and Discolouration Effects of Ferrous Sulfate Across 10
Cultivars of A. stolonifera
Plots were set up on 10 different cultivars of A. stolonifera on “Range 10” at the
GTI including: 007, A4, Alpha, Focus, L93, MacKenzie, Penncross, Tyee, T1 and V8.
The turfgrass was mown and maintained in a similar manner as described above and
individual plots measured 0.25 m by 0.25 m (0.0625 m2). This trial was conducted twice
(Fall 2018 and Summer 2019). The Fall 2018 trial was only conducted on 5 different
cultivars of A. stolonifera (Alpha, Focus, L93, Tyee and 007) due to severe disease levels
on the other 5 cultivars. The Fall 2018 trial was set up in a split block design with four
rates of FSH (1x, 5x 10x and 15x), whereas the Summer 2019 trial was set up in a
randomized complete block design with four rates of FSH (1x, 5x, 10x and 15x) as well
as an inoculated control that received deionized water as treatment (Table 3.6). All
treatments were applied using 1 L hand sprayers (Figure 3.1) on a weekly basis for four
weeks. On the second full week of applications, plots were inoculated following the same
inoculation protocol mentioned above to collect more FSH efficacy data. Foliar
discolouration and phytotoxicity scarring was measured on a scale of 0-100% (Figure
3.2) with ratings taken 1, 7, 14, 21 and 28 DPT to look at residual discolouration and
phytotoxic effects. Dollar spot counts per plot were also taken on a weekly basis until the
trial was complete to investigate how increasing rates of FSH varied in their efficacy.
3.2.4.2 - Low Rate Ferrous Sulfate Discolouration Trial
Two sets of plots were set up in May 2019 on A. stolonifera cultivar Penncross on
“Range 10”. Plots were arranged in a randomized complete block design with individual
plots measuring 0.5 by 0.5 m, and treated with low FSH rates (1x, 2x, 3x, 4x and 5x) to
compare foliar darkening (Table 3.7). The single-application plots received one treatment
application and were rated using the 0-100% darkening scale (Figure 3.2) on 1, 4, 7, 10,
14, 17, 21, 24, 27 and 31 DPT. The adjacent multiple-application plots received three
weekly treatment applications, and were rated at 1, 4, 7, 10, 14, 17, 21, 24, 27 and 31
DPT after the third and final application. This was done to determine if weekly
applications resulted in increasing darkening over time compared to just single treatment
application. Ratings were taken for up to 31 DPT to see if and when the darkening effect
would fully dissipate over time if left alone.
3.2.4.3 - Root Growth Analysis of A. stolonifera Treated with Ferrous Sulfate
To investigate how FSH affects the root health of A. stolonifera cultivar
Penncross, 2-cm-diameter cores were taken from untreated and 1x, 5x, 10x, 15x treated
plots from the Summer 2019 FSH phytotoxicity trial using a 2-cm-diameter soil sampler
probe. Five samples per treatment level were taken at 28 DPT to a soil depth of ~10 cm
and brought back to the lab and stored at 4oC until use. Cores were then washed using
deionized water to remove excess soil and to reveal the roots. The roots were laid out to
dry on paper towelling for 2 hours. Once dried, root length was measured to the nearest
millimetre and the number of roots emerging below the thatch level, approximately 2 cm
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below the crowns was estimated visually to examine how root depth and root density was
affected by increasing rates of FSH.
3.2.5 - Disease Rating and Statistical Analyses
Dollar spot disease symptoms caused by C. jacksonii were rated by visually
estimating the number of dollar spot counts per plot. Discolouration and phytotoxicity
caused by FSH on A. stolonifera was estimated visually using a percent darkening scale
ranging from 0-100% (Figure 3.2). Disease suppression % was calculated using the
following formula:

(

)

average treatment dollar spot count
x100)
average inoculated control dollar
spot count
Statistical analyses of efficacy, phytotoxicity and root growth tests were
conducted using ANOVA as implemented in the General Linear Models procedure
(PROC GLM) in SAS 9.1 (SAS Institute Inc., Car, NC, 2019). When significant
treatment effects were found, means were separated with Fisher’s Protected Least
Significant Differences test at p = 0.05. An example of the SAS command statements for
these tests is given in Appendix 3.1 for efficacy trials and Appendix 3.2 for phytotoxicity
trials.
disease suppression % = 100 - (

3.3 - Results
3.3.1 - Preliminary Efficacy Trial on A. stolonifera Cultivar Penncross
Based on previous indoor efficacy trials, Clonostachys rosea, ferrous sulfate
heptahydrate (FSH), humic acid, para-aminobenzoic acid (PABA) and polyoxin-D zinc
salt were selected for a preliminary field efficacy trial as these compounds showed
potential to significantly reduce dollar spot disease on A. stolonifera. This trial was
conducted from August until October 2018 on cultivar Penncross. Dollar spot was not
visible the day of inoculation and then became more visible by 14 DPI (17.5 spots/plot)
increasing to over 100 spots/plot by 55 DPI, the end of the trial (Table 3.8). The
fungicide control (Banner Maxx at 26 ml/100m2) was able to suppress disease and spot
counts remained below 7 per plot even 4 weeks after the last fungicide treatment (55
DPI). Some of the other treatments were statistically different from the inoculated
control, but none of them gave aesthetically acceptable control of dollar spot disease in
this trial (5 spots/m2). Individual treatment results are presented in the following
subsections.
3.3.1.1 - Clonostachys rosea
C. rosea, at a rate of 300 g/100m2, did not significantly differ from the inoculated
control on five of seven rating dates (Table 3.8). On 21 DPI, this treatment had
significantly higher dollar spot counts compared to the inoculated control with a 38%
disease increase. However, on 48 DPI, there were significantly fewer dollar spot counts
compared to the inoculated control with 22% disease suppression, barely statistically
significant. Across most rating dates, C. rosea had significantly more dollar spot counts
compared to all other treatments tested, except for the two rates of humic acid, in which it
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had similar levels of disease. Overall, no significant initial or residual efficacy was
observed for this treatment in this field trial. This treatment was therefore discontinued
from future field trials.
3.3.1.2 - Humic Acid
Both rates of humic acid (6 ml and 30 ml/100m2) did not significantly differ from
the inoculated control on all seven rating dates (Table 3.8). Across most rating dates, both
rates of humic acid had significantly more dollar spot counts compared to all other
treatments tested, except for C. rosea, for which it had similar levels of disease. Overall,
no significant initial or residual efficacy was observed for this treatment in this field trial.
In addition, there was a severe darkening effect observed, which was more prominent at
the higher rate (Figure 3.3). This treatment was therefore discontinued from future field
trials.
3.3.1.3 - Para-aminobenzoic Acid
PABA at a rate of 218 g/100m2 had significantly fewer dollar spot counts
compared to the inoculated control on six of seven rating dates (Table 3.8). Disease
suppression values ranged from 38 to 46% on days with significantly fewer dollar spot
counts, while there was a 33% reduction on 14 DPI, but it was not significant. Disease
suppression values ranged from 33 to 46% during the three application weeks and 38 to
45% during the four weeks post last treatment application. This indicated that this
treatment had residual efficacy for up to four weeks. PABA had significantly fewer dollar
spot counts compared to both humic acid rates as well as C. rosea on all seven rating
dates. In addition, PABA had statistically similar levels of dollar spot counts compared to
the 1x FSH rate on all seven rating dates. However, PABA had significantly more dollar
spot counts compared to 5x FSH and the Banner Maxx fungicide control on six and seven
rating dates respectively. Lastly, PABA caused a slight bronzing colour to the turfgrass
compared to the control plots one day post last treatment application, but this effect
completely dissipated by seven days post last treatment application (Figure 3.3).
3.3.1.4 - Polyoxin-D Zinc Salt
Polyoxin-D zinc salt at a rate of 27 g/100m2 had significant fewer dollar spot
counts compared to the inoculated control on six of seven rating dates (Table 3.8).
Disease suppression values ranged from 45 to 73% on days with significantly fewer
dollar spot counts, while there was a 32% reduction on 21 DPI, but it was not significant.
Disease suppression values ranged from 32 to 73% during the three application weeks
and 45 to 58% during the four weeks post last treatment application. This indicated that
this treatment had residual efficacy for up to four weeks. Polyoxin-D zinc salt had
significantly fewer dollar spot counts compared to both humic acid rates as well as C.
rosea on all seven rating dates. In addition, this treatment had statistically similar levels
of dollar spot counts compared to the 1x FSH rate on six of seven rating dates but had
significantly fewer dollar spot counts on 27 DPI. When compared to 5x FSH, this
treatment had statistically similar levels of dollar spot counts on four of seven rating dates
and significantly more dollar spot counts on three of seven rating dates. Lastly, polyoxinD zinc salt had significantly more dollar spot counts compared to the Banner Maxx
fungicide control on all seven rating dates.
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3.3.1.5 - Ferrous Sulfate
Both rates of Iron Sulfate (21% ferrous sulfate heptahydrate) (250 g and 1250
g/100m2) had significantly fewer dollar spot counts compared to the inoculated control on
all seven rating dates (Table 3.8). The lower 1x rate had disease suppression values
ranging from 42 to 51%. Disease suppression values ranged from 41 to 51% during the
three application weeks and 47 to 51% during the four weeks post last treatment
application. This indicated that this treatment had residual efficacy up to four weeks post
last treatment application in October 2018. The 1x FSH rate had statistically similar
levels of disease suppression compared to PABA and polyoxin-D zinc salt on seven and
six rating dates respectively. In addition, this treatment rate had significantly fewer dollar
spot counts compared to humic acid and C. rosea on all seven rating dates. Lastly,
compared to the Banner Maxx fungicide control, this treatment had significantly more
dollar spot counts on all seven ratings dates, and ended up with 57.5 spots/plot at 55 DPI
compared to 6.3 for Banner Maxx at 4 weeks post last treatment application.
The higher 5x FSH rate had disease suppression values ranging from 63 to 78%.
Disease suppression values ranged from 67 to 75% during the three application weeks, 73
to 78% during the three weeks following last treatment application but dropped to 63%
by the fourth week. This also indicated that this treatment had residual efficacy up four
weeks post last treatment application but became less effective after three weeks. The 5x
FSH rate had significantly fewer dollar spot counts compared to the 1x FSH rate on four
of seven rating dates. In addition, this rate had statistically similar levels of disease
suppression compared to the Banner Maxx fungicide control on four of seven rating
dates, however two of these dates were close to being not significant. This treatment
ended up with 40 spots/plot at 55 DPI compared to 6.3 for Banner Maxx at 4 weeks post
last treatment application. Lastly, both rates of FSH caused a noticeable darkening effect,
which was more prominent in the 5x FSH treated plots (Figure 3.3). This darkening effect
decreased by the next application 7 days later, but was still noticeably darker than the
control plots. However, no phytotoxicity was observed on FSH treated plots for the
duration of this trial.
3.3.2 - Full Trial on 10 Cultivars of A. stolonifera
Based on the preliminary efficacy field trial results in Summer 2018, other trials
were set up across multiple cultivars of A. stolonifera using the treatments that had
significantly reduced dollar spot incidence in Summer 2018. These new trials took place
from September until November 2018 (five cultivars, Table 3.9) as well as another trial
from June until August 2019 (10 cultivars, Table 3.10). In 2018, at the start of the trial in
September, five of the ten cultivars had too much dollar spot scarring to use, so were
excluded. In 2019, at the start of the trial in June 2019, all ten cultivars of A. stolonifera
were selected for field-testing at the Guelph Turfgrass Institute, and these included 007,
A4, Alpha, Focus, L93, MacKenzie, Penncross, T1, Tyee, and V8. The natural resistance
of these cultivars to dollar spot disease is classified as follows: 007 = very high, A4 =
moderate, Alpha = low, L93 = high, MacKenzie = high, Penncross = moderate, T1 = low,
Tyee = high (http://www.grahamturf.com/sites/default/files/uploads/BentgrassReport
Card.pdf), Focus = high (http://www.speareseeds.ca/bentgrass/) and V8 = high
(http://novaturf.ca/images/uploads/Focus.pdf). These trials were conducted to determine
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if cultivars of A. stolonifera reacted differentially to these treatments. In addition,
treatments were compared to the fungicide control Banner Maxx, to see which treatments
were most effective and if any were comparable to this commonly used fungicide against
dollar spot. Individual treatment results are presented in following subsections. Overall,
inoculated plots reached around 85 spots/plot by 55 DPI in the 2018 trial and 49 DPI in
the 2019 trial. However, the 2018 trial peaked on 34 DPI at 99 spots/plot and gradually
declined to 88.3 spots/plot by 55 DPI with the cooler Fall weather, whereas the 2019 trial
gradually increased for the duration of the trial to a maximum of 84.4 spots/plot at 49
DPI ending in August 2019. In both trials, Banner Maxx was able to suppress disease
below 5 spots/plot on all rating dates. Only the 5x FSH rate had comparable disease
suppression and kept dollar spot counts below 10 spots/plot except for 49 DPI in the 2019
trial (17.7 spots/plot), which was 4 weeks post last treatment application. However, all
other treatments in the 2018 and 2019 trials significantly reduced disease levels but not to
acceptable aesthetic levels.
Although treatments were applied to five cultivars in 2018 and all ten cultivars in
2019, the following sections only show the means across all cultivars in each trial. This is
because low overall disease suppression for both PABA and polyoxin-D zinc salt resulted
in little to no differences between cultivars. In addition, the 5x FSH rate had very high
disease suppression, which also resulted in no significant differences between cultivars.
Only for the 1x FSH rate were the differences between cultivars explored in more detail,
since disease suppression was moderate and resulted in differences between cultivars.
3.3.2.1 - Para-aminobenzoic Acid
PABA, at a rate of 218 g/100m2, significantly reduced dollar spot counts
compared to the inoculated control throughout the 2018 trial on all rating dates (Table
3.9). Disease suppression values ranged from 34 to 77% throughout the 2018 trial, with
39 to 77% disease reduction during the four application weeks and 34 to 44% during the
four weeks post last treatment application. Dollar spot counts reached a maximum of 65
spots/plot at 34 DPI (one week post last treatment application) and declined to 50.8
spots/plot by the end of the trial at 55 DPI. This indicated that this treatment had little to
no residual efficacy. PABA had statistically similar levels of dollar spot counts compared
to polyoxin-D zinc salt on seven of eight rating days. In addition, PABA had significantly
more dollar spot counts compared to the 1x FSH rate on six of eight ratings days, the 5x
FSH rate on eight of eight rating days and Banner Maxx on seven of eight rating days.
Similar results were obtained in the 2019 trial as PABA significantly reduced
dollar spot counts compared to the inoculated control on all rating dates (Table 3.10).
Disease suppression values ranged from 23 to 64% throughout the 2019 trial, with 53 to
54% disease suppression during the three application weeks and 23 to 62% during the
four weeks post last treatment application. Dollar spot counts gradually increased during
the application weeks and had a large increase one-week post last treatment application.
Dollar spot counts reached a max of 64.6 spots/plot at the end of the trial at 49 DPI. This
indicated that there was little to no residual efficacy for this treatment. PABA had
statistically similar levels of dollar spot counts compared to polyoxin-D zinc salt on six of
seven rating days. In addition, PABA had significantly more dollar spot counts compared
to the 1x FSH rate on four of seven rating days, the 5x FSH rate on seven of seven rating
days and Banner Maxx on six of seven rating days. Overall, PABA (at max solubility)
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significantly reduced disease but not at aesthetically acceptable levels and showed little to
no residual efficacy in both trials. No phytotoxicity was observed during either 2018 or
2019 trials, although a slight bronzing effect was evident between one to seven days post
last treatment application (Figure 3.4).
3.3.2.2 - Polyoxin-D Zinc Salt
Polyoxin-D zinc salt, at a rate of 27 g/100m2, significantly reduced dollar spot
counts compared to the inoculated control throughout the 2018 trial on all rating dates
(Table 3.9). Disease suppression values ranged from 39 to 88% throughout the 2018 trial,
with 59 to 81% during the four application weeks and 38 to 55% during the four weeks
post last treatment application. Dollar spot counts reached a max of 60 spots/plot at 34
DPI (one week post last treatment application) and declined to 44.6 spots/plot by the end
of the trial at 55 DPI. This indicated that this treatment had little to no residual efficacy.
Polyoxin-D zinc salt had statistically similar levels of dollar spot counts compared to
PABA on seven of eight rating days. In addition, this treatment had significantly more
dollar spot counts compared to the 1x FSH rate on five of seven rating days, the 5x FSH
rate on eight of eight rating days and Banner Maxx on seven of eight rating days.
Similar results were obtained in the 2019 trial as polyoxin-D zinc salt
significantly reduced dollar spot counts compared to the inoculated control on all rating
dates (Table 3.10). Disease suppression values ranged from 25 to 70% throughout the
2019 trial, with 44 to 63% during the three application weeks and 25 to 70% during the
four weeks post last treatment application. However, the 70% disease suppression value
occurred one-week post last treatment application, and then dropped to 31% by two
weeks post treatment application. Dollar spot counts reached a max of 63.5 spots/plot at
the end of the trial at 49 DPI. This indicated that there was little to no residual efficacy
for this treatment. Polyoxin-D zinc salt had statistically similar levels of dollar spot
counts compared to PABA on six of seven rating days. In addition, this treatment had
significantly more dollar spot counts compared to the 1x FSH rate on five of seven rating
days, the 5x FSH rate on seven of seven rating days and Banner Maxx on six of seven
rating days. Overall, polyoxin-D zinc salt significantly reduced disease but not at
aesthetically acceptable levels and showed little to no residual efficacy in both trials. No
phytotoxicity was observed during both the 2018 and 2019 trials.
3.3.2.3.1 - Ferrous Sulfate (5x)
Iron Sulfate (21% ferrous sulfate heptahydrate), at a rate of 1250 g/100m2,
significantly reduced dollar spot counts compared to the inoculated control throughout
the August to November 2018 trial on all rating dates (Table 3.9). Disease suppression
values ranged from 94 to 98% throughout the 2018 trial, with 94 to 96% during the four
application weeks and 94 to 98% during the four weeks post last treatment application.
Dollar spot counts reached a max of 6.3 spots/plot on 41 DPI (two weeks post last
treatment application) and declined to 2 spots/plot by the end of the trial at 55 DPI. This
implied a residual efficacy up to four weeks for this treatment rate, but it must be kept in
mind that this was during October-November 2018 when disease pressure was low. The
5x FSH rate had significantly fewer dollar spot counts compared to PABA, polyoxin-D
zinc salt and the 1x FSH rate on all eight rating days. In addition, it had statistically
similar levels of dollar spot counts compared to Banner Maxx on seven of eight rating
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days. Phytotoxicity was not observed during this trial, however there was a significant
darkening effect post treatment application. This darkening effect decreased by the next
application 7 days later, but was still noticeably darker than the control plots and 1x FSH
treated plots.
Similar results were obtained in the June to August 2019 trial as the 5x FSH rate
significantly reduced dollar spot counts compared to the inoculated control on all rating
dates (Table 3.10). Disease suppression ranged from 79 to 99% throughout the 2019 trial,
with 97 to 99% during the three application weeks and 79 to 99% during the four weeks
post last treatment application. Disease suppression remained above 90% until the fourth
week, where it dropped to 79%. Dollar spot counts reached a maximum of 17.7 spots/plot
by the end of the trial at 49 DPI. This indicated that this treatment had a residual efficacy
of up to three weeks. Similarly, the 5x FSH rate had significantly fewer dollar spot counts
compared to PABA and polyoxin-D zinc salt on seven of seven rating days and six of
seven rating days compared to 1x FSH. In addition, it had statistically similar levels of
dollar spot counts compared to Banner Maxx on five of seven rating days. It was only by
the fourth week post last treatment application that the 5x FSH rate had significantly
more dollar spot counts compared to Banner Maxx. Overall, the 5x FSH rate had similar
levels of dollar spot control compared to the fungicide control Banner Maxx for up to
three weeks post last treatment application. However, there was a significant darkening
post treatment application. This darkening effect decreased by the next application 7 days
later, but was still noticeably darker than the control plots and 1x FSH treated plots
(Figure 3.4). More significantly, phytotoxicity was observed in the form of turf scarring
by the end of the 2019 trial (15 to 30% scarring per plot) for the 5x FSH rate.
3.3.2.3.2 - Ferrous Sulfate (1x)
Iron Sulfate (21% ferrous sulfate heptahydrate), at a rate of 250 g/100m2,
significantly reduced dollar spot counts compared to the inoculated control throughout
the 2018 trial on all rating dates (Table 3.9). Disease suppression values ranged from 66
to 82% throughout the trial, with 67 to 81% during the four application weeks and 66 to
82% during the four weeks post last treatment application. Dollar spot counts reached a
maximum of 34.2 spots/plot on 34 DPI (one week post last treatment application) and
declined to 16 spots/plot by the end of the trial at 55 DPI. This indicated that there was
some residual efficacy at this rate of FSH. However, since the inoculated control dollar
spot counts also declined by 55 DPI, the level of residual efficacy could not be accurately
determined. The 1x FSH rate had significantly fewer dollar spot counts compared to
PABA on six of eight rating days and polyoxin-D zinc salt on five of eight rating days.
This treatment had significantly more dollar spot counts compared to Banner Maxx on
seven of eight rating days and the 5x FSH rate on eight of eight rating days.
Similar results were obtained in the 2019 trial as the 1x FSH rate significantly
reduced dollar spot counts compared to the inoculated control on all rating dates (Table
3.10). Disease suppression values ranged from 25 to 90% throughout the trial, with 67 to
84% during the three application weeks and 25 to 90% during the four weeks post last
treatment application. The 90% occurred on 28 DPI (one week post last treatment
application), which then dropped to 43% disease suppression by the following week. In
addition, dollar spot counts greatly increased between the first and second week post last
treatment application (5.7 spots/plot to 43.9 spots/plot) and reached a max of 63.2
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spots/plot by the end of the trial at 49 DPI. This indicated that efficacy lasted between
one and two weeks. The 1x FSH rate had significantly fewer dollar spot counts compared
to PABA on four of seven rating days, and to polyoxin-D zinc salt on five of seven rating
days. This treatment had significantly more dollar spot counts compared to Banner Maxx
or 5x FSH on six of seven rating days. Overall, this treatment significantly reduced dollar
spot incidence to a greater degree than PABA and polyoxin-D zinc salt, but not as
effectively as the Banner Maxx fungicide control or the higher 5x FSH rate. Phytotoxicity
was not observed during the 2018 or 2019 trials, however there was a significant
darkening effect post treatment application. This darkening effect decreased by the next
application 7 days later, but was still noticeably darker than the control plots but
obviously lighter than that of the 5x FSH rate (Figure 3.4). There was little to no
darkening by three weeks post last treatment application and no noticeable scarring
except for on cultivar A4 (5-10%) in the 2019 trial.
3.3.2.3.3 - Ferrous Sulfate (1x) Cultivar Differences
There were some differences observed between cultivars in their response to 1x
FSH treatment (250 g/100m2) in the 2018 trial (Table 3.11). Overall, 007 and Tyee had
the highest average disease suppression, while Alpha had the lowest average disease
suppression throughout the trial. In the first three weeks post inoculation, when
inoculated control dollar spot counts were lowest (average of 15.0 to 40.3 spots/plot),
there were no significant differences between cultivars. However, by the fourth week post
inoculation (78.8 spots/plot on the inoculated control), 007 had significantly higher
disease suppression compared to Alpha (74.9% and 48.9% respectively). On the fifth
week (one week post last treatment application), both 007 and Tyee had significantly
higher disease suppression compared to Alpha (76.1%, 75.7% and 48.4% respectively).
On the sixth week (two weeks post last treatment application, only Tyee had significantly
higher disease suppression compared to Alpha (75.2% and 53.4% respectively). By the
seventh week (three weeks post last treatment application), 007, Tyee and Focus all had
significantly higher disease suppression compared to Alpha (72.7%, 80.2%, 68.9% and
47.5% respectively). In addition, Tyee had significantly higher disease suppression than
L93 on this rating day (80.2% and 57.1% respectively). Lastly, on the eighth week post
inoculation (four weeks post last treatment application), 007, Tyee, L93 and Focus all had
significantly higher disease suppression compared to Alpha (85.9%, 84.3%, 82.1%,
84.1% and 61.9% respectively). These results indicated that Alpha responded the least to
1x FSH treatment against dollar spot disease compared to the other four cultivars, with
007 and Tyee responding the most.
Similar results were obtained in the 2019 trial (Table 3.12). Overall, L93 and 007
had the highest average disease suppression, while Focus, MacKenzie, V8 and Alpha had
the lowest average disease suppression throughout the trial. The 7 DPI ratings had low
levels of disease (average of 1 spot/plot on the inoculated controls). However, by 14 DPI,
average disease levels reached 21.5 spots/plot, which rose to 50.1 spots/plot by 21 DPI
and increased until the end of the trial (49 DPI) reaching a maximum of 84.4 spots/plot.
On 14 DPI, L93, 007, Penncross and Tyee all had significantly higher disease
suppression values compared to A4. However, A4 had very low levels of disease
compared to the rest of the cultivars (<15 spots/plot on inoculated control by the end of
the trial). By 21 DPI, L93 had significantly higher disease suppression compared to
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Alpha (88.7% and 47.2% respectively). On 28 DPI (one week post last treatment
application), disease suppression values were high on all cultivars except for A4, which
had significantly less disease suppression compared to eight of nine cultivars. However,
on 35 DPI, there were no significant differences between cultivars. On 42 DPI, L93 had
significantly higher disease suppression compared to Focus, MacKenzie, V8 and Alpha
(73.6%, 47.2%, 46.1%, 43.4% and 46.1% respectively). On 49 DPI, L93 and 007 had
significantly higher disease suppression compared to V8 (42.5%, 44.3% and 9.6%
respectively).
Overall, some significant differences were observed between cultivars in their
response to 1x FSH treatment against dollar spot incidence. A. stolonifera cultivar 007
had the highest average disease suppression in the 2018 trial and second highest average
disease suppression in the 2019 trial. Meanwhile, Alpha had the lowest average disease
suppression in both the 2018 and 2019 trial. L93, Tyee and 007 were the only cultivars
that had significantly higher disease suppression compared to Alpha on multiple rating
days.
3.3.2.3.4 - Inoculated Control Disease Progression Cultivar Differences
In the 2018 trial, there were no significant differences on any rating days between
the inoculated control dollar spot counts on the five cultivars examined (Table 3.13).
Disease levels were low at the start (average of 18 spots/plot at 6 DPI), and gradually
increased until they plateaued around 34 and 41 DPI, which remained stable until the end
of the trial at 55 DPI (average of 95 spots/plot). In the 2019 trial, there were significant
differences observed between the inoculated control dollar spot counts across the 10
cultivars (Table 3.14). V8, Penncross, 007 and MacKenzie had the highest average dollar
spot counts throughout the trial (64 to 71 spots/plot), whereas T1, L93, Alpha and Tyee
had moderate levels of dollar spot counts (42 to 57 spots/plot). Focus and A4 had very
low dollar spot counts throughout the trial with an average of 29.6 and 10.8 spots/plot
respectively. Overall, dollar spot counts were very low at 7 DPI (< 5 spots/plot) but rose
steadily throughout the trial with all cultivars reaching a maximum on the last rating day
(49 DPI, between 25.0 to 108.8 spots/plot). The moderate and high groups had
significantly more dollar spot counts compared to A4 on six of seven rating days and the
high group had significantly more dollar spot counts compared to Focus on five of seven
rating days. There were some significant differences between individual cultivars in the
high and moderate groups, but in general, these cultivars did not significantly differ from
one another on most rating days (Table 3.14). However, results obtained in this study
differed from natural resistance levels posted in the literature. Natural resistance for each
cultivar was compared between reports in the literature and results from this trial
respectively: 007 (very high, low), MacKenzie (high, low), Tyee (high, moderate), L93
(high, moderate), Focus (high, high), V8 (high, low) A4 (moderate, very high), Penncross
(moderate, low), T1 (low, moderate), and Alpha (low, moderate).
3.3.3 - Ferrous Sulfate pH Adjustment Trial
Based on results from the indoor ferrous sulfate pH adjustment efficacy trial
(section 2.3.6), a field trial was set up to determine if lab results could be replicated in the
field. Two rates of FSH were used (1x and 5x), with some treatments adjusted to pH 6
using 0.5 M NaOH while their counterparts were not amended and had pH levels close to
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3. One trial was set up on greens height A. stolonifera cultivar Penncross, while another
trial was set up on fairway height A. stolonifera cultivar Penncross to compare efficacy
on different surfaces. This trial was repeated twice, once from June to August 2019
(Summer 19) and again from August to October 2019 (Fall 2019).
3.3.3.1 - Summer 2019 Trial
In general, during the Summer 2019 trial, both rates of FSH (1x and 5x)
significantly reduced dollar spot disease incidence compared to the inoculated control at
both pH levels on all rating days (Table 3.15). In the greens height trial, dollar spot
counts for the inoculated control were low on 7 DPI (5 spots/plot) but increased to 35
spots/plot by 14 DPI and reached a maximum of 100 spots/plot on 42 DPI and had 92.5
spots/plot by the end of the trial at 49 DPI (Table 3.16). Banner Maxx kept dollar spot
counts below 2 spots/plot until 49 DPI where dollar spot counts reached 7 spots/plot
(which was 28 days post last treatment application). Disease suppression values for the
1x FSH treatments ranged from 31 to 84% throughout the trial. The 1x FSH treatment at
pH 3.2 had statistically similar levels of dollar spot counts as the pH 6-1x FSH treatment
on six of seven rating days. The 1x FSH pH 6 treatment had significantly fewer dollar
spot counts on 42 DPI (three weeks post last treatment application) compared to the 1x
FSH pH 3.2 treatment. Both 1x treatments had significantly more dollar spot counts
compared to both 5x treatments and Banner Maxx on six of seven rating days. Disease
suppression values for the 5x FSH treatments ranged from 73 to 100% throughout the
trial. The 5x FSH treatment at pH 3 had statistically similar levels of dollar spot counts as
the pH 6-5x FSH treatment on seven of seven rating days. In addition, both 5x treatments
had statistically similar levels of dollar spot counts compared to Banner Maxx on six of
seven rating days. By 49 DPI (four weeks post last treatment application), Banner Maxx
had significantly fewer dollar spot counts compared to both 5x FSH treatments.
In the fairway height trial, dollar spot counts for the inoculated control were low
on 7 DPI (3 spots/plot) but increased to 29 spots/plot by 14 DPI (Table 3.17). They
reached a maximum of 87.5 spots/plot on 28 and 35 DPI and had 81.3 spots/plot by the
end of the trial at 49 DPI. Banner Maxx kept dollar spot counts below 5 spots/plot
throughout the trial. In addition, disease suppression values for the 1x FSH treatments
ranged from 43 to 97% throughout the trial. The 1x FSH treatment at pH 3.2 had
statistically similar levels of dollar spot counts as the pH 6-1x FSH treatment on all seven
rating days. Both 1x FSH treatments had significantly more dollar spot counts compared
to the two 5x FSH treatments and Banner Maxx on four of seven rating days. Disease
suppression values for the 5x FSH treatments ranged from 91 to 100% throughout the
trial. The 5x FSH treatment at pH 3 had statistically similar levels of dollar spot counts as
the pH 6-5x FSH treatment and Banner Maxx on all seven rating days.
In a combined analysis of the greens height and fairway height trials, inoculated
plots reached an average maximum of 91.3 spots/plot at 35 DPI and declined to 86.9
spots/plot by the end of the trial (49 DPI) (Table 3.15). On average, Banner Maxx kept
dollar spot counts below 6 spots/plot. Disease suppression values for the 1x FSH
treatments ranged from 40 to 92%, whereas suppression ranged from 81 to 100% for the
5x FSH treatments. There were no significant differences observed between the two-pH
treatments at both rates of FSH. Lastly, there was no observable difference between the
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darkening effects of the two different pH levels for each treatment either immediately
after spraying (1 DPT) or one week after spraying (7 DPT) (Figure 3.5).
3.3.3.2 - Fall 2019 Trial
In general, during the Fall 2019 trial, both rates of FSH (1x and 5x) significantly
reduced dollar spot disease incidence compared to the inoculated control at both pH
levels on all rating days (Table 3.18). In the greens height trial, dollar spot counts for the
inoculated control were low on 7 DPI (1.3 spots/plot) but increased to 30.6 spots/plot by
14 DPI and reached a maximum of 100 spots/plot on 42 DPI, and had 96.3 spots/plot by
the end of the trial at 49 DPI (Table 3.19). Banner Maxx kept dollar spot counts below 5
spots/plot throughout the trial. Since disease levels were very low at 7 DPI, disease
suppression values were not calculated for this rating day. However, disease suppression
values for both 1x FSH treatments ranged from 15 to 64% throughout the rest of the trial.
The 1x FSH treatment at pH 3.2 had statistically similar levels of dollar spot counts as the
pH 6-1x FSH treatment on all seven rating days. However, both 1x FSH treatments did
not significantly differ from the inoculated control dollar spot counts at 42 DPI (three
weeks post last treatment application) but had significantly fewer by the following week
at 49 DPI. In addition, both 1x FSH rates had significantly more dollar spot counts
compared to the two 5x FSH treatments and Banner Maxx on six of seven rating days.
Disease suppression values for the 5x FSH treatments ranged from 60 to 100%
throughout the trial. The 5x FSH treatment at pH 3.0 had statistically similar levels of
dollar spot counts as the pH 6-5x FSH treatment on all rating days except for 42 DPI
(three weeks post last treatment application). On this rating day, the pH 6-5x FSH
treatment had significantly fewer dollar spot counts compared to the pH 3.0 treatment.
Lastly, both 5x treatments had statistically similar levels of dollar spot counts compared
to Banner Maxx on all seven rating days.
In the fairway height trial, dollar spot counts for the inoculated control were low
on 7 DPI (4.8 spots/plot) but increased to 36.3 spots/plot by 14 DPI (Table 3.20). They
reached a maximum of 78.8 spots/plot at 42 DPI and had 72.5 spots/plot by the end of the
trial at 49 DPI. Banner Maxx kept dollar spot counts below 12 spots/plot throughout the
trial. In addition, disease suppression values for the 1x FSH treatments ranged from 26 to
81% throughout the trial. The 1x FSH treatment at pH 3.2 had statistically similar levels
of dollar spot counts as the pH 6-1x FSH treatment on all rating days except for 49 DPI
(four weeks post last treatment application), where the pH 6 treatment had significantly
higher dollar spot counts. Both 1x FSH treatments had significantly more dollar spot
counts compared to the two 5x FSH treatments and Banner Maxx on five of seven rating
days. Disease suppression values for the two 5x FSH treatments ranged from 79 to 100%
throughout the trial. The 5x FSH treatment at pH 3 had statistically similar levels of
dollar spot counts as the pH 6-5x FSH treatment and Banner Maxx on six of seven rating
days. On 21 DPI, the pH 3 treatment had significantly fewer dollar spot counts compared
to the pH 5 treatment and Banner Maxx.
In a combined analysis of the greens height and fairway height trials, inoculated
plots reached an average maximum of 89.4 spots/plot at 42 DPI and declined to 84.4
spots/plot by the end of the trial (49 DPI) (Table 3.18). On average, Banner Maxx kept
dollar spot counts to below 9 spots/plot. Disease suppression values for the 1x FSH
treatments ranged from 22 to 79%, whereas suppression ranged from 73 to 100% for the
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5x FSH treatments. On average, there were no significant differences observed between
the two-pH treatments at both rates of FSH. Lastly, there was no observable difference
between the darkening effects of the two different pH levels for each treatment either
immediately after spraying (1 DPT) or one week after spraying (7 DPT) (Figure 3.5).
3.3.4 - Ferrous Sulfate Rate and Interval Trial
Since FSH exhibited the highest amount of C. jacksonii suppression in previous
field trials, separate trials comparing three different rates of FSH (1x, 2x and 3x) and
application intervals (3.5 day, 7 day and 14 day) were set up to determine an optimal rate
and application interval for this product. One trial was set up on greens height A.
stolonifera cultivar Penncross, while another trial was set up on fairway height A.
stolonifera cultivar Penncross to compare efficacy on different surfaces. These trials were
repeated twice, once from June to August 2019 (Summer 2019) and again from August to
October 2019 (Fall 2019). Since disease incidence was very low on 7 DPI (< 3 spots/plot
for inoculated controls), this rating day was not used for comparison.
3.3.4.1 - Summer 2019 Trial
3.3.4.1.1 - Greens Height Results
In the Summer 2019 greens height trial (June to August), dollar spot counts for
the inoculated control plots reached 35 spots/plot by 14 DPI and reached a maximum of
77.5 spots/plot at 42 DPI and remained stable until the end of the trial 49 DPI (76.3
spots/plot) (Table 3.22). Banner Maxx kept dollar spot counts below 5 spots/plot
throughout the trial. For the 3.5-day interval, the 1x FSH rate had disease suppression
values ranging from 53 to 99% throughout the trial, with 92 to 98% during the
application weeks and 89 to 53% during the four weeks post treatment application. The
2x FSH rate had disease suppression ranging from 72 to 98% throughout the trial, with 97
to 98% during application weeks and 96 to 72% during the four weeks post treatment
application. The 3x FSH rate had disease suppression ranging from 82 to 100%
throughout the trial, with 99 to 100% during application weeks and 100 to 82% during
the four weeks post treatment application. Overall, there were very few significant
differences between the 3 FSH rates at the 3.5-day interval. The 3x FSH rate had
significantly fewer dollar spot counts compared to the 1x FSH rate three weeks post last
treatment application, 42 DPI (4.5 and 22.5 spots/plot respectively) and at 49 DPI (13.8
and 36.3 spots/plot respectively). The 2x FSH rate had fewer dollar spot counts compared
to the 1x FSH rate on these rating days as well, but not significantly.
For the 7-day interval, the 1x FSH rate had disease suppression values ranging
from 25 to 80% throughout the trial, with 50 to 83% during the application weeks and 54
to 25% during the four weeks post last treatment application (Table 3.22). The 2x FSH
rate had disease suppression ranging from 46 to 96% throughout the trial, with 82 to 96%
during the application weeks and 83 to 46% during the four weeks post last treatment
application. The 3x FSH rate had disease suppression ranging from 53 to 97% throughout
the trial, with 75 to 97% during the application weeks and 90 to 53% during the four
weeks post last treatment application. Overall, the 2x and 3x FSH rates had significantly
fewer[change throughout] dollar spot counts compared to the 1x FSH rate on 4 and 5
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rating days respectively. No significant differences were observed between the 2x and 3x
FSH rates at this application interval.
For the 14-day interval, the 1x FSH rate had disease suppression values ranging
from 15 to 43% throughout the trial, with 26 to 43% during the application weeks and 38
to 15% during the four weeks post last treatment application (Table 3.22). The 2x FSH
rate had disease suppression ranging from 30 to 75% throughout the trial, with 57 to 75%
during the application weeks and 54 to 30% during the four weeks post last treatment
application. The 3x FSH rate had disease suppression ranging from 30 to 68% throughout
the trial, with 50 to 68% during the application weeks and 66 to 30% during the four
weeks post last treatment application. Overall, the 2x FSH and 3x FSH rates had
significantly fewer dollar spot counts compared to the 1x FSH rate on 1 and 2 rating days
respectively. The 1x FSH rate had significantly fewer dollar spot counts compared to the
inoculated control except for on 21 and 49 DPI, where no significant differences were
observed. No significant differences were observed between the 2x and 3x FSH rates at
this application interval.
When comparing the three application intervals for 1x FSH, the 7-day and 14-day
intervals had significantly more dollar spot counts compared to the 3.5-day interval on 5
and 6 rating days respectively (Table 3.22). The 14-day interval only had significantly
more dollar spot counts compared to the 7-day interval on 21 DPI. When looking at the
2x FSH rate, the 7-day and 14-day intervals had significantly more dollar spot counts
compared to the 3.5-day interval on 3 and 6 rating days respectively. The 14-day interval
had significantly more dollar spot counts compared to the 7-day interval on 4 rating days.
Lastly, when examining the 3x FSH rate, the 7-day and 14-day intervals had significantly
more dollar spot counts compared to the 3.5-day interval on 4 and 6 rating days
respectively. The 14-day interval had significantly more dollar spot counts compared to
the 7-day interval on 4 rating days.
In general, decreasing the application interval significantly reduced dollar spot
counts, while increasing the rate of FSH to 2x and 3x also significantly reduced dollar
spot counts compared to a 1x FSH rate. However, there was an increasing blackening
effect observed with decreasing application intervals and increasing FSH rates. In
addition, the 3.5-day interval resulted in scarring by the end of the trial for all three FSH
rates (3x = 20%, 2x = 10% and 1x = 5%) (Figure 3.8). This effect dissipated with
increasing application intervals as the scarring observed for the 7-day interval was: 3x =
10%, 2x = 5% and 1x = 0% and scarring for the 14-day interval was: 3x = 5%, 2x = 0%
and 1x = 0% (Figure 3.8).
3.3.4.1.2 - Fairway Height Results
In the Summer 2019 fairway height trial, dollar spot counts for the inoculated
control plots reached 46.3 spots/plot by 14 DPI and reached a maximum of 87.5
spots/plot at 28 DPI and remained fairly stable until the end of the trial 49 DPI (83.8
spots/plot) (Table 3.23). Banner Maxx kept dollar spot counts below 6 spots/plot
throughout the trial. For the 3.5-day interval, the 1x FSH rate had disease suppression
values ranging from 70 to 98% throughout the trial, with 96 to 98% during the
application weeks and 85 to 70% during the four weeks post treatment application. The
2x FSH rate had disease suppression ranging from 73 to 99% throughout the trial, with 96
to 99% during application weeks and 96 to 73% during the four weeks post treatment
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application. The 3x FSH rate had disease suppression ranging from 84 to 100%
throughout the trial, with 100% during application weeks and 98 to 84% during the four
weeks post treatment application. Overall, there were no significant differences between
the 3 FSH rates at the 3.5-day interval. The 3x FSH rate had fewer dollar spot counts
compared to the 2x FSH rate whereas the 2x FSH rate had fewer dollar spot counts
compared to the 1x FSH rate, but there were no statistically significant differences.
For the 7-day interval, the 1x FSH rate had disease suppression values ranging
from 31 to 71% throughout the trial, with 68 to 71% during the application weeks and 46
to 31% during the four weeks post last treatment application (Table 3.23). The 2x FSH
rate had disease suppression ranging from 57 to 88% throughout the trial, with 77 to 88%
during the application weeks and 69 to 57% during the four weeks post last treatment
application. The 3x FSH rate had disease suppression ranging from 67 to 97% throughout
the trial, with 94 to 97% during the application weeks and 92 to 67% during the four
weeks post last treatment application. Overall, the 2x and 3x FSH rates had significantly
fewer dollar spot counts compared to the 1x FSH rate on 3 and 6 rating days respectively.
No significant differences were observed between the 2x and 3x FSH rates at this
application interval.
For the 14-day interval, the 1x FSH rate had disease suppression values ranging
from 36 to 77% throughout the trial, with 53 to 77% during the application weeks and 53
to 36% during the four weeks post last treatment application (Table 3.23). The 2x FSH
rate had disease suppression ranging from 54 to 95% throughout the trial, with 75 to 95%
during the application weeks and 70 to 54% during the four weeks post last treatment
application. The 3x FSH rate had disease suppression ranging from 63 to 93% throughout
the trial, with 81 to 93% during the application weeks and 87 to 63% during the four
weeks post last treatment application. Overall, the 2x FSH and 3x FSH rates had
significantly fewer dollar spot counts compared to the 1x FSH rate on 1 and 2 rating days
respectively. No significant differences were observed between the 2x and 3x FSH rates
at this application interval.
When comparing the three application intervals for 1x FSH, the 7-day and 14-day
intervals had significantly more dollar spot counts compared to the 3.5-day interval on 6
rating days (Table 3.23). No significant differences were observed between the 7-day and
14-day intervals. When looking at the 2x FSH rate, the 7-day and 14-day intervals had
significantly more dollar spot counts compared to the 3.5-day interval on 4 and 3 rating
days respectively. The 14-day interval had significantly fewer dollar spot counts
compared to the 7-day interval on 1 rating day. Lastly, when examining the 3x FSH rate,
the 7-day and 14-day intervals had significantly more dollar spot counts compared to the
3.5-day interval on 4 and 6 rating days respectively. However, there were no significant
differences observed between the 7-day and 14-day intervals for this rate.
In general, decreasing the application interval significantly reduced dollar spot
counts, while increasing the rate of FSH to 2x and 3x also significantly reduced dollar
spot counts compared to a 1x FSH rate. Similarly to the greens height trial, there was an
increasing blackening effect observed with decreasing application intervals and
increasing FSH rates. In addition, the 3.5-day interval resulted in scarring by the end of
the trial for all three FSH rates (3x = 30%, 2x = 10% and 1x = 5%) (Figure 3.7). This
effect dissipated with increasing application intervals as the scarring observed for the 7-
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day interval was: 3x = 20%, 2x = 5% and 1x = 0% and scarring for the 14-day interval
was: 3x = 10%, 2x = 5% and 1x = 0% (Figure 3.7).
3.3.4.1.3 - Combined Green and Fairway Height Data and Comparison of Results
After combining the green and fairway height results, dollar spot counts reached
an average of 40.6 spots/plot by 14 DPI and an average maximum of 80 spots/plot at 49
DPI in the Summer 2019 trial (Table 3.21). Banner Maxx kept dollar spot counts to 5
spots/plot or less on average. Considering the 1x FSH rate, the 3.5-day application
interval had significantly fewer dollar spot counts compared to the 7-day and 14-day
intervals on all rating days. The 7-day interval had significantly fewer dollar spot counts
compared to the 14-day interval on 1 rating day (21 DPI) but otherwise had statistically
similar levels of dollar spot counts. Only the 3.5-day interval had statistically similar
levels of disease suppression compared to Banner Maxx during the application weeks,
but generally had significantly lower disease suppression compared to Banner Maxx
during the four weeks post last treatment application.
When looking at the 2x FSH rate, the 3.5-day application interval had
significantly fewer dollar spot counts compared to the 7-day and 14-day intervals on 4
and 5 rating days respectively (Table 3.21). The dollar spot counts increased more rapidly
for the 7-day and 14-day intervals after the last application day. Dollar spot counts
remained stable for the 3.5-day interval up to 3 weeks post last treatment application,
whereas dollar spot counts did not stay stable for more than 1 week for the 7-day and 14day intervals. The 7-day interval only had significantly fewer dollar spot counts
compared to the 14-day interval on 1 rating day (21 DPI), but it had fewer dollar spot
counts on all rating days, although not significantly. The 3.5-day and 7-day intervals had
statistically similar levels of disease suppression compared to Banner Maxx during the
application weeks, whereas the 14-day interval only did on 14 DPI. The 3.5-day interval
had statistically similar levels of disease suppression as Banner Maxx on the first 5 rating
days, but not by the last rating day at 49 DPI.
When considering the 3x FSH rate, the 3.5-day interval had significantly fewer
dollar spot counts compared to the 7-day and 14-day intervals on 3 and 6 rating days
respectively (Table 3.21). The 7-day interval had significantly fewer dollar spot counts
compared to the 14-day interval on 3 rating days. The 3.5-day and 7-day intervals had
statistically similar levels of disease suppression compared to Banner Maxx during the
application weeks, whereas the 14-day interval only did on 14 DPI and on no other rating
days. The 3.5-day interval had statistically similar levels of disease suppression as Banner
Maxx on all rating days, but had higher dollar spot counts on 49 DPI, although it did not
differ statistically. The 7-day interval had statistically similar levels of disease
suppression compared to Banner Maxx on all rating days except for 42 and 49 DPI.
In general, decreasing the application interval significantly reduced dollar spot
counts, while increasing the rate of FSH to 2x and 3x also significantly reduced dollar
spot counts compared to a 1x FSH rate (Figure 3.6). There was an increasing blackening
effect observed with decreasing application intervals and increasing FSH rates. In
addition, the 3.5-day interval resulted in scarring by the end of the trial for all three FSH
rates on both playing surfaces (Figures 3.7 and 3.8), even the 1x rate.
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3.3.4.2 - Fall 2019 Trial
3.3.4.2.1 - Greens Height Results
In the Fall 2019 greens height trial (August to October), dollar spot counts for the
inoculated control plots reached 41.3 spots/plot by 14 DPI and reached a maximum of
130 spots/plot at 42 DPI, which dropped to 112.5 spots/plot by the end of the trial at 49
DPI (Table 3.25). Banner Maxx kept dollar spot counts below 8 spots/plot throughout the
trial. LSD values were high on all rating days during this trial, which indicated high
variability plot to plot. For the 3.5-day interval, the 1x FSH rate had disease suppression
values ranging from 56 to 95% throughout the trial, with 95% during the application
weeks and 92 to 56% during the four weeks post treatment application. The 2x FSH rate
had disease suppression ranging from 86 to 99% throughout the trial, with 99% during
application weeks and 99 to 86% during the four weeks post treatment application. The
3x FSH rate had disease suppression ranging from 91 to 100% throughout the trial, with
98 to 100% during application weeks and 100 to 91% during the four weeks post
treatment application. Overall, there were few significant differences between the 3 FSH
rates at the 3.5-day interval. The 2x and 3x FSH rates did not differ significantly on any
rating days but both rates had significantly fewer dollar spot counts compared to the 1x
FSH rate on the last two rating days. However, the 2x and 3x FSH rates had lower dollar
spot counts compared to the 1x FSH on all other rating days, but not at significant levels.
For the 7-day interval, the 1x FSH rate had disease suppression values ranging
from 10 to 64% throughout the trial, with 42 to 64% during the application weeks and 35
to 10% during the four weeks post last treatment application (Table 3.25). The 2x FSH
rate had disease suppression ranging from 49 to 90% throughout the trial, with 85 to 90%
during the application weeks and 71 to 49% during the four weeks post last treatment
application. The 3x FSH rate had disease suppression ranging from 39 to 91% throughout
the trial, with 84 to 91% during the application weeks and 75 to 39% during the four
weeks post last treatment application. Overall, the 2x and 3x FSH rates had significantly
fewer dollar spot counts compared to the 1x FSH rate all rating days. No significant
differences were observed between the 2x and 3x FSH rates at this application interval.
The 1x FSH rate only had significantly fewer dollar spot counts compared to the
inoculated control up until 28 DPI (one week post last treatment application). In the
following three weeks it did not statistically differ from the inoculated control.
For the 14-day interval, the 1x FSH rate had disease suppression values ranging
from 1 to 33% throughout the trial, with 19 to 33% during the application weeks and 14
to 1% during the four weeks post last treatment application (Table 3.25). The 2x FSH rate
had disease suppression ranging from 10 to 49% throughout the trial, with 17 to 49%
during the application weeks and 32 to 10% during the four weeks post last treatment
application. The 3x FSH rate had disease suppression ranging from 25 to 75% throughout
the trial, with 42 to 75% during the application weeks and 46 to 25% during the four
weeks post last treatment application. Overall, the 3x FSH rates had significantly fewer
dollar spot counts compared to the 1x FSH and 2x FSH rates on 3 and 2 rating days
respectively. No significant differences were observed between the 1x and 2x FSH rates
at this application interval on any rating days. The 1x FSH rate did not significantly differ
from the inoculated control on any rating days except for 14 DPI, where it had
significantly fewer dollar spot counts. In addition, the 2x FSH did not significantly differ
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from the inoculated control on 21 DPI (last application day) and 35 DPI (two weeks post
last application), but had significantly fewer dollar spot counts on the other rating days.
When comparing the three application intervals for 1x FSH, the 7-day and 14-day
intervals had significantly more dollar spot counts compared to the 3.5-day interval on 6
rating days (Table 3.25). The 7-day interval had significantly fewer dollar spot counts
compared to the 14-day interval on one rating day (14 DPI) but they did not significantly
differ on any of the other rating days. When looking at the 2x FSH rate, the 7-day and 14day intervals had significantly more dollar spot counts compared to the 3.5-day interval
on 4 and 6 rating days respectively. The 14-day interval had significantly more dollar
spot counts compared to the 7-day interval on 6 rating days. Lastly, when examining the
3x FSH rate, the 7-day and 14-day intervals had significantly more dollar spot counts
compared to the 3.5-day interval on 4 and 6 rating days respectively. The 14-day interval
had significantly more dollar spot counts compared to the 7-day interval on 4 rating days.
In general, decreasing the application interval significantly reduced dollar spot
counts, while increasing the rate of FSH to 2x and 3x also significantly reduced dollar
spot counts compared to a 1x FSH rate. There was an increasing blackening effect
observed with decreasing application intervals and increasing FSH rates. In addition, the
3.5-day interval resulted in scarring by the end of the trial for all three FSH rates (3x =
20%, 2x = 10% and 1x = 5%). This effect dissipated with increasing application intervals
as the scarring observed for the 7-day interval was: 3x = 5%, 2x = 0% and 1x = 0% and
scarring for the 14-day interval was: 3x = 0%, 2x = 0% and 1x = 0%.
3.3.4.2.2 - Fairway Height Results
In the Fall 2019 fairway height trial, dollar spot counts for the inoculated control
plots reached 26.3 spots/plot by 14 DPI and reached a maximum of 87.5 spots/plot at 42
DPI and remained stable until the end of the trial 49 DPI (87.5 spots/plot) (Table 3.26).
Banner Maxx kept dollar spot counts below 5 spots/plot throughout the trial. For the 3.5day interval, the 1x FSH rate had disease suppression values ranging from 77 to 96%
throughout the trial, with 81 to 96% during the application weeks and 96 to 77% during
the four weeks post treatment application. The 2x FSH rate had disease suppression
ranging from 93 to 99% throughout the trial, with 94 to 99% during application weeks
and 99 to 93% during the four weeks post treatment application. The 3x FSH rate had
disease suppression ranging from 96 to 100% throughout the trial, with 99 to 100%
during application weeks and 99 to 96% during the four weeks post treatment application.
Overall, there were no significant differences between the 3 FSH rates at the 3.5-day
interval. The 2x and 3x FSH rates had fewer dollar spot counts compared to the 1x FSH
on all rating days, but not significantly.
For the 7-day interval, the 1x FSH rate had disease suppression values ranging
from 34 to 86% throughout the trial, with 79 to 84% during the application weeks and 87
to 34% during the four weeks post last treatment application (Table 3.26). The 2x FSH
rate had disease suppression ranging from 54 to 96% throughout the trial, with 66 to 69%
during the application weeks and 96 to 54% during the four weeks post last treatment
application. The 3x FSH rate had disease suppression ranging from 79 to 98% throughout
the trial, with 83 to 94% during the application weeks and 98 to 79% during the four
weeks post last treatment application. Overall, the 3x FSH rate had significantly fewer
dollar spot counts compared to the 1x FSH rate on 3 rating days. No significant
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differences were observed between the 1x and 2x FSH rates as well as the 2x and 3x FSH
rates at this application interval.
For the 14-day interval, the 1x FSH rate had disease suppression values ranging
from 26 to 72% throughout the trial, with 29 to 55% during the application weeks and 72
to 26 during the four weeks post last treatment application (Table 3.26). The 2x FSH rate
had disease suppression ranging from 36 to 85% throughout the trial, with 51% during
the application weeks and 85 to 36% during the four weeks post last treatment
application. The 3x FSH rate had disease suppression ranging from 60 to 95% throughout
the trial, with 67 to 73% during the application weeks and 95 to 60% during the four
weeks post last treatment application. Overall, the 2x FSH and 3x FSH rates had
significantly fewer dollar spot counts compared to the 1x FSH rate on 2 and 5 rating days
respectively. The 3x FSH rate had significantly fewer dollar spot counts compared to the
2x FSH rate on one rating day (49 DPI). Lastly, the 1x FSH rate did not have
significantly fewer dollar spot counts compared to the inoculated control on 1 rating day
(42 DPI).
When comparing the three application intervals for 1x FSH, the 7-day and 14-day
intervals had significantly more dollar spot counts compared to the 3.5-day interval on 2
and 5 rating days respectively (Table 3.26). The 14-day interval had significantly more
dollar spot counts compared to the 7-day interval on 3 rating days. When looking at the
2x FSH rate, the 7-day and 14-day intervals had significantly more dollar spot counts
compared to the 3.5-day interval on 2 and 6 rating days respectively. The 14-day interval
had significantly more dollar spot counts compared to the 7-day interval on 1 rating day.
Lastly, when examining the 3x FSH rate, the 14-day interval had significantly more
dollar spot counts compared to the 3.5-day interval on 2 rating days. The 7-day interval
did not significantly differ from the 3.5-day interval; however, it had more dollar spot
counts on each rating day. In addition, there were no significant differences observed
between the 7-day and 14-day intervals for this rate but the 14-day interval had more
dollar spot counts on all rating days.
In general, decreasing the application interval significantly reduced dollar spot
counts, while increasing the rate of FSH to 2x and 3x also significantly reduced dollar
spot counts compared to a 1x FSH rate. There was an increasing blackening effect
observed with decreasing application intervals and increasing FSH rates. In addition, the
3.5-day interval resulted in minor scarring by the end of the trial, which was less than the
greens height trial (3x = 5%, 2x = 0% and 1x = 0%). This effect dissipated with
increasing application intervals as the there was no scarring observed by the end of the
trial for the 7-day and 14-day application intervals at all three FSH rates, which differs
from the results of the Summer trial where all rates caused more significant scarring by
the end of the trial.
3.3.4.2.3 - Combined Green and Fairway Height Data and Comparison of Results
After combining the green and fairway height results, dollar spot counts reached
an average of 33.8 spots/plot by 14 DPI and an average maximum of 108.8 spots/plot at
42 DPI in the Fall 2019 trial, which was higher than Summer 2019 trial (maximum of 80
spots/plot) (Table 3.24). Banner Maxx kept dollar spot counts to 6 spots/plot or less on
average, which was similar to the Summer 2019 trial (5 spots/plot or less). Considering
the 1x FSH rate, the 3.5-day application interval had significantly fewer dollar spot
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counts compared to the 7-day and 14-day intervals on all rating days. The 7-day interval
had significantly fewer dollar spot counts compared to the 14-day interval on 4 rating
days but otherwise had statistically similar levels of dollar spot counts on 42 and 49 DPI.
Only the 3.5-day interval had statistically similar levels of disease suppression compared
to Banner Maxx during the application weeks, but generally had significantly lower
disease suppression compared to Banner Maxx during the four weeks post last treatment
application.
When looking at the 2x FSH rate, the 3.5-day application interval had
significantly fewer dollar spot counts compared to the 7-day and 14-day intervals on 4
and 6 rating days respectively (Table 3.24). The dollar spot counts increased more rapidly
for the 7-day and 14-day intervals after the last application day. Dollar spot counts
remained stable for the 3.5-day and 7-day intervals for up to 2 weeks post last treatment
application, whereas dollar spot counts did not stay stable for more than 1 week for the
14-day interval. The 7-day interval had significantly fewer dollar spot counts compared
to the 14-day interval on 6 rating days. The 3.5-day and 7-day intervals had statistically
similar levels of disease suppression compared to Banner Maxx during the application
weeks, whereas the 14-day interval did not. Lastly, the 3.5-day interval had statistically
similar levels of disease suppression as Banner Maxx on all rating days, however dollar
spot counts were noticeably higher on 42 and 49 DPI, although not significantly.
When considering the 3x FSH rate, the 3.5-day interval had significantly fewer
dollar spot counts compared to the 7-day and 14-day intervals on 4 and 6 rating days
respectively (Table 3.24). The 7-day interval had significantly fewer dollar spot counts
compared to the 14-day interval on 5 rating days. The 3.5-day and 7-day intervals had
statistically similar levels of disease suppression compared to Banner Maxx during the
application weeks, whereas the 14-day interval only did not. The 3.5-day interval had
statistically similar levels of disease suppression as Banner Maxx on all rating days. The
7-day interval had statistically similar levels of disease suppression compared to Banner
Maxx during application weeks, but had significantly lower disease suppression during
the four weeks post last treatment application.
In general, decreasing the application interval significantly reduced dollar spot
counts, while increasing the rate of FSH to 2x and 3x also significantly reduced dollar
spot counts compared to a 1x FSH rate (Figure 3.6). There was an increasing blackening
effect observed with decreasing application intervals and increasing FSH rates. In
addition, the 3.5-day interval resulted in scarring by the end of the trial for all three FSH
rates on both playing surfaces (Figures 3.7 and 3.8). This effect dissipated with increasing
application intervals. On average, disease suppression values were higher in the Summer
2019 trial compared to the Fall 2019 trial, but the blackening and scarring was also higher
in the Summer 2019 trial.
3.3.5 - Phytotoxic, Discolouration and Efficacious Effects of Ferrous Sulfate Across
10 Cultivars of A. stolonifera
Due to discolouration of FSH treatments observed in previous field efficacy trials,
other trials were added to investigate differences in blackening and potential
phytotoxicity of increasing rates of FSH (0.25 kg to 3.75 kg/100m2) across 10 cultivars of
A. stolonifera, as well as efficacy at higher rates. The first trial occurred from August
until October 2018 and the second trial occurred from July until August 2019. Results
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have been broken down into two subsections, one for discolouration and phytotoxicity,
and another for efficacy against C. jacksonii.
3.3.5.1 - Effect on Dollar Spot Disease
There was an overall trend of increasing efficacy with increasing rates of FSH for
both the 2018 and 2019 trials. In the 2018 trial, the 1x FSH rate (250 g/100m2) had low
levels of dollar spot counts during application periods (0.6 to 6.4 spots per 0.0625 m2
plot), which increased slightly to 12.2 spots per plot by two weeks post last treatment
application (Table 3.27). However, there was a large increase by three weeks post last
treatment application (up to 26.1 spots per plot) and 35.1 spots by four weeks later. The
5x FSH rate had significantly fewer dollar spot counts compared to the 1x FSH rate on
five of six rating dates. During application periods, spot counts ranged from 0.4 to 1.8
spots per plot, which remained stable by two weeks post last treatment application (1.6
spots per plot). However, there was an increase in spots by three weeks post last
treatment application (4.6 spots per plot) and a larger increase by four weeks later (11.2
spots per plot). These values indicated that for the 1x FSH rates, there was up to two
weeks of efficacy, which diminished by three weeks post last treatment application and
three weeks of efficacy for the 5x FSH rate. The 10x FSH rate had significantly fewer
dollar spot counts compared to 5x FSH on five of six rating dates. During application
periods, spot counts only reached an average of 0.1 per plot, which remained stable by
two weeks post last treatment application (0.8 spots per plot). However, there was a slight
increase by three weeks later (1.7 spots per plot) and the largest increase occurred by four
weeks later (6.3 spots per plot). The 15x FSH rate had statistically similar levels of dollar
spot counts compared to the 10x FSH rate on the first five rating dates, but had
significantly fewer spots on the last rating date. During application periods, spot counts
remained at 0 spots per plot and remained stable by three weeks post last treatment
application (0.3 spots per plot). However, the largest increase occurred by four weeks
post last treatment application (2.9 spots per plot). These values indicated that for the 10x
and 15x FSH rates, there was up to three weeks of efficacy, which diminished by four
weeks post last treatment application.
Similar results were obtained in the 2019 trial; however, disease levels were much
lower in this trial (9.9 spots per plot for 1x FSH on the last rating date in 2019 vs. 35.1
spots per plot in 2018). The 1x FSH rate had significantly more dollar spot counts
compared to the inoculated control on all six rating dates (Table 3.28). Disease
suppression ranged from 70 to 82% during application weeks and 35 to 83% during the
four weeks post treatment application. There was a large decline in disease suppression
from one week to two weeks post last treatment application (83 to 47%), which implied
duration of efficacy between one to two weeks. The 5x FSH rate had significantly fewer
dollar spot counts compared to the 1x FSH rates on five of six rating dates. Disease
suppression ranged from 83 to 99% during application weeks and 61 to 99% during the
four weeks post treatment application. There was a decrease in disease suppression
between one and two weeks post last treatment application (99 to 80%) but this remained
stable until another decrease between the third and fourth week post last treatment
application (79 to 61%). This indicated that this treatment rate had efficacy lasting up to
three weeks. The 10x FSH rate had significantly fewer dollar spot counts compared to the
5x FSH rate on three of six rating dates, but did not differ significantly on the first three
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rating dates during treatment application weeks. Disease suppression ranged from 91 to
100% during treatment application weeks and 78 to 100% during the four weeks post last
treatment application. There wasn’t a noticeable decrease in disease suppression until
four weeks post last treatment application (89 to 78%). This indicated that this treatment
rate had efficacy lasting up to four weeks. The 15x FSH rate had statistically similar
levels of dollar spot counts compared to the 10x rate on all six rating dates and had
significantly fewer dollar spot counts compared to the 5x FSH rate on three of six rating
dates. Disease suppression ranged from 97 to 100% during treatment application weeks
and 82 to 100% during the four weeks post last treatment application. There wasn’t a
noticeable decrease in disease suppression until four weeks post last treatment application
(94 to 82%). This indicated that this treatment rate had efficacy lasting up to four weeks.
Overall, increasing rates of FSH produced higher levels of disease suppression with the
highest rates completely eliminating dollar spot incidence (Figure 3.9).
3.3.5.2 - Application Rate and Phytotoxicity and Discolouration
Increasing rates of FSH caused an increasing trend in discolouration for both the
2018 and 2019 trials (Tables 3.29 and 3.32). In 2018, blackening was most severe at 1
DPT and steadily decreased over time for all FSH rates (Table 3.29). The low 1x FSH
rate (250 g/100m2) when averaged across 10 cultivars and five rating dates had 21.8%
blackening at 1 DPT, which dropped to 4.5% by 7 DPT, 2.8% by 14 DPT and then to
0.1% by 28 DPT. The 5x FSH rate had significantly more blackening on all rating dates
compared to 1x FSH with 31.6% blackening at 1 DPT, which dropped to 14.3% by 7
DPT, 11.8% by 14 DPT and 4.2% by 28 DPT. Both of these rates experienced the largest
decrease in blackening between 1 and 7 DPT and had very low levels of blackening by 28
DPT. The 10x FSH rate had significantly more blackening than the 5x FSH rate on all
rating dates with 53.4% blackening at 1 DPT, which dropped to 45.5% by 7 DPT, 13.4%
by 14 DPT and 4.2% by 28 DPT. The 15x FSH rate had significantly more blackening
than the 10x FSH rate with 65.9 % blackening at 1 DPT, which dropped to 58.3% by 7
DPT, 12.7% by 14 DPT and 7.9% by 28 DPT. The largest decrease in blackening for
these two higher rates occurred between 7 and 14 DPT. There was no phytotoxic damage
or scarring observed in the 2018 trial for any of the rates used. Overall, these results
indicated that higher rates of FSH cause an immediate significant increase in blackening
while also persisting for longer periods of time compared to the lower rates. However, all
rates had less than 10% blackening by 28 DPT, which indicated that the blackening effect
decreased over time back to more acceptable levels.
In 2019, somewhat different results were obtained. Similarly, blackening was
most severe at 1 DPT and decreased over time for all FSH rates when averaged across 10
cultivars and five rating dates (Table 3.32). However, the 5x, 10x and 15x FSH rates did
not experience as large of a decline over time due to phytotoxic damage, which resulted
in scarring. The low 1x FSH rate had significantly more blackening compared to the
untreated control on all rating dates and had 40% blackening at 1 DPT. This dropped to
28.1% by 7 DPT, 18.3% by 14 DPT and 4.4% by 28 DPT. The 5x FSH rate had
significantly more blackening compared to 1x FSH on all rating dates with 66.6%
blackening at 1 DPT, 63% by 7 DPT, 45.3% by 14 DPT and 25.9% by 28 DPT. These
values did not decrease as much over time due to high levels of scarring observed
(Figures 3.9 and 3.11). The 10x FSH rate had significantly more blackening than the 5x
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FSH rate on all rating dates with 79.6% blackening at 1 DPT, 81.5% at 7 DPT, 70.3% at
14 DPT and 59.8% by 28 DPT. These values also did not decrease as much over time due
to high levels of scarring observed (Figures 3.9, 3.10 and 3.11). Lastly, the high 15x FSH
rate had significantly more blackening compared to the 10x FSH rate on four of five
rating dates with 82.5% blackening at 1 DPT, 83.5% by 7 DPT, 75% by 14 DPT and
65.6% by 28 DPT. These values also did not decrease over time due to high levels of
scarring observed (Figures 3.9, 3.10 and 3.11). Overall, the 2019 results showed that high
rates of FSH (≥1250 g/100m2) caused high levels of scarring after repeated applications
when applied from June until August. In addition, even the lower 250 g/100m2 caused
high levels of blackening initially, but experienced the highest drop in blackening
between 1 DPT and 7 DPT, which declined to <5% by 28 DPT. This rate also did not
cause any scarring in this trial, which showed that lowest rate of FSH (1x) did not cause
phytotoxic damage.
3.3.5.2.1 - Cultivar Differences in Phytotoxicity and Discolouration
There were some significant differences observed in darkening and scarring
between cultivars in their response to repeated FSH application (weekly for four weeks,
and monitored to four weeks post last treatment application). In ANOVA tests by rating
dates, the interaction term rate x cultivar was not significant 4 out of 5 times, and
cultivars generally reacted similarly to the four different rates of FSH (1x, 5x, 10x and
15x). Therefore, since 5x and higher are not practical for most field uses and since high
levels of scarring were observed at those rates in 2019, only 1x cultivar differences are
presented here.
In the 2018 trial, percent blackening remained 10% or less (2 to 10%) for all 10
cultivars by 7 DPT during weekly applications (Table 3.30). However, on 08/24,
Penncross and MacKenzie had significantly more blackening compared to the other eight
cultivars. On 08/31, MacKenzie had significantly more blackening compared to seven
cultivars, Tyee had significantly more blackening compared to five cultivars and
Penncross had significantly more blackening compared to two cultivars. By 09/07, both
MacKenzie and Penncross had significantly more blackening compared to four cultivars.
In the 2018 trial, A4, Tyee, 007, Penncross, L93 and MacKenzie had the highest average
levels of blackening across the five rating dates post last treatment application (4 to 6%)
(Table 3.31). Conversely, Alpha, V8, Focus and T1 had the lowest average levels of
blackening across the five rating dates (3.5 to 2.5%). There were few significant
differences between cultivars throughout the trial. However, MacKenzie had significantly
higher blackening at 1 DPT compared to the other nine cultivars (21.3% versus 6.3 to
13.8%). By 7 DPT, it dropped down to 3.5%, which was similar to most cultivars on this
rating day. Overall, there was a large decrease in blackening between 1 DPT and 7 DPT,
which steadily declined until the end of the trial. All cultivars reached 0% blackening by
28 days after the last treatment application; however, Focus and V8 reached 0% by 21
days after last treatment.
Different results were obtained in the 2019 trial. Since low levels of scarring were
occurred on some of the cultivars, scarring and blackening were grouped together as a
percent discolouration of the turfgrass for this trial. Percent discolouration remained 7.5%
or above (7.5 to 41.3%) for all 10 cultivars by 7 DPT during weekly applications (Table
3.33). On 06/24, A4 had significantly higher discolouration compared to Penncross, Tyee
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and L93. In addition, Focus, V8, Alpha and 007 had significantly higher discolouration
compared to L93 on this rating day. On 07/01, discolouration was much lower than the
previous rating day (7.5 to 17.5% compared to 16.3 to 41.3%). A4, had significantly
more discolouration compared to Focus, Tyee, 007 and L93 on this rating day. In
addition, MacKenzie had significantly more discolouration compared to Focus and 007.
By 07/08, A4 had significantly more discolouration compared to all nine cultivars (37.5%
versus 12.5 to 26.3%). MacKenzie had significantly more blackening compared to six
cultivars on this rating day.
In the 2019 trial, discolouration was high at 1 DPT but decreased steadily
throughout the remainder of the trial (Table 3.34). V8 was the only cultivar to reach 0%
discolouration, which occurred at 21 DPT. However, T1, Focus, L93, Penncross, Alpha
and 007 reached < 5% blackening by 28 DPT and showed no signs of scarring (Figure
3.10 and 3.11). Tyee, MacKenzie and A4 had some scarring by the end of the trial. A4
had significantly higher scarring compared to all other cultivars (Figure 3.10 and 3.12). In
the 2019 trial, Tyee, T1, MacKenzie and A4 had the highest average levels of
discolouration across the five rating dates post last treatment application (19.5 to 32.8%).
Conversely, Focus, L93, Penncross, Alpha, V8 and 008 had the lowest average levels of
discolouration (14.8 to 16.8%). At 1 DPT, A4 had significantly higher discolouration
compared to all cultivars except for T1, which had significantly higher darkening
compared to seven cultivars. By 7 DPT, A4 had significantly higher discolouration
compared to six cultivars, eight cultivars at 14 DPT, and nine cultivars at both 21 DPT
and 28 DPT. In addition, MacKenzie had significantly higher discolouration compared to
eight cultivars at 14 DPT, six cultivars at 21 DPT and one cultivar at 28 DPT. Overall,
discolouration (comprised of blackening and scarring) was higher in the 2019 trial
compared to the blackening in the 2018 trial (which had no scarring). A4 had the highest
levels of blackening and scarring throughout the trial (Figure 3.12)
3.3.6 - Root Growth Analysis of A. stolonifera Treated With Ferrous Sulfate
In order to further investigate phytotoxic effects of FSH, five soil cores from
cultivar Penncross in the 2019 phytotoxicity trial were collected from each of the four
FSH treatments, as well as the untreated control, at 28 DPT (days post last treatment
application). Root zones were washed with deionized water and root length as well as
root density of the cores were estimated and compared (Figure 3.13).
Overall, increasing rates of FSH caused a decrease in root density (Table 3.35).
The 1x FSH rate did not significantly differ from the untreated control. The 5x FSH rate
had significantly lower root density compared to both the untreated control and 1x FSH
rate (by 44% and 37% respectively). The 10x and 15x FSH rates had statistically similar
root densities and both rates had significantly lower root densities compared to the 1x
FSH rate (by 63 and 65% respectively), 5x FSH rate (by 41% and 45% respectively) and
untreated control (by 67% and 69% respectively).
For root length, in general, high rates of FSH caused a decrease in root length
(Table 3.35). The 1x and 5x FSH rates did not significantly differ from the untreated
control. However, the 10x and 15x FSH had significantly less root length compared to the
untreated control by 55% and 51% respectively. These rates also had significantly less
root length compared to the 1x FSH (by 53% and 48% respectively) and 5x FSH rate (by
56% and 52% respectively).
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3.3.7 - Low Rate Ferrous Sulfate Discolouration Trial
Since discolouration and phytotoxicity was elevated for higher rates of FSH, a
separate trial was conducted on A. stolonifera cultivar Penncross to compare the
discolouration of lower FSH rates (250 to 1250 g/100m2) to an untreated control. Two
trials were set up and monitored from mid-May until mid-June 2019. One trial received a
single application of FSH and was rated for percent blackening for three weeks, while the
second trial received three weekly applications of FSH and was also rated for three weeks
to see if multiple applications increase the level of blackening over time.
Overall, for the trial with a single application, there was an initial high blackening
effect for all five FSH rates that decreased by 7 DPT and completely dissipated by 21
DPT (Table 3.36). All five FSH rates had significantly more blackening compared to the
untreated control on all rating days until 17 DPT. By this rating date, the 1x, 2x and 3x
FSH rates had statistically similar levels of blackening. By 21 DPT, the 4x and 5x FSH
rates also had statistically similar levels of blackening compared to the untreated control.
At 1 and 2 DPT, there was no significant difference between any of the five FSH rates.
However, by 3 DPT, there were significant differences between the higher FSH rates and
the lower FSH rates. The 4x and 5x FSH rates had significantly more blackening
compared to the 1x and 2x FSH rates. By 7 DPT and 10 DPT, only the 5x FSH rate had
significantly higher levels of blackening compared to the other four FSH rates. By 14
DPT, all five rates of FSH had statistically similar levels of blackening.
For trial with multiple applications, similar results were obtained with more
significant differences between FSH rates (Table 3.37). Overall, there was a high initial
blackening effect for all five FSH rates that decreased by 10 DPT and completely
dissipated by 21 DPT (Figure 3.14). However, it took around three extra days for the
blackening to drop to similarly low blackening levels compared to the single application
trial. In addition, the 1 DPT blackening levels were higher compared to the single
application trial for the 4x and 5x FSH rates, which indicated a compounding blackening
effect for higher rates. The lower 1x, 2x and 3x FSH rates had similar initial blackening
levels compared to the single application trial. All five FSH rates had significantly more
blackening compared to the untreated control until 10 DPT. The 1x and 2x FSH rates did
not differ statistically from the untreated control by 10 DPT, the 4x FSH rate did not
differ statistically from the untreated control by 17 DPT and the 3x and 5x FSH rates did
not differ statistically from the untreated control by 21 DPT. In general, the 1x and 2x
FSH rates had significantly lower blackening compared to the 3x, 4x and 5x FSH rates on
most rating dates. Overall, the multiple application trial had slightly higher levels of
blackening compared to the single application trial, which took slightly longer to
decrease to acceptable levels. Both trials had no scarring from FSH application at the end
of the rating period (Figure 3.14).
3.4 - Discussion
3.4.1 - Non-Efficacious Treatments
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3.4.1.1 - Clonostachys rosea
In the current study, Clonostachys rosea (isolate ACM 941) applied twice, one
week before inoculation, as well as one hour before inoculation, at a rate of 300 g/100 m2
(30 kg/ha) on A. stolonifera cultivar Penncross, did not significantly reduce dollar spot
disease incidence (Table 3.8). On average, across all rating dates, there was a 5%
reduction in dollar spot counts compared to the inoculated control with few statistically
significant differences. These results corroborate the results obtained in the in vitro trials
(Chapter 2), as no significant disease suppression was observed overall in the two repeat
trials. This does not match the statement made in a recent biocontrol patent in the US
(2017) that claims C. rosea can cause long-term suppression from wound infecting
pathogens such as C. jacksonii. They stated that applying C. rosea within 48 hours of
mowing will cause this expected dollar spot disease suppression, however, in this study
C. rosea was applied within 48 hours of mowing, but no suppression effect was observed
(https://patentimages.storage.googleapis.com/c3/d7/28/cb88b24cfd6648/US9758758.pdf)
. The difference between these two studies may be that different isolates were used.
In addition, Jensen et al. (2016) found that applying C. rosea 24 hours before or at
the same time as inoculation of B. sorokiniana on barley caused upwards of 70% disease
reduction. This effect was not found when C. rosea was applied after inoculation.
However, in the current study, C. rosea was applied one week before inoculation as well
as one hour before inoculation, but no suppression was observed. The difference between
these two studies is the hosts, disease, and C. rosea isolates are different.
C. rosea isolate ACM 941 has limited to no effect on C. jacksonii pathogenicity
in A. stolonifera. However, since it has been reported that different strains of C. rosea
have certain antifungal properties and range of disease suppression
(https://patentimages.storage.googleapis.com/c3/d7/28/cb88b24cfd6648/US9758758.pdf)
, the lack of suppression observed in this study could be due to using a strain not well
suited to this pathogen-host system. Further testing should be completed using a wide
variety of strains, in order to provide more insight into the possibilities of C. rosea acting
as biocontrol against dollar spot disease in turfgrass.
3.4.1.2 - Humic Acid
In the current study, 6% humic acid (humate, 0-0-2) applied at rates of 6 ml and
30 ml/100 m2 on A. stolonifera cultivar Penncross did not significantly reduce dollar spot
disease incidence. On average, across all rating dates, there was a 6% reduction in dollar
spot counts for the 6 ml rate, while there was a 2% reduction for the 30 ml rate (Table
3.8). There was no statistically significant reduction in dollar spot counts on any of the
rating days for both rates, although there was a slight darkening effect for up to seven
days post treatment application. Interestingly, this contradicts the results found in the in
vitro study (Chapter 2), since the 6 ml and 30 ml/100 m2 rates had 50 and 57% disease
reduction, respectively, at seven days post inoculation and last treatment application.
However, by 14 days post inoculation and last treatment application, there was no
significant reduction in disease. Therefore, we hypothesize that the humic acid initially
promoted growth in the young turfgrass used in the in vitro study but as disease pressure
increased, it overcame the enhanced growth provided by the humic acid.
Since this effect wasn’t observed in the field, we hypothesize that since the
turfgrass was already mature in field plots, it did not receive as large of a benefit from the
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humic acid application with respect to promoting growth during disease stress. These
results do not support the findings of Zhang et al. (2003), who found that humic acid
applications significantly reduced dollar spot disease incidence in the field. However, Wu
et al. (2016) found that humic acids derived from different environments had differing
antifungal properties. In addition, Du Jardin (2015) also stated that the origin of humic
acids has caused many inconsistencies between studies looking at potential benefits of
foliar humic acid applications. Based on our results, we hypothesize that the humic acid
source we tested (Organic Gardener’s Pantry, British Columbia, Canada) does not have
direct antifungal inhibition towards C. jacksonii. However, further investigation into
humic acid from different providers may yield different results from this study.
3.4.2 - Mildly to Moderately Efficacious Treatments
3.4.2.1 - Para-aminobenzoic Acid
In the current study, PABA (100%) at a rate of 218 g/100 m2 (21.8 g/L),
significantly reduced dollar spot disease incidence on all 10 cultivars of A. stolonifera. In
the preliminary field trial (one round), PABA had an average disease suppression of 39%
during the application weeks and one-week post last treatment application. Interestingly,
this remained stable until the end of the trial, where there was a 41% disease suppression
by four weeks post last treatment application. Similarly, in the Fall 2018 field trial across
five cultivars of A. stolonifera, PABA had an average disease suppression of 56% during
the application weeks and one week post last treatment application. This decreased to
38% by two weeks post last treatment application and remained stable with 43% disease
suppression by four weeks post last treatment application. During the Summer 2019 field
trial across 10 cultivars of A. stolonifera, PABA had an average disease suppression of
59% during the application weeks and one week post last treatment application, which
was very similar to the 2018 results. However, this dropped to 24% by two weeks post
last treatment application and remained stable until the fourth week with 23% disease
suppression. There were no significant differences in disease suppression observed
between any cultivars in their response to PABA treatment for both trials.
We hypothesize that this observed difference in residual efficacy between seasons
might be caused by the difference in temperatures. The Fall 2018 trial had much lower
temperatures (Figure 3.15) compared to the Summer 2019 trial (Figure 3.16) and
therefore, experienced less heat stress, allowing it to better fight off the invading
pathogen. However, Lu et al. (2014) found that 1.0 mM PABA improved heat tolerance
of a mushroom species, Agaricus bisporus, and noted that this effect has been seen in a
variety of plants. The similar disease suppression between the two trials during
application weeks may therefore be caused by PABA increasing heat tolerance. However,
when applications cease, this beneficial effect may not last long, which is why we
observed a larger decrease in residual efficacy between the two seasons. It should also be
noted that the inoculated control dollar spot counts slightly decreased towards the end of
the Fall 2018 trial, which indicated that disease growth was slowing down at the end of
the season, which could have also caused the increased residual efficacy observed in the
Fall 2018 trial, whereas in the Summer 2019 trial, inoculated control dollar spot counts
were still increasing by the end of the trial.
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To our knowledge, this is the first testing of PABA against C. jacksonii and on A.
stolonifera. Our results indicate that PABA does have antifungal properties against this
pathogen, which significantly reduces dollar spot disease incidence in the field. However,
this compound only suppressed disease by up to ~60% with a seven day application
interval, which quickly dropped after applications ceased. It did not provide aesthetically
acceptable levels of dollar spot control and since there is little to no residual efficacy, it is
not recommended as a lone treatment against dollar spot. However, future research
should investigate the effects of combining PABA with other control agents to see if it
can help reduce the amount of fungicides needed, or have increased efficacy with other
lower risk compounds in the treatment formulation.
In addition, since other researchers have found that PABA is a SAR activator in
peppers (Song et al., 2013) and tomatoes (Rochelle, 2013), further studies are needed to
determine if PABA also acts in this manner in A. stolonifera against C. jacksonii
invasion. However, since there is limited residual efficacy, we hypothesize that PABA
may not be inducing a SAR response in A. stolonifera against disease caused by C.
jacksonii. Furthermore, we hypothesize that PABA has similar direct antifungal
inhibitory effects as shown against other fungal pathogens such as Colletotrichum
fructicola (Laborda et al., 2019). More research is needed to directly assess whether
PABA affects SAR marker genes.
In the current study, the maximum possible concentration of PABA was used
(saturated solution), so increasing concentrations would not be possible without other
solvents or other formulations of PABA. PABA has a maximum solubility in water of
about 6 g/L (43.7 mM) between 25-30oC (https://pubchem.ncbi.nlm.nih.gov/compound/
4-Aminobenzoic-acid#section=Computed-Properties). However a rate of 21.8 g/L (157
mM) was selected for the field rate to ensure the maximum amount of PABA was
dissolved in solution for the highest rate during testing. Therefore, there is limited
possibility for increasing the amount of PABA in field applications unless the total water
volume was increased. In this study, we used an application rate of 10 L/100 m2 so this
could be increased to apply more of the treatment, however, this may be impractical for
field applications.
3.4.2.2 - Polyoxin-D Zinc Salt
In the current study, Affirm WDG (11.3% polyoxin-D zinc salt) at a product rate
of 27 g/ 100 m2 (2.7 kg/ha) significantly reduced dollar spot disease incidence on all 10
cultivars of A. stolonifera. In the preliminary trial (one round), polyoxin-D zinc salt had
an average disease suppression of 54% during the application weeks and one-week post
last treatment application. Interestingly, this remained fairly stable until the end of the
trial, where there was an observed 47% disease suppression by four weeks post last
treatment application. Similarly, in the Fall 2018 field trial across five cultivars of A.
stolonifera, polyoxin-D zinc salt had an average disease suppression of 66% during
application weeks and one week post last treatment application. This decreased to 38%
by two weeks post last treatment application but rose to 50% by four weeks post last
treatment application. Conversely, in the Summer 2019 field trial across 10 cultivars of A.
stolonifera, polyoxin-D zinc salt had an average disease suppression of 59% during the
application weeks and one week post last treatment application. This suppression
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decreased to 31% by two weeks post last treatment application and remained stable with
25% disease suppression by four weeks post last treatment application.
Similar to the PABA data, we hypothesize that this observed difference in
residual efficacy between seasons might be caused by the difference in temperatures. The
Fall 2018 trial had much lower temperatures (Figure 3.15) compared to the Summer 2019
trial (Figure 3.16) and therefore, experienced less heat stress, allowing it to better fight
off the invading pathogen. Conversely to PABA, there are no reported heat tolerance
benefits to treatment with polyoxin-D zinc salt. It should also be noted that the inoculated
control dollar spot counts slightly decreased towards the end of the Fall 2018 trial, which
indicated that disease infection rate was slowing down at the end of the season, which
could have also allowed for the increased residual efficacy observed in the Fall 2018 trial,
whereas in the Summer 2019 trial, inoculated control dollar spot counts were still
increasing by the end of the trial.
Anecdotal data collected in the Hsiang lab found that using a 5x product rate (135
g/100 m2) on A. stolonifera significantly reduced dollar spot counts compared to the 1x
rate on some rating days (Vivian Forte-Perri, personal communication). Therefore, higher
rates of polyoxin-D zinc salt may yield higher and more acceptable levels of dollar spot
disease control. Further investigation into the efficacy of higher rates should be
completed, as there are currently no published studies available that have tested this. If
efficacy does prove to increase with higher rates of polyoxin-D zinc salt, then
aesthetically acceptable levels of dollar spot control may be achieved and this compound
could become registered as a control for dollar spot in addition to the other turfgrass
diseases for which it is already registered. Currently, at 27 g/100 m2, the level of control
is not aesthetically acceptable as during application weeks disease suppression only
reached ~60%. However, if further testing using higher rates significantly reduces dollar
spot disease incidence further, then this compound may be developed as a control method
for dollar spot.
To our knowledge, this is the first published data showing a significant decrease
in dollar spot incidence on A. stolonifera against C. jacksonii associated with Polyoxin-D
zinc salt. The manufacturer of Affirm WDG (NuFarm Agriculture Inc.) does not list this
product as a control method for dollar spot disease. However, our results show that this
product has mild to moderate levels of disease control across all field trials. Furthermore,
repeated application intervals are necessary as even with a weekly application interval,
there was only up to moderate levels of disease suppression observed. The lack of
residual efficacy indicates that this compound works as a direct inhibitor of C. jacksonii
growth. If there was any activation of plant defense signalling pathways, we would
expect to see a greater residual efficacy than what was observed. Therefore, we
hypothesize that polyoxin-D zinc salt is a direct inhibitor of C. jacksonii and can provide
moderate levels of dollar spot disease control on a weekly application schedule.
There are some indications that fungi can develop resistance to Polyoxin-D zinc
salt. Out of 568 isolates of Botrytis cinerea tested by Mamiev et al. (2013), those that had
never been treated with polyoxin-D zinc salt before had a 20-35% chance of being mildly
resistant, however the rest were listed as sensitive (EC50 values ranging from 0.4 to 1.5
g/L). These isolates were then treated with polyoxin-D zinc salt over two growing
seasons in greenhouse conditions, and afterwards, 72% of the isolates were found to be
mildly resistant (EC50 values ranging from 4.0 to 6.5 g/L). However, fields that were
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treated with polyoxin-D zinc salt for over 10 years have not apparently yielded highly
resistant isolates. Therefore, they hypothesize that there may be a quick initial shift from
sensitive to mildly resistant isolates but high levels of resistance might not be achievable
even after 10 years of treatment (Mamiev et al., 2013). No other reports were found on
fungal resistance to Polyoxin-D, including by C. jacksonii. According to the Fungicide
Resistance Action Committee (2016), polyoxin-D zinc salt is listed as having a medium
risk of resistance development. Therefore, frequent application intervals are not
recommended (Keinath, 2018). Our results, as well as anecdotal data (Vivian Forte-Perri,
personal contact), suggest that repeated weekly applications of higher rates of polyoxin-D
zinc salt can provide at least moderate control of dollar spot. However, the risk of
fungicide resistance development needs to be balanced with efficacy. Further research
into the potential for C. jacksonii to become resistant to this compound should be
conducted.
3.4.3 - Moderately to Highly Efficacious Treatments: Ferrous Sulfate
3.4.3.2 - Efficacy of Ferrous Sulfate
In the current study, ferrous sulfate (21% Fe) applied at 250 g/100 m2 (25 kg/ha),
1250 g/100 m2 (125 kg/ha), 2500 g/100 m2 (250 kg/ha) and 3750 g/100 m2 (375 kg/ha)
significantly reduced dollar spot disease incidence on all 10 cultivars of A. stolonifera in
2018 and 2019 field tests. In general, there is an increasing trend of disease suppression
as the rate of foliarly applied FSH increases, and higher rates of FSH can prevent dollar
spot symptoms in A. stolonifera, although this needs to be balanced with increased
darkening and phytotoxicity.
Iron has already been used in foliar applications for purposes such as turfgrass
colour enhancement and iron deficiency prevention for decades (Wehner, 1992).
However, more recently iron has been investigated for another purpose, turfgrass disease
prevention. Previous research has shown the ability of ferrous sulfate to act as a
fungistatic compound, which is one that reduces the growth of a pathogen but does not
kill it, against diseases such as dollar spot of turfgrass (McCall et al., 2016).
The most common turfgrass disease for which iron has been investigated on as a
method of control is dollar spot. Hsiang (2016) conducted preliminary trials to investigate
the effect of lower risk fungicides against dollar spot. One of the selected compounds was
ferrous sulfate, which was applied weekly to plots grown on putting greens comprised of
a mix of P. annua and A. stolonifera. Overall, iron sulfate significantly reduced disease
compared to the inoculated check in those tests. Hsiang (2016) only used 100 mM (15.2
kg iron sulfate/ha) in the field, and the results in the current study support and expand on
those findings. Stone (2019) tested ferric sulfate and found that that optimal rate of ferric
sulfate for suppression dollar spot disease on A. stolonifera was 261 g/100 m2 (73 g
Fe/100m2). These results are in agreement with the findings in this study, as 52.5 g
Fe/100m2 significantly reduced dollar spot disease in field trials by 74-78% on average.
McCall et al. (2016) were the first group of researchers to compare the effect of
ferrous sulfate and the elemental components, Fe and S against dollar spot. The purpose
of this study was to determine if Fe, S or both elements could aid in the reduction of
dollar spot disease. Biweekly applications of ferrous sulfate (48.8 kg/ha), iron chelate
(Fe-EDTA) (11.2 kg Fe/ha) and sulfur (10.3 kg/ha) were made from May to September in
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2012 and 2015 against dollar spot. In both years, ferrous sulfate significantly reduced
disease but elemental sulfur had no apparent effects on disease. The iron chelate
significantly reduced disease in the 2012 trial, but not the 2015 trial. These results agreed
with Reams (2013), who also tested the elemental components of ferrous sulfate against
dollar spot, including ferrous sulfate, iron chelate and sulfur. He found that ferrous sulfate
significantly reduced dollar spot counts compared to sulfur and the inoculated control,
but this did not significantly differ from the iron chelate treatment. Sulfur did not
significantly differ from the inoculated control, and the iron chelate had significantly less
dollar spot compared to the sulfur treatment and inoculated control. Both studies suggest
that ferrous sulfate has the greatest disease suppression and that the iron component is
responsible for the observed suppression of dollar spot disease (McCall et al., 2016;
Reams, 2013).
More recently, Shelton (2018) conducted a field study on A. stolonifera of
increasing rates of ferrous sulfate (20% Fe) against C. jacksonii, and they estimated that
26 kg/ha and 100 kg/ha would result in 50 and 75% disease reduction. Shelton (2018)
indicated that increasing the rate of ferrous sulfate would increase the disease
suppression, which agrees with the results presented in this study. During the 2018
efficacy trial (across five cultivars), the 1x (25 kg/ha) and 5x (125 kg/ha) FSH treatments
had average disease suppression of 74% and 95%, respectively, within one week of
repeated applications. Similarly, in the 2019 efficacy trial (across 10 cultivars), the 1x
and 5x FSH treatments had average disease suppression of 78% and 98%, respectively,
within one week of repeated applications. These suppression results are higher than what
Shelton (2018) estimated. The 5x FSH rate had significantly higher disease suppression
compared to the 1x FSH rate on almost all rating days for both trials, and had statistically
similar levels of disease suppression compared to the fungicide control, Banner Maxx. In
the 2018 trial, efficacy remained stable until the end of the trial, whereas in the 2019 trial,
the 1x efficacy dropped to 43% by two weeks after the last treatment, but the 5x efficacy
remained stable until four weeks after last treatment, where it dropped to 79%
suppression. We hypothesize that the time of year (Fall 2018) allowed for a 4-week
residual efficacy after the last 1x FSH treatment because conditions were less favourable
for disease development, whereas in Summer 2019, the residual efficacy of the 1x
treatment was only up to two weeks long, perhaps because of favourable disease
development conditions. However, increasing the application rate of FSH causes an
increase in residual efficacy. We hypothesize that this increased residual efficacy is
caused by increased availability of iron molecules to chelate with oxalic acid produced by
C. jacksonii, therefore reducing pathogenicity, which is in line with McCall et al. (2016),
who speculated that iron chelating with oxalic acid causes a decrease in dollar spot
disease symptoms. In addition, higher levels of iron in leaf tissue cells may be promoting
more frequent and longer lasting oxidative bursts, which helps the plant fight off the
pathogen for a longer duration. This agrees with Verbon et al. (2017), who stated that
heightened iron concentrations promote the localized release of oxidative bursts.
Another part of the first objective was to compare different cultivars of A.
stolonifera for their reaction to ferrous sulfate to see if they respond differently. The 2018
trial was only comprised of five cultivars, as disease levels were too high on the other
five cultivars to conduct efficacy trials. Out of the five cultivars examined, Alpha
responded the least to 1x FSH treatment, whereas 007 and Tyee responded the most
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(Table 3.11). Similarly in the 2019 trial, Alpha, MacKenzie, V8 and Focus responded the
least, whereas L93 and 007 responded the most (Table 3.12). Our results indicate that
cultivars of A. stolonifera differ in their response to ferrous sulfate treatment against C.
jacksonii. To our knowledge, this is the first study that has looked at whether or not
certain cultivars respond better than others to ferrous sulfate treatment. Based on these
results, we would recommend seeding L93 and 007, but not seeding MacKenzie, Alpha,
V8 or Focus if planning to use a ferrous sulfate treatment regime against dollar spot
disease. It should be noted that A4 had significantly higher natural resistance to dollar
spot and had very low disease levels in the inoculated control throughout the trial, which
may have affected its ranking.
The second objective of this chapter was to assess the efficacy of FSH across
different heights of cut, as well as different pH levels for application. There were no
significant differences between the disease suppression efficacies of either 1x or 5x FSH
rates across fairway or green heights of cultivar Penncross. The 1x FSH treatment
significantly reduced dollar spot on all rating days, while the 5x FSH treatment even
more greatly reduced dollar spot compared to the 1x FSH treatment on all rating days and
had statistically similar levels of suppression compared to the fungicide control, Banner
Maxx, at either height. Therefore, ferrous sulfate can effectively be used on greens or
fairway heights to manage dollar spot disease. Additionally, there were no observed
differences in efficacy between ferrous sulfate treatments at pH 3 or pH 6. These results
suggest that the pH of the ferrous sulfate treatment does not affect the pathogenicity of C.
jacksonii. Based on the hypothesis of Verela and Tien (2003), who stated the release of
oxalic acid by the pathogen may actually aid in the suppression of the pathogen when
ferrous sulfate is applied, as the lower pH environment may help the ferrous iron ions
chelate with the oxalic acid, we speculated that higher pH FSH treatments would have
lower efficacy due to a decreased availability of soluble ferrous ions. However, when we
increased pH of the application solution from the native pH of 3 to a pH of 6, we
observed no difference in efficacy between the pH 3 and pH 6 ferrous sulfate treatments.
This does not provide support for the Verela and Tien (2003) hypothesis. However, a pH
of 6 may still be too acidic for a significant change in the soluble ferrous to insoluble
ferric ion ratio. Therefore, further tests using higher pH levels are needed.
The third objective of this chapter was to determine an optimal application rate
and interval of ferrous sulfate for both fairway and greens height playing surfaces.
Overall, there was an increasing trend of disease suppression with decreased application
interval. The 3.5 day application interval had higher levels of disease suppression
compared to the 7 day application interval, which had higher levels of disease
suppression compared to the 14 day application interval. In addition, there was an
increasing trend of disease suppression with increasing rate of FSH. The 3x had higher
suppression compared to 2x, which had higher suppression compared to 1x. On average,
the 1x FSH rate had 92, 61 and 41% disease suppression during application weeks for the
3.5, 7 and 14-day application intervals respectively. The 2x FSH rate had 98, 81 and 57%
disease suppression during application weeks for the 3.5, 7 and 14-day application
intervals respectively. Lastly, the 3x FSH rate had 99, 88 and 69% disease suppression
during application weeks for the 3.5, 7 and 14-day application intervals respectively.
Therefore, frequent applications of ferrous sulfate can effectively reduce dollar spot to a
high degree, whereas increasing the rate of FSH applied can also significantly reduce
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dollar spot up to the standards of a commonly used fungicide Banner Maxx. However,
there are issues of discoloration and scarring with higher application rates and frequency.
3.4.3.2 - Blackening and Phytotoxicity of Ferrous Sulfate
The last objective of this chapter was to determine the level of foliar
discolouration and phytotoxicity caused by ferrous sulfate to A. stolonifera in field trials.
Foliar appearance is an importance characteristic of turfgrass quality due to the high
aesthetic standards commonly found across sport pitches and lawns (Cooper and Spokas,
1991). A foliar iron application to turfgrass causes a varying degree of darkening or
blackening to the leaf blades following application. Darkening effects can be observed
within 2 hours of iron applications (Wheeler et al., 1985). Iron has been previously
shown to have an essential role in chlorophyll production, acting as an enzyme cofactor
(Lee et al., 1996). By adding more iron to a plant system, chlorophyll production is
stimulated, which results in a dark greening effect, due to the increased chlorophyll and
chloroplast numbers (Lee et al., 1996). Yuan et al. (2018) applied various iron treatments
to chilli pepper leaves to investigate this relationship. After ferrous sulfate was applied,
chlorophyll content significantly increased by 3 fold and the number of chloroplasts per
cell increased 2 fold compared to untreated leaves. Therefore, there was a greater density
of chloroplasts, with a higher chlorophyll concentration in each chloroplast. Similarly,
Lee et al. (1996) found a significant positive correlation between the amount of foliar
iron applied and leaf blade darkening in Kentucky bluegrass (Poa pratensis). They found
that on average chloroplast membrane volume increased 21 to 24% in Kentucky
bluegrass exhibiting darkening and phytotoxic effects. This demonstrates the relationship
between foliar iron applications and significant darkening, which can also lead to
phytotoxic effects (Lee et al., 1996).
An experiment conducted by El-Jendoubi et al. (2014) on peach tree leaves
showed that ferrous sulfate only caused a greening effect in the areas of direct contact,
with some translocation to the leaf tip, but none towards the basal portion of the leaf.
They only used low concentrations of ferrous sulfate, so higher concentrations may be
able to translocate further away from the treated area. However, when treated leaves were
examined under a microscope, large pools of iron were found in the treated areas, causing
a blackening effect. This indicates that there are difficulties in moving the iron once it is
inside the treated area as it collects instead of moving throughout the entire leaf (Ellendoubi et al., 2014). Therefore, the increase in chlorophyll and chloroplasts results in a
greening effect, whereas a build up of iron likely causes a blackening effect (El-lendoubi
et al., 2014). There is a notable gap in understanding of the movement of iron after foliar
application. Further investigation can potentially aid in the efficiency of foliar iron
applications for disease control and minimization of phytotoxic effects.
Yust et al. (1984) conducted a study on Kentucky bluegrass to determine the
amount of foliarly applied iron before causing phytotoxicity. The results showed that
phytotoxic symptoms (foliar dieback) began appearing at 17.7 kg/ha Fe (equivalent to
84.3 kg/ha of FSH as used in this study). However, iron application in the range of 4.5 to
17.7 kg/ha Fe, only caused a darkening effect and the grass could recover. Similar results
were found across multiple field trials in this study. Darkening was observed by one-hour
post treatment application for all FSH rates tested and was highest 24 hours post
treatment application. This darkening effect significantly dissipated over the course of a
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week but was still visible by seven days later even at the 1x (25 kg/ha) rate in this study.
The blackening effect gradually declined over time and fully dissipated by 28 days post
last treatment application for the 25 kg/ha rate of FSH in the discolouration trials,
however there were still low levels (~5-10%) of blackening for the three higher rates of
FSH (125, 250 and 375 kg/ha). In general, there was an increase in darkening levels and
duration as FSH rates increased, as well when application intervals decreased. The 25kg/ha rate reached 0% blackening by 21 days post last treatment application on most
cultivars, which indicates that lower rates of FSH have shorter recovery times for
darkening. The low FSH discolouration trial (1x, 2x, 3x, 4x, 5x) agreed with these results
as the 25-kg/ha rate of FSH reached 0% blackening by 17 to 21 days post last treatment
application. In this trial, the 25 and 50 kg/ha rates of FSH had very similar levels of
blackening, whereas the 75, 100 and 125 kg/ha rates had similar levels of blackening.
Therefore, there was no significant change in blackening by increasing the application
rate of FSH to 50 kg/ha from 25 kg/ha, but there was a significant increase once a rate of
75 kg/ha was reached.
Another objective of this chapter was to determine if cultivars reacted differently
to ferrous sulfate applications in regards to their degree of blackening. In the 2018
discolouration trial across 10 cultivars, there were minimal significant differences
between cultivars. In general, cultivars Mackenzie, L93 and Penncross had the highest
average darkening, whereas T1, Focus and V8 had the lowest average darkening (Table
3.31). Similarly, in the 2019 discolouration trial across 10 cultivars there were few
significant differences. Overall, cultivars A4, MacKenzie and T1 had the highest average
blackening, whereas Alpha, V8 and 007 had the lowest average darkening (Table 3.34).
However, all cultivars reached 0% blackening by the end of the trials at 28 days post last
treatment application, which indicated that there weren’t any differences between
cultivars and length of time it takes for the blackening effect to dissipate. Although there
were limited differences in blackening across cultivars of A. stolonifera, we observed
significant differences in phytotoxicity between cultivars and during different seasons.
A study conducted on centipedegrass (Eremochloa ophiuroides) by Carrow et al.
(1988) found that iron application rates had to be reduced with hotter temperatures to
avoid phytotoxic effects. They were able to use 2.0 kg/ha Fe with 9.8 kg/ha N when daily
min/max temperatures ranged from 21oC to 32oC, but had to reduce this rate down to
0.73 kg/ha Fe with 12.2 kg/ha N when daily min/max temperatures ranged from 28oC to
37oC. Another similar study by Beard (1973) used foliar applications of iron on A.
stolonifera and found that 5.76 kg/ha Fe or below did not cause phytotoxicity at 35oC but
did not test higher rates. In the current study, similar results were found regarding higher
temperatures (up to 33oC) resulting in more iron-induced phytotoxicity. The 2018
discolouration trial (Figure 3.15) was conducted from August until October, when
temperatures were cooler compared to the 2019 discolouration trial, which was conducted
from June until August (Figure 3.16). In the 2018 trial, there was no phytotoxicity
(scarring) observed at the end of the trial for any of the FSH (21% Fe) rates tested (25 to
375 kg/ha). However, in the 2019 trial, there were high levels of scarring observed on all
10 cultivars for the two higher rates of FSH (250 and 375 kg/ha), moderate to low levels
of scarring on all 10 cultivars for the 125 kg/ha FSH treatment, as well as low levels of
scarring on five cultivars for the 25 kg/ha FSH treatment (A4, MacKenzie, T1, Tyee and
Focus) (Table 3.34). Overall, A4 and MacKenzie had significantly higher levels of
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scarring for all four rates of FSH used in Summer 2019. In addition, the low FSH
discolouration trial, conducted from May until June 2019, had no observable scarring in
any of the FSH treatments (25 to 125 kg/ha). Lastly, the FSH rate and interval trial
conducted from July until August 2019 had higher levels of scarring compared to the
repeat trial that took place from September until October 2019 when temperatures were
cooler. All of these results agree with Carrow et al. (1988), indicating that higher rates of
ferrous sulfate cannot be used during hotter periods of the growing season, as they will
cause phytotoxicity to the foliage. In general, the 25-kg/ha FSH treatments did not cause
noticeable phytotoxicity on A. stolonifera, except for during hotter periods on cultivars
A4 and MacKenzie. These two cultivars had the highest levels of scarring for all rates of
FSH tested so we do not recommend their use with ferrous sulfate.
Scarring was also evident during the rate and interval trial at varying levels
between treatments. On average, the 1x FSH rate had 5, 1 and 0% scarring by one month
post last treatment application for the 3.5, 7 and 14-day application intervals respectively.
The 2x FSH rate had 7.5, 2.5 and 1% scarring for the 3.5, 7 and 14-day application
intervals respectively. Lastly, the 3x FSH rate had 20, 10 and 5% scarring for the 3.5, 7
and 14-day application intervals respectively. Therefore, if implementing a 7 to 14 day
application schedule, the 1x and 2x rates of FSH will result in little to no visible scarring,
whereas in a 3.5 day schedule, there will be minor visible scarring.
Overall, iron can be toxic in large quantities by stimulating the production of ROS
(reactive oxygen species), which can then damage cell membranes through lipid
peroxidation (Mahender et al., 2019; Rout and Sahoo, 2015). ROS are a normal part of
the plant system, but when they accumulate freely in high quantities inside a cell, they
can cause cell death (Dixon and Stockwell, 2014). Common above-ground symptoms of
iron toxicity include growth reduction of the leaf blades, wilting of shoots, leaf blade
yellowing or blackening and complete tissue necrosis (Mahender et al., 2019; Rout and
Sahoo, 2015). In the current study, phytotoxicity (scarring) was assessed by the
appearance of gray and straw-coloured leaf blades in areas treated with ferrous sulfate.
Phytotoxic effects also occur below ground including blackening and stunting of the
roots, as well as a reduction in root branching and increased flaccidity (Rout and Sahoo,
2015; Wheeler et al., 1985). When looking at root zones one-month post last FSH
treatment application (after four weekly applications) at four rates of FSH (25, 125, 250
and 375 kg/ha), we found that the three higher rates significantly reduced root density
and the two highest rates significantly reduced root length. This indicates that high rates
of foliarly applied ferrous sulfate not only leads to leaf blade phytotoxicity, but also
causes phytotoxic effects on roots of A. stolonifera, resulting in fewer and smaller roots.
Aside from direct phytotoxic effects, another issue with repeated or high rates of foliar
iron applications is the formation of a phenomenon referred to as a black layer in the soil
(Obear and Soldat, 2014), although some research has not found this (Adams and Smith,
1993) as detailed in Appendix 3.1.
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Table 3.1: Treatments and their source, active ingredient (%) and 1x rate (per 100 m2)
used in field trials.
Active
1x
Ingredient Product
Treatment
Source
(%)
Ratea
Banner Maxx (propiconazole)
Syngenta
14.3%
26 ml
Clonostachys rosea
Lab
100%
7.9 kg
Deionized water
Lab
n/a
n/a
Ferrous sulfate
Crown Technology Inc.
21%
250 g
Humic acid (humate, 0-0-2)
Organic Gardener's Pantry
6%
6 ml
Para-aminobenzoic acid
PureBulk
100%
218 g
Affirm WDG (polyoxin-D zinc salt) Nufarm Agriculture Inc.
11.3%
27 g
a
2
2
Rates are per 100 m diluted for application in water at 100 ml/m .
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Table 3.2: Treatments and their active ingredient (%), treatment rate (per 100 m2) and
application interval used in the preliminary efficacy field trial.
Active
Product Application
Treatment
Ingredient (%)
Ratea
Interval
Inoculated control
n/a
100 g
Once
Banner Maxx control (propiconazole)
14.3%
26 ml
14 days
Clonostachys rosea
100%
7.9 kg
Once
1x Ferrous sulfate
21%
250 g
7 days
5x Ferrous sulfate
21%
1250 g
7 days
1x Humic acid (humate, 0-0-2)
6%
6 ml
7 days
5x Humic acid (humate, 0-0-2)
6%
30 ml
7 days
Para-aminobenzoic acid
100%
218 g
7 days
Affirm WDG (polyoxin-D zinc salt)
11.3%
27 g
7 days
a
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
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Table 3.3: Treatments and their active ingredient (%), treatment rate (per 100 m2) and
application interval used in the full Range 10 efficacy field trials.
Active
Product Application
Treatment
Ingredient (%)
Ratea
Interval
Inoculated control
n/a
100 g
Once
Banner Maxx control (propiconazole)
14.3%
26 ml
14 days
1x Ferrous sulfate
21%
250 g
7 days
5x Ferrous sulfate
21%
1250 g
7 days
Para-aminobenzoic acid
100%
218 g
7 days
Affirm WDG (polyoxin-D zinc salt)
11.3%
27 g
7 days
a
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
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Table 3.4: Treatments and their active ingredient (%), treatment rate (per 100 m2) and
application interval used in the pH adjustment field trials. Amended ferrous sulfate
treatments had their pH adjusted using 0.5 M NaOH.
Active
pH
Ingredient
Product
Application
a
Treatment
Level
(%)
Rate
Interval
Inoculated control
n/a
n/a
100 g
Once
Banner Maxx (propiconazole)
4.1
14.3%
26 ml
14 days
1x Ferrous sulfate
3.2
21%
250 g
7 days
5x Ferrous sulfate
3.0
21%
1250 g
7 days
1x Ferrous sulfate (amended)
6.0
21%
250 g
7 days
5x Ferrous sulfate (amended)
6.0
21%
1250 g
7 days
a
2
2
Product rates are per 100 m diluted for application in water at 100 ml/m , except for the
inoculated control which was applied as a powder.
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Table 3.5: Treatments and their active ingredient (%), treatment rate (per 100 m2) and
application interval used in the FSH rate and interval field trials.
Active
Product
Application
Treatment
Ingredient (%)
Ratea
Interval
Inoculated control
n/a
100 g
Once
Banner Maxx (propiconazole)
14.3%
26 ml
14 days
1x Ferrous sulfate
21%
250 g
3.5 days
2x Ferrous sulfate
21%
500 g
3.5 days
3x Ferrous sulfate
21%
750 g
3.5 days
1x Ferrous sulfate
21%
250 g
7 days
2x Ferrous sulfate
21%
500 g
7 days
3x Ferrous sulfate
21%
750 g
7 days
1x Ferrous sulfate
21%
250 g
14 days
2x Ferrous sulfate
21%
500 g
14 days
3x Ferrous sulfate
21%
750 g
14 days
a
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
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Table 3.6: Treatments and their active ingredient (%), treatment rate (per 100 m2) and
application interval used in the FSH phytotoxicity field trials.
Active
Product
Application
a
Treatment
Ingredient (%)
Rate
Interval
Inoculated control
n/a
0.10 kg
Once
1x Ferrous sulfate
21%
0.25 kg
7 days
5x Ferrous sulfate
21%
1.25 kg
7 days
10x Ferrous sulfate
21%
2.50 kg
7 days
15x Ferrous sulfate
21%
3.75 kg
7 days
a
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
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Table 3.7: Treatments and their active ingredient (%), treatment rate (per 100 m2) and
application interval used in the low FSH rate discolouration field trials.
Application Interval
Active
One
Multiple
Ingredient
Product
Application Application
Treatment
(%)
Ratea
Trial
Trial
Untreated control
n/a
n/a
Once
7 days
1x Ferrous sulfate
21%
0.25 kg
Once
7 days
2x Ferrous sulfate
21%
0.50 kg
Once
7 days
3x Ferrous sulfate
21%
0.75 kg
Once
7 days
4x Ferrous sulfate
21%
1.00 kg
Once
7 days
5x Ferrous sulfate
21%
1.25 kg
Once
7 days
a
Product rates are per 100 m2 diluted for application in water at 100 ml/m2.
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Table 3.8: Preliminary efficacy trial (18/08/02 - 18/10/03) with average dollar spot
counts by days post inoculation (DPI) and date treated with different treatments (applied
weekly from 18/08/02 until 18/09/05, twice before inoculation) to reduce dollar spot on
A. stolonifera cultivar Penncross at fairway height. Clonostachys rosea was applied once
on 18/08/02 and 18/08/09, whereas Banner Maxx was applied biweekly from 18/08/02
until 18/08/30. Plots measured 0.25 m2 with four replicates and all plots were inoculated
with C. jacksonii (1 g/m2) on 18/08/09, one week after the first treatment. Green shading
indicates a significant reduction of disease compared to the inoculated control, while
yellow shading indicates a significant increase of disease compared to the inoculated
control.
Dollar spot counts per 0.25 m2 (by DPI and date)a
Treatment

Inoculated control

Active
Ingredient
(%)

Rateb

14 DPI

21 DPI

27 DPI

34 DPI

40 DPI

48 DPI

55 DPI

(08/23)c

(08/30)c

(09/05)c

(09/12)

(09/18)

(09/26)

(10/03)

n/a

100 g

17.5

30.0

43.8

80.0

91.3

91.3

108.8

Banner Maxx

14.3%

26 ml

0.0

0.3

1.0

3.5

2.8

4.5

6.3

Clonostachys rosea

100%

300 g

22.5

41.3

42.5

75.0

82.5

71.3

105.0

Ferrous sulfate (1x)

21%

250 g

8.5

17.5

22.5

40.0

48.8

45.0

57.5

Ferrous sulfate (5x)

21%

1250 g

4.3

10.0

11.8

17.5

23.8

25.0

40.0

Humic acid (1x)

6%

6 ml

18.3

35.0

45.0

78.8

82.5

80.0

95.0

Humic acid (5x)

6%

30 ml

18.8

40.0

45.0

75.0

90.0

81.3

103.8

Para-aminobenzoic acid

100%

218 g

11.8

18.8

23.8

50.0

50.0

55.0

63.8

Polyoxin-D zinc salt

11.3%

27 g

7.8

20.5

12.0

33.8

50.0

47.5

57.5

6.8

10.9

9.4

17.4

21.3

20.0

21.7

LSD (p=0.05)
a

Values were averaged from 4 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control and C. rosea which were applied as powders.
c
Treatment application dates for treatments except Banner Maxx (applied biweekly) and
C. rosea (applied once).
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Table 3.9: Range 10 field trial #1 (18/09/06 - 18/11/07) with average dollar spot counts
by days post inoculation (DPI) and date treated with different treatments (applied weekly
from 18/09/06 until 18/10/17, twice before inoculation with the final application on
18/10/17) to reduce dollar spot on 5 cultivars of A. stolonifera at fairway height. Plots
measured 0.25 m2 with four replicates and all plots were inoculated with C. jacksonii (1
g/m2) on 18/09/13, one week after the first treatment. Shading indicates treatments with
significantly fewer dollar spot counts compared to the inoculated control. Darker green
shading represents treatments with significantly fewer dollar spot counts compared to
lighter green treatments.
Dollar spot counts per 0.25 m2 (by DPI and date)a
Treatment

Inoculated control
Banner Maxx

Active
Ingredient
(%)

Rateb

n/a

100 g

15.0

19.9

40.3

14.3%

26 ml

2.5

1.0

6 DPI
(09/19)

c

13 DPI

20 DPI

27 DPI

34 DPI

41 DPI

48 DPI

55 DPI

c

c

c

(10/17)

(10/24)

(10/31)

(11/07)

78.8

99.0

96.0

85.8

88.3

0.9

1.6

2.1

1.5

1.3

1.6

(09/26)

(10/03)

(10/10)

Ferrous sulfate (1x)

21%

250 g

3.5

4.3

7.6

26.3

34.2

31.5

27.1

16.0

Ferrous sulfate (5x)

21%

1250 g

1.0

1.0

1.6

3.9

5.6

6.3

3.2

2.0

Para-aminobenzoic acid

100%

218 g

5.0

4.5

14.4

47.9

65.0

59.6

48.1

50.8

Polyoxin-D zinc salt

11.3%

27 g

2.8

2.4

14.1

32.7

60.0

59.6

39.0

44.6

2.6

2.3

5.8

9.5

11.0

11.4

9.9

10.2

LSD (p=0.05)

a

Values were averaged from 20 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
c
Treatment application dates.
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Table 3.10: Range 10 field trial #2 (19/06/11 - 19/08/06) with average dollar spot counts
by days post inoculation (DPI) and date treated with different treatments (applied weekly
from 19/06/11 until 19/07/09, twice before inoculation) to reduce dollar spot on 10
cultivars of A. stolonifera at fairway height. Plots measured 0.25 m2 with four replicates
and all plots were inoculated with C. jacksonii (1 g/m2) on 19/06/18, one week after the
first treatment. Shading indicates treatments with significantly fewer dollar spot counts
compared to the inoculated control. Darker green shading represents treatments with
significantly fewer dollar spot counts compared to lighter green treatments.
Dollar spot counts per 0.25 m2 (by DPI and date)a
Treatment

Inoculated control

Active
Ingredient
(%)

Rateb

7 DPI

14 DPI

21 DPI

28 DPI

35 DPI

42 DPI

49 DPI

(06/25)c

(07/02)c

(07/09)c

(07/16)

(07/23)

(07/30)

(08/06)

n/a

100 g

1.0

21.5

50.1

54.3

77.6

72.4

84.4

14.3%

26 ml

0.4

0.8

0.7

1.1

0.9

1.6

3.0

Ferrous sulfate (1x)

21%

250 g

0.2

6.5

16.4

5.7

43.9

44.8

63.2

Ferrous sulfate (5x)

21%

1250 g

0.0

0.4

0.3

0.3

2.6

5.9

17.7

Para-aminobenzoic acid

100%

218 g

0.5

9.6

17.9

20.5

59.2

56.1

64.6

Polyoxin-D zinc salt

11.3%

27 g

0.4

8.1

27.9

16.3

53.4

52.6

63.5

0.3

2.0

5.1

5.2

7.3

7.1

7.4

Banner Maxx

LSD (p=0.05)
a

Values were averaged from 40 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
c
Treatment application dates.
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Table 3.11: Range 10 field trial #1 (18/09/06 - 18/11/07) with dollar spot disease
suppression by days post inoculation (DPI) and date treated with Iron Sulfate (21%
ferrous sulfate) (250 g/100m2) (applied weekly from 18/09/06 until 18/10/17, twice
before inoculation with the final application on 18/10/17) to reduce dollar spot on 5
cultivars of A. stolonifera at fairway height. Plots measured 0.25 m2 with four replicates
and all plots were inoculated with C. jacksonii (1 g/m2) on 18/09/13, one week after the
first treatment. Green shading represents cultivars with high levels of disease
suppression, while orange represents cultivars with low levels of disease suppression.
Cultivars are ordered by highest averaged disease suppression to lowest average disease
suppression.
Percent dollar spot count suppression (by DPI and date)a
Cultivar
007
Tyee
L93
Focus
Alpha
LSD (p=0.05)
a

6 DPI
(09/19)b
84.4
71.1
69.2
60.0
77.8
30.5

13 DPI
(09/26)b
76.4
73.0
75.2
73.0
73.8
18.6

20 DPI
(10/03)b
81.4
82.1
69.1
62.3
67.5
37.9

27 DPI
(10/10)b
74.9
72.0
61.0
57.8
48.9
25.9

34 DPI
(10/17)
76.1
75.7
65.8
65.9
48.4
19.4

41 DPI
(10/24)
72.6
75.2
67.3
65.2
53.4
21.5

48 DPI
(10/31)
72.7
80.2
57.1
68.9
47.5
16.3

Values were averaged from 4 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Treatment application dates.
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55 DPI
(11/07)
85.9
84.3
82.1
84.1
61.9
15.2

Table 3.12: Range 10 field trial #2 (19/06/11 - 19/08/06) with dollar spot disease
suppression by days post inoculation (DPI) and date, treated with Iron Sulfate (21%
ferrous sulfate) (250 g/100m2) (applied weekly from 19/06/11 until 19/07/09, twice
before inoculation) to reduce dollar spot on 10 cultivars of A. stolonifera at fairway
height. Plots measured 0.25 m2 with four replicates and all plots were inoculated with C.
jacksonii (1 g/m2) on 19/06/18, one week after the first treatment. Green shading
represents cultivars with high levels of disease suppression, while red represents cultivars
with low levels of disease suppression. Cultivars are ordered by highest averaged disease
suppression to lowest average disease suppression.
Percent dollar spot count suppression (by DPI and date)a
Cultivar
14 DPI
21 DPI
28 DPI
35 DPI
42 DPI
49 DPI
b
b
(07/02)
(07/09)
(07/16)
(07/23)
(07/30)
(08/06)
L93
82.9
88.7
93.6
81.3
73.6
42.5
007
80.0
76.5
93.2
78.2
67.3
44.3
Penncross
89.9
71.7
89.7
64.3
53.0
21.4
T1
63.8
75.3
94.1
65.7
55.7
18.1
Tyee
76.8
64.9
86.1
64.2
53.5
18.0
c
A4
30.0
67.5
62.5
64.6
62.6
59.4
Focus
53.8
58.9
78.1
58.3
47.2
26.0
MacKenzie
57.7
50.2
86.2
59.4
46.1
15.1
V8
58.8
57.9
88.1
55.8
43.4
9.6
Alpha
58.0
47.2
86.7
56.3
46.1
16.5
LSD (p=0.05)
34.8
36.7
23.2
31.7
25.9
30.6
a
Values were averaged from 4 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Treatment application dates.
c
A4 had very low levels of disease so suppression data may be skewed.
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Table 3.13: Range 10 field trial #1 (18/09/06 - 18/11/07) with average dollar spot counts
by days post inoculation (DPI) and date for inoculated control plots on five cultivars of A.
stolonifera at fairway height. Plots measured 0.25 m2 with four replicates and all plots
were inoculated with C. jacksonii (1 g/m2) on 18/09/13. Cultivars are ordered by lowest
average dollar spot counts to highest average dollar spot counts.
Cultivar
L93
Focus
Alpha
Tyee
007
LSD (p=0.05)
a

6 DPI
(09/19)
15.0
21.8
16.8
13.3
23.0
10.9

Dollar spot counts per 0.25 m2 (by DPI and date)a
13 DPI 20 DPI 27 DPI 34 DPI 41 DPI 48 DPI
(09/26) (10/03) (10/10) (10/17) (10/24) (10/31)
18.3
31.8
73.8
83.8
88.8
78.8
25.0
51.3
77.5
97.5
80.0
82.5
20.0
36.3
81.3
95.0
105.0
92.5
21.3
51.3
90.0
103.8
102.5
105.0
24.3
51.3
96.3
116.3
96.3
92.5
13.4
27.6
39.8
45.7
47.3
41.6

Values were averaged from 4 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
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55 DPI
(11/07)
81.3
91.3
92.5
102.5
105.0
36.2

Table 3.14: Range 10 field trial #2 (19/06/11 - 19/08/06) with dollar spot disease
suppression by days post inoculation (DPI) and date for inoculated control plots on 10
cultivars of A. stolonifera at fairway height. Plots measured 0.25 m2 with four replicates
and all plots were inoculated with C. jacksonii (1 g/m2) on 19/06/18. Cultivars are
ordered by lowest average dollar spot counts to highest average dollar spot counts.
Dollar spot counts per 0.25 m2 (by DPI and date)a
Cultivar
7 DPI
14 DPI 21 DPI 28 DPI 35 DPI 42 DPI 49 DPI
(06/25)
(07/02) (07/09) (07/16) (07/23) (07/30) (08/06)
A4
1.5
2.8
4.0
5.5
19.0
18.0
25.0
Focus
0.0
8.0
29.3
30.8
46.8
40.0
52.5
T1
1.5
15.8
33.8
40.0
67.5
55.0
81.3
L93
0.0
23.8
36.3
46.3
73.8
67.5
78.8
Alpha
2.0
31.3
50.0
58.8
75.0
82.5
96.3
Tyee
0.5
26.3
58.8
58.8
85.0
80.0
92.5
V8
1.8
30.0
60.0
62.5
103.8
86.3
108.8
Penncross
0.5
15.5
71.3
81.3
98.8
100.0
103.8
007
0.8
36.3
81.3
80.0
98.8
92.5
101.3
Mackenzie
1.0
28.8
76.3
78.8
107.5
102.5
103.8
LSD (p=0.05)
1.7
11.7
25.7
32.0
33.5
35.0
35.1
a
Values were averaged from 4 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
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Table 3.15: First trial of the ferrous sulfate pH adjustment trial (19/06/18 - 19/08/13)
with average dollar spot counts by days post inoculation (DPI) and date with different
Iron Sulfate (21% ferrous sulfate) treatments (applied weekly from 19/06/18 until
19/08/13, twice before inoculation) to reduce dollar spot on A. stolonifera cultivar
Penncross. Plots measured 0.25 m2 with four replicates and all plots were inoculated with
C. jacksonii (1 g/m2) on 19/06/25, one week after the first treatment. One trial was
conducted on fairway height turf while the other was conducted on greens height turf
with this table averaging results from both trials. The pH of ferrous sulfate was adjusted
using 0.5 M NaOH. Shading indicates treatments with significantly fewer dollar spot
counts compared to the inoculated control. Darker green shading represents treatments
with significantly fewer dollar spot counts compared to teal treatments, while teal
shading represents treatments with significantly fewer dollar spot counts compared to
light green treatments.
Dollar spot counts per 0.25 m2 (by DPI and date)a
Treatment

Rateb

pH Level

7 DPI
(07/02)

c

14 DPI

21 DPI

28 DPI

35 DPI

42 DPI

49 DPI

c

c

(07/23)

(07/30)

(08/06)

(08/13)

(07/09)

(07/16)

Inoculated control

100 g

7.0

4.1

32.0

30.3

77.5

91.3

88.1

86.9

Banner Maxx

26 ml

4.1

0.6

0.6

0.4

0.3

0.6

1.3

5.8

Ferrous sulfate (1x)

250 g

3.2

1.3

7.0

3.6

21.3

38.8

45.6

52.5

Ferrous sulfate (5x)

1250 g

3.0

0.0

0.0

0.1

0.5

1.8

7.3

16.1

Ferrous sulfate (1x)

250 g

6.0

1.0

5.9

2.5

18.4

35.6

37.5

49.4

Ferrous sulfate (5x)

1250 g

6.0

0.1

0.6

0.0

0.4

1.4

4.1

15.6

1.1

6.6

7.9

8.0

8.5

10.1

8.1

LSD (p=0.05)
a

Values were averaged from 8 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
c
Treatment application dates.
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Table 3.16: First trial (greens height) of the ferrous sulfate pH adjustment trial (19/06/18
- 19/08/13) with average dollar spot counts by days post inoculation (DPI) and date with
different Iron Sulfate (21% ferrous sulfate) treatments (applied weekly from 19/06/18
until 19/08/13, twice before inoculation) to reduce dollar spot on A. stolonifera cultivar
Penncross. Plots measured 0.25 m2 with four replicates and all plots were inoculated with
C. jacksonii (1 g/m2) on 19/06/25, one week after the first treatment. The pH of ferrous
sulfate was adjusted using 0.5 M NaOH. Shading indicates treatments with significantly
fewer dollar spot counts compared to the inoculated control. Darker green shading
represents treatments with significantly fewer dollar spot counts compared to teal
treatments, while teal shading represents treatments with significantly fewer dollar spot
counts compared to light green treatments.
Dollar spot counts per 0.25 m2 (by DPI and date)a
Treatment

Rateb

pH Level

7 DPI
(07/02)

c

14 DPI

21 DPI

28 DPI

35 DPI

42 DPI

49 DPI

c

c

(07/23)

(07/30)

(08/06)

(08/13)

(07/09)

(07/16)

Inoculated control

100 g

7.0

5.3

35.0

25.0

67.5

95.0

100.0

92.5

Banner Maxx

26 ml

4.1

1.0

0.5

0.5

0.0

0.3

1.0

7.0

Ferrous sulfate (1x)

250 g

3.2

1.8

8.8

5.5

22.5

38.8

57.5

63.8

Ferrous sulfate (5x)

1250 g

3.0

0.0

0.0

0.3

0.0

3.0

13.8

25.0

Ferrous sulfate (1x)

250 g

6.0

1.0

9.0

4.0

17.5

28.8

40.0

52.5

Ferrous sulfate (5x)

1250 g

6.0

0.0

0.0

0.0

0.0

1.0

6.3

25.0

2.2

4.7

4.7

11.7

12.2

15.4

12.8

LSD (p=0.05)
a

Values were averaged from 4 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
c
Treatment application dates.
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Table 3.17: First trial (fairway height) of the ferrous sulfate pH adjustment trial
(19/06/18 - 19/08/13) with average dollar spot counts by days post inoculation (DPI) and
date with different Iron Sulfate (21% ferrous sulfate) treatments (applied weekly from
19/06/18 until 19/08/13, twice before inoculation) to reduce dollar spot on A. stolonifera
cultivar Penncross. Plots measured 0.25 m2 with four replicates and all plots were
inoculated with C. jacksonii (1 g/m2) on 19/06/25, one week after the first treatment. The
pH of ferrous sulfate was adjusted using 0.5 M NaOH. Shading indicates treatments with
significantly fewer dollar spot counts compared to the inoculated control. Darker green
shading represents treatments with significantly fewer dollar spot counts compared to teal
treatments, while teal shading represents treatments with significantly fewer dollar spot
counts compared to light green treatments.
Dollar spot counts per 0.25 m2 (by DPI and date)a
Treatment

Rateb

pH Level

7 DPI
(07/02)

c

14 DPI

21 DPI

28 DPI

35 DPI

42 DPI

49 DPI

c

c

(07/23)

(07/30)

(08/06)

(08/13)

(07/09)

(07/16)

Inoculated control

100 g

7.0

3.0

29.0

35.5

87.5

87.5

76.3

81.3

Banner Maxx

26 ml

4.1

0.3

0.8

0.3

0.5

1.0

1.5

4.5

Ferrous sulfate (1x)

250 g

3.2

0.8

5.3

1.8

20.0

38.8

33.8

41.3

Ferrous sulfate (5x)

1250 g

3.0

0.0

0.0

0.0

1.0

0.5

0.8

7.3

Ferrous sulfate (1x)

250 g

6.0

1.0

2.8

1.0

19.3

42.8

35.0

46.3

Ferrous sulfate (5x)

1250 g

6.0

0.3

1.3

0.0

0.8

1.8

2.0

6.3

0.9

12.9

15.7

11.7

12.6

14.0

10.7

LSD (p=0.05)
a

Values were averaged from 4 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
c
Treatment application dates.
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Table 3.18: Second trial of the ferrous sulfate pH adjustment trial (19/08/19 - 19/10/14)
with average dollar spot counts by days post inoculation (DPI) and date with different
Iron Sulfate (21% ferrous sulfate) treatments (applied weekly from 19/08/19 until
19/10/14, twice before inoculation) to reduce dollar spot on A. stolonifera cultivar
Penncross. Plots measured 0.25 m2 with four replicates and all plots were inoculated with
C. jacksonii (1 g/m2) on 19/08/26, one week after the first treatment. One trial was
conducted on fairway height turf while the other was conducted on greens height turf
with this table averaging results from both trials. The pH of ferrous sulfate was adjusted
using 0.5 M NaOH. Shading indicates treatments with significantly fewer dollar spot
counts compared to the inoculated control. Darker green shading represents treatments
with significantly fewer dollar spot counts compared to lighter green treatments.
Dollar spot counts per 0.25 m2 (by DPI and date)a
Treatment

Rateb

pH Level

7 DPI
(09/02)

c

14 DPI

21 DPI

28 DPI

35 DPI

42 DPI

49 DPI

c

c

(09/23)

(09/30)

(10/07)

(10/14)

(09/09)

(09/16)

Inoculated control

100 g

7.0

3.0

38.1

77.5

73.8

81.9

89.4

84.4

Banner Maxx

26 ml

4.1

0.4

1.9

3.5

2.4

1.4

8.1

5.8

Ferrous sulfate (1x)

250 g

3.2

0.8

16.5

29.8

31.5

35.6

64.4

53.1

Ferrous sulfate (5x)

1250 g

3.0

0.0

2.0

1.4

1.5

2.1

23.8

12.5

Ferrous sulfate (1x)

250 g

6.0

0.6

15.6

28.1

28.8

35.6

70.0

59.4

Ferrous sulfate (5x)

1250 g

6.0

0.0

2.0

3.0

1.6

0.9

16.8

8.3

1.3

6.5

13.5

10.2

10.3

16.1

15.8

LSD (p=0.05)
a

Values were averaged from 8 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
c
Treatment application dates.
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Table 3.19: Second trial (greens height) of the ferrous sulfate pH adjustment trial
(19/08/19 - 19/10/14) with average dollar spot counts by days post inoculation (DPI) and
date with different Iron Sulfate (21% ferrous sulfate) treatments (applied weekly from
19/08/19 until 19/10/14, twice before inoculation) to reduce dollar spot on A. stolonifera
cultivar Penncross. Plots measured 0.25 m2 with four replicates and all plots were
inoculated with C. jacksonii (1 g/m2) on 19/08/26, one week after the first treatment. The
pH of ferrous sulfate was adjusted using 0.5 M NaOH. Shading indicates treatments with
significantly fewer dollar spot counts compared to the inoculated control. Darker green
shading represents treatments with significantly fewer dollar spot counts compared to
lighter green treatments.
Dollar spot counts per 0.25 m2 (by DPI and date)a
Treatment

Rateb

pH Level

7 DPI
(09/02)

c

14 DPI

21 DPI

28 DPI

35 DPI

42 DPI

49 DPI

c

c

(09/23)

(09/30)

(10/07)

(10/14)

82.5

92.5

100.0

96.3

(09/09)

Inoculated control

100 g

7.0

1.3

Banner Maxx

26 ml

4.1

0.0

1.5

0.5

2.0

1.0

4.5

4.0

Ferrous sulfate (1x)

250 g

3.2

0.0

15.9

33.8

47.5

50.0

85.0

63.8

Ferrous sulfate (5x)

1250 g

3.0

0.0

5.6

1.5

2.0

3.5

40.0

18.8

Ferrous sulfate (1x)

250 g

6.0

0.0

16.0

30.0

45.0

48.8

82.5

65.0

Ferrous sulfate (5x)

1250 g

6.0

0.0

0.6

0.3

1.3

0.5

17.3

5.8

0.3

10.4

16.8

17.9

15.7

22.0

19.8

LSD (p=0.05)
a

30.6

(09/16)
82.5

Values were averaged from 4 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
c
Treatment application dates.
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Table 3.20: Second trial (fairway height) of the ferrous sulfate pH adjustment trial
(19/08/19 - 19/10/14) with average dollar spot counts by days post inoculation (DPI) and
date with different Iron Sulfate (21% ferrous sulfate) treatments (applied weekly from
19/08/19 until 19/10/14, twice before inoculation) to reduce dollar spot on A. stolonifera
cultivar Penncross. Plots measured 0.25 m2 with four replicates and all plots were
inoculated with C. jacksonii (1 g/m2) on 19/08/26, one week after the first treatment. The
pH of ferrous sulfate was adjusted using 0.5 M NaOH. Shading indicates treatments with
significantly fewer dollar spot counts compared to the inoculated control. Darker green
shading represents treatments with significantly fewer dollar spot counts compared to
lighter green treatments.
Dollar spot counts per 0.25 m2 (by DPI and date)a
Treatment

Rateb

pH Level

7 DPI
(09/02)

c

14 DPI

21 DPI

28 DPI

35 DPI

42 DPI

49 DPI

c

c

(09/23)

(09/30)

(10/07)

(10/14)

65.0

71.3

78.8

72.5

(09/09)

Inoculated control

100 g

7.0

4.8

Banner Maxx

26 ml

4.1

0.8

3.5

6.5

2.8

1.8

11.8

7.5

Ferrous sulfate (1x)

250 g

3.2

1.5

12.5

25.8

15.5

21.3

43.8

42.5

Ferrous sulfate (5x)

1250 g

3.0

0.0

3.3

1.3

1.0

0.8

7.5

6.3

Ferrous sulfate (1x)

250 g

6.0

1.3

13.8

26.3

12.5

22.5

52.5

53.8

Ferrous sulfate (5x)

1250 g

6.0

0.0

4.0

5.8

2.0

1.3

16.3

10.8

2.6

9.6

22.2

11.3

14.3

24.9

26.0

LSD (p=0.05)
a

36.3

(09/16)
72.5

Values were averaged from 4 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
c
Treatment application dates.
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Table 3.21: First trial of the ferrous sulfate rate and interval trial (19/06/17 - 19/08/12)
with average dollar spot counts by days post inoculation (DPI) and date with different
Iron Sulfate (21% ferrous sulfate) treatments (applied every 3.5 days, weekly or
biweekly, starting on 19/06/17 with the last application on 19/07/15) to reduce dollar spot
on A. stolonifera cultivar Penncross. Plots measured 0.25 m2 with four replicates and all
plots were inoculated with C. jacksonii (1 g/m2) on 19/06/24. One trial was conducted on
fairway height turf while the other was conducted on greens height turf with this table
averaging results from both trials. Shading indicates treatments with significantly fewer
dollar spot counts compared to the inoculated control. Darker green shading = 0 to 4.99
average dollar spot counts and teal shading = 5 to 9.9 average dollar spot counts. Light
green shading = 10 to 29.9 average dollar spot counts and brown shading = 30+ average
dollar spot counts.
Dollar spot counts per 0.25 m2 (by DPI and date)a
Treatment

Rateb

Interval

14 DPI

21 DPI

28 DPI

35 DPI

42 DPI

49 DPI

(07/08)

(07/15)

(07/22)

(07/29)

(08/05)

(08/12)

Inoculated control

100 g

Once

40.6

31.9

73.1

65.6

78.1

80.0

Banner Maxx

26 ml

14 days

3.3

2.9

1.1

0.8

1.3

5.0

Ferrous sulfate (1x)

250 g

3.5 days

2.4

0.6

13.9

8.6

20.9

30.6

Ferrous sulfate (2x)

500 g

3.5 days

1.5

0.5

3.4

3.3

8.5

21.9

Ferrous sulfate (3x)

750 g

3.5 days

0.3

0.0

0.9

0.9

4.5

13.5

Ferrous sulfate (1x)

250 g

7 days

15.4

8.5

43.1

36.9

51.9

57.5

Ferrous sulfate (2x)

500 g

7 days

5.9

2.9

22.9

17.4

30.1

38.8

Ferrous sulfate (3x)

750 g

7 days

5.9

1.0

11.8

6.9

18.1

31.9

Ferrous sulfate (1x)

250 g

14 days

15.4

18.1

42.5

36.9

48.8

59.4

Ferrous sulfate (2x)

500 g

14 days

5.5

10.1

33.8

26.3

37.5

43.8

Ferrous sulfate (3x)

750 g

14 days

7.3

9.8

22.8

23.0

35.0

42.5

5.2

6.6

12.0

11.1

12.5

12.6

LSD (p=0.05)
a

Values were averaged from 8 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
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Table 3.22: First trial (greens height) of the ferrous sulfate rate and interval trial
(19/06/17 - 19/08/12) with average dollar spot counts by days post inoculation (DPI) and
date with different Iron Sulfate (21% ferrous sulfate) treatments (applied every 3.5 days,
weekly or biweekly, starting on 19/06/17 with the last application on 19/07/15) to reduce
dollar spot on A. stolonifera cultivar Penncross. Plots measured 0.25 m2 with four
replicates and all plots were inoculated with C. jacksonii (1 g/m2) on 19/06/24. Shading
indicates treatments with significantly fewer dollar spot counts compared to the
inoculated control. Darker green shading = 0 to 4.99 average dollar spot counts and teal
shading = 5 to 9.9 average dollar spot counts. Light green shading = 10 to 29.9 average
dollar spot counts and brown shading = 30+ average dollar spot counts.
Dollar spot counts per 0.25 m2 (by DPI and date)a
Treatment

Rateb

Interval

14 DPI

21 DPI

28 DPI

35 DPI

42 DPI

49 DPI

(07/08)

(07/15)

(07/22)

(07/29)

(08/05)

(08/12)

Once

35.0

23.8

58.8

60.0

77.5

76.3

Inoculated control

100 g

Banner Maxx

26 ml

14 days

4.3

3.5

0.3

0.0

0.5

4.5

Ferrous sulfate (1x)

250 g

3-4 days

2.8

0.3

14.8

6.8

22.5

36.3

Ferrous sulfate (2x)

500 g

3-4 days

1.0

0.5

3.0

2.3

8.5

21.3

Ferrous sulfate (3x)

750 g

3-4 days

0.5

0.0

0.0

0.5

4.5

13.8

Ferrous sulfate (1x)

250 g

7 days

17.5

4.0

38.8

27.5

55.0

57.5

Ferrous sulfate (2x)

500 g

7 days

6.3

1.0

19.0

10.5

29.0

41.3

Ferrous sulfate (3x)

750 g

7 days

8.8

0.8

16.8

5.8

21.3

36.3

Ferrous sulfate (1x)

250 g

14 days

20.0

17.5

43.8

37.5

58.8

65.0

Ferrous sulfate (2x)

500 g

14 days

8.8

10.3

41.3

27.5

46.3

48.8

Ferrous sulfate (3x)

750 g

14 days

11.3

12.0

33.8

20.5

48.8

53.8

6.5

7.9

14.7

11.5

15.8

17.0

LSD (p=0.05)
a

Values were averaged from 4 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
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Table 3.23: First trial (fairway height) of the ferrous sulfate rate and interval trial
(19/06/17 - 19/08/12) with average dollar spot counts by days post inoculation (DPI) and
date with different Iron Sulfate (21% ferrous sulfate) treatments (applied every 3.5 days,
weekly or biweekly, starting on 19/06/17 with the last application on 19/07/15) to reduce
dollar spot on A. stolonifera cultivar Penncross. Plots measured 0.25 m2 with four
replicates and all plots were inoculated with C. jacksonii (1 g/m2) on 19/06/24. Shading
indicates treatments with significantly fewer dollar spot counts compared to the
inoculated control. Darker green shading = 0 to 4.99 average dollar spot counts and teal
shading = 5 to 9.9 average dollar spot counts. Light green shading = 10 to 29.9 average
dollar spot counts and brown shading = 30+ average dollar spot counts.
Dollar spot counts per 0.25 m2 (by DPI and date)a
Treatment

Rateb

Interval

14 DPI

21 DPI

28 DPI

35 DPI

42 DPI

49 DPI

(07/08)

(07/15)

(07/22)

(07/29)

(08/05)

(08/12)

Once

46.3

40.0

87.5

71.3

78.8

83.8

Inoculated control

100 g

Banner Maxx

26 ml

14 days

2.3

2.3

2.0

1.5

2.0

5.5

Ferrous sulfate (1x)

250 g

3-4 days

2.0

1.0

13.0

10.5

19.3

25.0

Ferrous sulfate (2x)

500 g

3-4 days

2.0

0.5

3.8

4.3

8.5

22.5

Ferrous sulfate (3x)

750 g

3-4 days

0.0

0.0

1.8

1.3

4.5

13.3

Ferrous sulfate (1x)

250 g

7 days

13.3

13.0

47.5

46.3

48.8

57.5

Ferrous sulfate (2x)

500 g

7 days

10.8

4.8

26.8

24.3

31.3

36.3

Ferrous sulfate (3x)

750 g

7 days

3.0

1.3

6.8

8.0

15.0

27.5

Ferrous sulfate (1x)

250 g

14 days

10.8

18.8

41.3

36.3

38.8

53.8

Ferrous sulfate (2x)

500 g

14 days

2.3

10.0

26.3

25.0

28.8

38.8

Ferrous sulfate (3x)

750 g

14 days

3.3

7.5

11.8

25.5

21.3

31.3

8.3

11.0

19.6

19.3

19.9

19.3

LSD (p=0.05)
a

Values were averaged from 4 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
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Table 3.24: Second trial of the ferrous sulfate rate and interval trial (19/08/19 - 19/10/14)
with average dollar spot counts by days post inoculation (DPI) and date with different
Iron Sulfate (21% ferrous sulfate) treatments (applied every 3.5 days, weekly or
biweekly, starting on 19/08/19 with the last application on 19/06/16) to reduce dollar spot
on A. stolonifera cultivar Penncross. Plots measured 0.25 m2 with four replicates and all
plots were inoculated with C. jacksonii (1 g/m2) on 19/08/26. One trial was conducted on
fairway height turf while the other was conducted on greens height turf with this table
averaging results from both trials. Shading indicates treatments with significantly fewer
dollar spot counts compared to the inoculated control. Darker green shading = 0 to 4.99
average dollar spot counts and teal shading = 5 to 9.9 average dollar spot counts. Light
green shading = 10 to 29.9 average dollar spot counts and brown shading = 30+ average
dollar spot counts.
Dollar spot counts per 0.25 m2 (by DPI and date)a
Treatment

Rateb

Interval

14 DPI

21 DPI

28 DPI

35 DPI

42 DPI

49 DPI

(09/09)

(09/16)

(09/23)

(09/30)

(10/07)

(10/14)

Inoculated control

100 g

Once

33.8

63.1

81.3

89.4

108.8

100.0

Banner Maxx

26 ml

14 days

1.4

1.0

2.1

2.0

6.0

5.0

Ferrous sulfate (1x)

250 g

3-4 days

3.5

3.1

5.3

11.3

38.8

30.6

Ferrous sulfate (2x)

500 g

3-4 days

1.0

0.8

1.0

1.1

12.5

7.8

Ferrous sulfate (3x)

750 g

3-4 days

0.5

0.1

0.5

0.1

7.4

5.5

Ferrous sulfate (1x)

250 g

7 days

10.3

25.5

36.5

52.5

85.6

70.6

Ferrous sulfate (2x)

500 g

7 days

6.5

13.9

16.5

17.1

53.1

40.0

Ferrous sulfate (3x)

750 g

7 days

4.1

7.3

14.3

18.1

49.4

30.0

Ferrous sulfate (1x)

250 g

14 days

19.6

48.8

51.9

68.8

91.3

80.0

Ferrous sulfate (2x)

500 g

14 days

17.1

43.5

38.5

55.3

81.3

65.6

Ferrous sulfate (3x)

750 g

14 days

8.8

30.0

29.1

36.3

66.3

50.0

6.1

14.6

11.6

12.7

16.0

16.1

LSD (p=0.05)
a

Values were averaged from 8 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
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Table 3.25: Second trial (greens height) of the ferrous sulfate rate and interval trial
(19/08/19 - 19/10/14) with average dollar spot counts by days post inoculation (DPI) and
date with different Iron Sulfate (21% ferrous sulfate) treatments (applied every 3.5 days,
weekly or biweekly, starting on 19/08/19 with the last application on 19/06/16) to reduce
dollar spot on A. stolonifera cultivar Penncross. Plots measured 0.25 m2 with four
replicates and all plots were inoculated with C. jacksonii (1 g/m2) on 19/08/26. Shading
indicates treatments with significantly fewer dollar spot counts compared to the
inoculated control. Darker green shading = 0 to 4.99 average dollar spot counts and teal
shading = 5 to 9.9 average dollar spot counts. Light green shading = 10 to 29.9 average
dollar spot counts and brown shading = 30+ average dollar spot counts.
Dollar spot counts per 0.25 m2 (by DPI and date)a
Treatment

Rateb

Interval

14 DPI

21 DPI

28 DPI

35 DPI

42 DPI

49 DPI

(09/09)

(09/16)

(09/23)

(09/30)

(10/07)

(10/14)

Once

41.3

73.8

100.0

108.8

130.0

112.5

Inoculated control

100 g

Banner Maxx

26 ml

14 days

1.3

0.3

2.5

2.8

7.0

5.8

Ferrous sulfate (1x)

250 g

3-4 days

2.0

4.0

7.8

18.8

57.5

42.5

Ferrous sulfate (2x)

500 g

3-4 days

0.5

0.8

1.5

1.5

18.8

12.5

Ferrous sulfate (3x)

750 g

3-4 days

0.8

0.3

0.5

0.0

11.8

7.5

Ferrous sulfate (1x)

250 g

7 days

15.0

42.5

65.0

92.5

113.8

101.3

Ferrous sulfate (2x)

500 g

7 days

4.0

11.3

30.0

31.3

66.3

51.3

Ferrous sulfate (3x)

750 g

7 days

3.8

11.5

25.0

35.0

80.0

43.8

Ferrous sulfate (1x)

250 g

14 days

27.5

60.0

86.3

107.5

117.5

102.5

Ferrous sulfate (2x)

500 g

14 days

21.3

61.3

67.5

97.5

106.3

87.5

Ferrous sulfate (3x)

750 g

14 days

10.5

42.5

53.8

68.8

97.5

78.8

8.8

24.8

22.4

24.2

23.5

24.9

LSD (p=0.05)
a

Values were averaged from 4 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
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Table 3.26: Second trial (fairway height) of the ferrous sulfate rate and interval trial
(19/08/19 - 19/10/14) with average dollar spot counts by days post inoculation (DPI) and
date with different Iron Sulfate (21% ferrous sulfate) treatments (applied every 3.5 days,
weekly or biweekly, starting on 19/08/19 with the last application on 19/06/16) to reduce
dollar spot on A. stolonifera cultivar Penncross. Plots measured 0.25 m2 with four
replicates and all plots were inoculated with C. jacksonii (1 g/m2) on 19/08/26. Shading
indicates treatments with significantly fewer dollar spot counts compared to the
inoculated control. Darker green shading = 0 to 4.99 average dollar spot counts and teal
shading = 5 to 9.9 average dollar spot counts. Light green shading = 10 to 29.9 average
dollar spot counts and brown shading = 30+ average dollar spot counts.
Dollar spot counts per 0.25 m2 (by DPI and date)a
Treatment

Rateb

Interval

14 DPI

21 DPI

28 DPI

35 DPI

42 DPI

49 DPI

b

b

(09/23)

(09/30)

(10/07)

(10/14)

87.5

87.5

(09/09)
Inoculated control

100 g

Banner Maxx
Ferrous sulfate (1x)

(09/16)

Once

26.3

52.5

62.5

70.0

26 ml

14 days

1.5

1.8

1.8

1.3

5.0

4.3

250 g

3-4 days

5.0

2.3

2.8

3.8

20.0

18.8

Ferrous sulfate (2x)

500 g

3-4 days

1.5

0.8

0.5

0.8

6.3

3.0

Ferrous sulfate (3x)

750 g

3-4 days

0.3

0.0

0.5

0.3

3.0

3.5

Ferrous sulfate (1x)

250 g

7 days

5.5

8.5

8.0

12.5

57.5

40.0

Ferrous sulfate (2x)

500 g

7 days

9.0

16.5

3.0

3.0

40.0

28.8

Ferrous sulfate (3x)

750 g

7 days

4.5

3.0

3.5

1.3

18.8

16.3

Ferrous sulfate (1x)

250 g

14 days

11.8

37.5

17.5

30.0

65.0

57.5

Ferrous sulfate (2x)

500 g

14 days

13.0

25.8

9.5

13.0

56.3

43.8

Ferrous sulfate (3x)

750 g

14 days

7.0

17.5

4.5

3.8

35.0

21.3

8.8

16.5

7.6

9.3

22.6

21.5

LSD (p=0.05)
a

Values were averaged from 4 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
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Table 3.27: Range 10 ferrous sulfate efficacy trial #1 (18/08/17 - 18/10/05) with average
dollar spot counts across 10 A. stolonifera cultivars at fairway height by days post
inoculation (DPI) and rating date. Four different rates of Iron Sulfate (21% ferrous
sulfate) were applied weekly from 18/08/17 until 18/09/07, twice before inoculation.
Individual plots measured 0.0625 m2 with four replicates per treatment level and were
inoculated with C. jacksonii (1 g/m2) on 19/08/23, one week after the first treatment.
Shading indicates treatments with significantly fewer dollar spot counts compared to the
non-shaded treatments. Darker green shading represents treatments with significantly
fewer dollar spot counts compared to lighter green treatments.
Dollar spot counts per 0.0625 m2 (by DPI and date)a
Treatment
Ferrous sulfate (1x)
Ferrous sulfate (5x)
Ferrous sulfate (10x)
Ferrous sulfate (15x)
LSD (p=0.05)
a

Rateb
0.25 kg
1.25 kg
2.50 kg
3.75 kg

7 DPI
(08/31)c
0.6
0.4
0.1
0.0
0.3

14 DPI
(09/07)c
6.4
1.8
0.1
0.0
0.9

22 DPI
(09/14)
10.3
1.7
0.0
0.0
1.2

29 DPI
(09/21)
12.2
1.6
0.8
0.2
1.8

36 DPI
(09/28)
26.1
4.6
1.7
0.3
2.5

43 DPI
(10/05)
35.1
11.2
6.3
2.9
2.9

Values were averaged from 40 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2.
c
Treatment application dates.
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Table 3.28: Range 10 ferrous sulfate efficacy trial #2 (19/06/17 - 19/08/05) with average
dollar spot counts across 10 A. stolonifera cultivars at fairway height by days post
inoculation (DPI) and rating date. Four different rates of Iron Sulfate (21% ferrous
sulfate) were applied weekly from 19/06/17 until 19/07/01, twice before inoculation.
Individual plots measured 0.0625 m2 with four replicates per treatment level and were
inoculated with C. jacksonii (1 g/m2) on 19/06/24, one week after the first treatment.
Shading indicates treatments with significantly fewer dollar spot counts compared to the
inoculated control. Darker green shading represents treatments with significantly fewer
dollar spot counts compared to lighter green treatments.
Dollar spot counts per 0.0625 m2 (by DPI and date)a
Treatment
Inoculated control
Ferrous sulfate (1x)
Ferrous sulfate (5x)
Ferrous sulfate (10x)
Ferrous sulfate (15x)
LSD (p=0.05)
a

Rateb
0.10 kg
0.25 kg
1.25 kg
2.50 kg
3.75 kg

7 DPI
(07/01)c
1.7
0.5
0.3
0.2
0.1
0.4

14 DPI
(07/08)c
9.0
1.6
0.1
0.0
0.0
1.2

21 DPI
(07/15)
8.6
1.5
0.1
0.0
0.0
1.0

28 DPI
(07/22)
16.2
8.6
3.3
0.7
0.3
1.6

35 DPI
(07/29)
15.7
7.9
3.3
1.7
1.0
1.7

42 DPI
(08/05)
15.3
9.9
5.9
3.4
2.8
1.8

Values were averaged from 40 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
c
Treatment application dates.
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Table 3.29: Phytotoxicity trial #1 (18/08/17 - 18/10/05) with average percent blackening
across 10 A. stolonifera cultivars at fairway height by days post last treatment application
(DPT) and rating date. Four different rates of Iron Sulfate (21% ferrous sulfate) were
applied weekly from 18/08/17 until 18/09/07. Individual plots measured 0.0625 m2 with
four replicates for each treatment level. Shading indicates treatments with significantly
more blackening compared to non-shaded treatments. Yellow shading represents
treatments with significantly more blackening compared to green shaded treatments,
orange shading represents treatments with significantly more blackening compared to
yellow shaded treatments and red shading represents treatments with significantly more
blackening compared to orange shaded treatments.
Percent blackening (by DPT and date)
a
Treatment
Rate
1 DPT
7 DPT 14 DPT 21 DPT 28 DPT
(09/08) (09/14) (09/21) (09/28) (10/05)
Ferrous sulfate (1x)
0.25 kg
21.8
4.5
2.8
1.2
0.1
Ferrous sulfate (5x)
1.25 kg
31.6
14.3
11.8
8.0
4.2
Ferrous sulfate (10x)
2.50 kg
53.4
45.5
13.4
8.7
4.2
Ferrous sulfate (15x)
3.75 kg
65.9
58.3
22.1
12.7
7.9
LSD (p=0.05)
5.1
4.0
4.0
2.3
1.8
a
Values were averaged from 40 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2.
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Table 3.30: Phytotoxicity trial #1 (18/08/17 - 18/10/05) with average percent blackening
across 10 A. stolonifera cultivars at fairway height by days post last treatment application
(DPT) and rating date. 1x FSH (250 g/100m2) of Iron Sulfate (21% ferrous sulfate) was
applied weekly from 18/08/17 until 18/09/07 and average blackening values were
calculated. Individual plots measured 0.0625 m2 with four replicates for each treatment
level. Dark green shading = 5-10% and light green = 0-4.9%. Cultivars are ordered
lowest average percent darkening to highest average percent darkening.
Percent blackening (by DPT and date)a
Cultivar
7 DPT
7 DPT
7 DPT
b
b
(08/24)
(08/31)
(09/07)b
Focus
2.0
2.0
2.0
007
2.0
2.0
3.5
A4
2.0
3.5
2.0
T1
2.0
3.5
2.8
V8
2.0
4.8
2.0
L93
2.0
4.3
3.5
Alpha
3.5
4.8
4.3
Tyee
3.5
8.8
2.0
Penncross
6.3
7.5
5.0
MacKenzie
6.3
10.0
4.8
LSD (p=0.05)
2.0
4.2
2.3
a
Values were averaged from 4 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Treatment application dates.
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Table 3.31: Phytotoxicity trial #1 (18/08/14 - 18/10/05) with average percent blackening
across 10 A. stolonifera cultivars at fairway height by days post last treatment application
(DPT) and rating date. 1x FSH (250 g/100m2) of Iron Sulfate (21% ferrous sulfate) was
applied weekly from 18/08/14 until 18/09/07 and average blackening values were
calculated. Individual plots measured 0.0625 m2 with four replicates for each treatment
level. Dark green shading = 20-29.9%, green = 10-19.9% and light green = 5.0-9.9%,
pale green = 0.1-4.9% and no shading = 0%. Cultivars are ordered lowest average percent
darkening to highest average percent darkening.
Percent blackening (by DPT and date)a
Cultivar
1 DPT
7 DPT
14 DPT
21 DPT
28 DPT
(09/08)
(09/14)
(09/21)
(09/28)
(10/05)
T1
6.3
3.5
2.0
1.0
0.0
Focus
8.8
2.8
2.0
0.0
0.0
V8
8.8
4.0
2.0
0.0
0.0
Alpha
7.5
5.5
3.5
1.0
0.0
A4
8.8
3.5
4.3
2.8
0.0
Tyee
7.5
7.5
2.8
2.0
0.0
007
12.5
3.5
2.8
1.5
0.0
Penncross
13.8
3.5
2.0
1.5
0.0
L93
10.0
7.5
2.8
1.0
0.0
MacKenzie
21.3
3.5
3.5
1.0
0.0
LSD (p=0.05)
5.5
3.6
1.8
1.4
0.0
a
Values were averaged from 4 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
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Table 3.32: Phytotoxicity trial #2 (19/06/17 - 19/08/05) with average percent blackening
across 10 A. stolonifera cultivars at fairway height by days post last treatment application
(DPT) and rating date. Four different rates of Iron Sulfate (21% ferrous sulfate) were
applied weekly from 19/06/17 until 19/07/08. Individual plots measured 0.0625 m2 with
four replicates for each treatment level. Shading indicates treatments with significantly
more blackening compared to the untreated control. Yellow shading represents treatments
with significantly more blackening compared to green shaded treatments, orange shading
represents treatments with significantly more blackening compared to yellow shaded
treatments and red shading represents treatments with significantly more blackening
compared to orange shaded treatments.
Percent blackening (by DPT and date)a
Treatment
Rateb
1 DPT 7 DPT 14 DPT 21 DPT 28 DPT
(07/09) (07/15) (07/22) (07/29) (08/05)
Untreated control
0.10 kg
0.0
0.0
0.0
0.0
0.0
Ferrous sulfate (1x)
0.25 kg
40.0
28.1
18.3
6.4
4.4
Ferrous sulfate (5x)
1.25 kg
66.6
63.0
45.3
30.5
25.9
Ferrous sulfate (10x)
2.50 kg
79.6
81.5
70.3
62.8
59.8
Ferrous sulfate (15x)
3.75 kg
82.5
83.5
75.0
68.1
65.6
LSD (p=0.05)
2.1
2.5
2.8
4.0
4.3
a
Values were averaged from 40 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2, except for the
inoculated control which was applied as a powder.
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Table 3.33: Phytotoxicity trial #2 (19/06/17 - 19/08/05) with average percent blackening
across 10 A. stolonifera cultivars at fairway height by days post last treatment application
(DPT) and rating date. 1x FSH (250 g/100m2) of Iron Sulfate (21% ferrous sulfate) was
applied weekly from 19/06/17 until 19/07/08 and average discolouration values
(blackening + scarring) were calculated. Individual plots measured 0.0625 m2 with four
replicates for each treatment level. Orange shading = 40-49.9%, yellow = 30-39.9%, dark
green = 20-29.9%, green = 10-19.9% and light green = 0-9.9%. Cultivars are ordered
lowest average percent discolouration to highest average percent discolouration.
Percent blackening (by DPT and date)a
Cultivar
7 DPT
7 DPT
7 DPT
b
b
(06/24)
(07/01)
(07/08)b
L93
16.3
10.0
13.8
007
31.3
7.5
12.5
Tyee
26.3
10.0
16.3
Alpha
31.3
11.3
12.5
Penncross
25.0
12.5
18.8
V8
31.3
12.5
16.3
Focus
33.8
7.5
20.0
T1
30.0
13.8
17.5
MacKenzie
20.0
16.3
26.3
A4
41.3
17.5
37.5
LSD (p=0.05)
14.5
6.6
8.1
a
Values were averaged from 4 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Treatment application dates.

144

Table 3.34: Phytotoxicity trial #2 (19/06/17 - 19/08/05) with average percent blackening
across 10 A. stolonifera cultivars at fairway height by days post last treatment application
(DPT) and rating date. 1x FSH (250 g/100m2) of Iron Sulfate (21% ferrous sulfate) was
applied weekly from 19/06/17 until 19/07/08 and average discolouration values
(blackening + scarring) were calculated. Individual plots measured 0.0625 m2 with four
replicates for each treatment level. Orange shading = 50-59.9%, yellow shading = 4049.9%, dark green = 30-39.9%, green = 20-29.9% and light green = 10-19.9%, pale green
= 5.0-9.9%, gray = 0.1-4.9% and no shading = 0%. Cultivars are ordered lowest average
percent discolouration to highest average percent discolouration.
Percent discolouration (by DPT and date)a
Cultivar
1 DPT
7 DPT
14 DPT
21 DPT
28 DPT
(07/09)
(07/15)
(07/22)
(07/29)
(08/05)
007
37.5
22.5
11.3
1.3
1.3
V8
43.8
21.3
8.8
0.0
0.0
Alpha
40.0
25.0
12.5
1.3
1.3
Penncross
33.8
27.5
17.5
1.3
1.3
L93
35.0
27.5
16.3
2.5
1.3
Focus
36.3
25.0
16.3
3.8
2.5
Tyee
35.0
28.8
20.0
8.8
5.0
T1
47.5
32.5
20.0
8.8
3.8
MacKenzie
38.8
33.8
28.8
15.0
7.5
A4
52.5
37.5
31.3
22.5
20.0
LSD (p=0.05)
7.2
9.4
8.2
7.2
6.7
a
Values were averaged from 160 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
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Table 3.35: Root growth analysis trial comparing the root density and overall root length
of 2-cm-diameter soil cores taken from A. stolonifera cultivar Penncross, which was
treated with four rates of Iron Sulfate (21% ferrous sulfate). Cores (~10 cm deep) were
taken 28 days post last treatment application and thoroughly washed with deionized water
before analysis. Values are averaged from five soil core samples per treatment level.
Treatment
Ratea
Root densityb
Root length (mm)
Untreated control
52.0
81.6
Ferrous sulfate (1x)
0.25 kg
46.0
77.6
Ferrous sulfate (5x)
1.25 kg
29.0
84.0
Ferrous sulfate (10x)
2.50 kg
17.0
36.8
Ferrous sulfate (15x)
3.75 kg
16.0
40.0
LSD (p=0.05)
11.3
11.6
a
2
2
Product rates are per 100 m diluted for application in water at 100 ml/m , except for the
inoculated control which was applied as a powder.
b
Root density is the # of roots per 3.14 cm2 at 2 cm depth.
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Table 3.36: One application low ferrous sulfate rate blackening trial (19/05/15 19/06/03) with average % leaf blade blackening across A. stolonifera cultivar Penncross
at fairway height by days post last treatment application (DPT) and rating date. Five
different rates of Iron Sulfate (21% ferrous sulfate) were applied once on 19/05/14.
Individual plots measured 0.25 m2 with four replicates for each treatment level. Yellow
shading represents treatments with significantly more blackening compared to the
untreated control. Dark orange shading represents treatments with significantly more
blackening compared to lighter shaded treatments.
Percent blackening (0 - 100%)a
Treatment

Rateb

Untreated control

1 DPT

2 DPT

3 DPT

7 DPT

10 DPT

14 DPT

17 DPT

21 DPT

(05/15)

(05/16)

(05/17)

(05/21)

(05/24)

(05/28)

(05/31)

(06/03)

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Ferrous sulfate (1x)

0.25 kg

33.8

38.8

18.8

11.3

6.3

3.5

0.5

0.0

Ferrous sulfate (2x)

0.50 kg

31.3

37.5

25.0

11.3

5.0

3.5

0.0

0.0

Ferrous sulfate (3x)

0.75 kg

38.8

51.3

31.3

12.5

6.3

6.3

1.0

0.0

Ferrous sulfate (4x)

1.00 kg

36.3

47.5

33.8

13.8

7.5

6.3

1.5

0.3

Ferrous sulfate (5x)

1.25 kg

40.0

47.5

38.8

18.8

10.0

6.3

2.3

0.5

14.8

15.5

8.0

5.0

2.8

3.0

1.1

0.9

LSD (p=0.05)
a

Values were averaged from 4 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2.
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Table 3.37: Multiple application low ferrous sulfate rate blackening trial (19/05/15 19/06/18) with average % leaf blade blackening across A. stolonifera cultivar Penncross
at fairway height by days post last treatment application (DPT) and rating date. Five
different rates of Iron Sulfate (21% ferrous sulfate) were applied weekly from 19/05/14 to
19/05/28. Individual plots measured 0.25 m2 with four replicates for each treatment level.
Yellow shading represents treatments with significantly more blackening compared to the
untreated control. Dark orange shading represents treatments with significantly more
blackening compared to lighter shaded treatments.
Percent blackening (0-100%)a
Treatment

Rateb

Untreated control (water)

1 DPT

2 DPT

3 DPT

7 DPT

10 DPT

14 DPT

17 DPT

21 DPT

(05/29)

(05/30)

(05/31)

(06/04)

(06/07)

(06/11)

(06/14)

(06/18)

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Ferrous sulfate (1x)

0.25 kg

25.0

25.0

25.0

11.3

3.8

0.5

0.5

0.0

Ferrous sulfate (2x)

0.50 kg

31.3

32.5

26.3

17.5

3.8

2.8

0.5

0.0

Ferrous sulfate (3x)

0.75 kg

37.5

38.8

40.0

27.5

10.0

5.0

4.3

0.5

Ferrous sulfate (4x)

1.00 kg

41.3

43.8

36.3

27.5

11.3

5.0

3.0

1.0

Ferrous sulfate (5x)

1.25 kg

52.5

53.8

45.0

32.5

12.5

8.0

4.3

1.0

5.4

4.7

11.0

5.2

3.6

6.8

3.3

1.2

LSD (p=0.05)
a

Values were averaged from 4 replicates and subjected to Fisher’s protected Least
Significant Difference (LSD) test (p=0.05).
b
Product rates are per 100 m2 diluted for application in water at 100 ml/m2.
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Figure 3.1: A 1 L hand sprayer for applying various treatments in the field.
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Figure 3.2: Percent blackening scale used to assess discolouration of A. stolonifera due
to ferrous sulfate treatment applications.
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Figure 3.3: Preliminary efficacy trial on fairway height A. stolonifera cultivar Penncross
at the Guelph Turfgrass Institute. The trial was conducted from August until October
2018 and plots were treated with ferrous sulfate (FSH), humic acid, para-aminobenzoic
acid (PABA), polyoxin-D zinc salt, Clonostachys rosea and the fungicide control Banner
Maxx. Plots measured 0.25 m2 with four replicates and all plots were inoculated with C.
jacksonii (1 g/m2). Picture was taken seven days post last treatment application.

Figure 3.4: Full efficacy trial on fairway height A. stolonifera cultivar Penncross at the
Guelph Turfgrass Institute. The trial was conducted once in 2018 on five cultivars
(September until November) and again in 2019 (June until August) and plots were treated
with ferrous sulfate (FSH), para-aminobenzoic acid (PABA), polyoxin-D zinc salt and
the fungicide control Banner Maxx. Plots measured 0.25 m2 with four replicates and all
plots were inoculated with C. jacksonii (1 g/m2). Top picture was taken one day post last
treatment application and the bottom picture was taken seven days post last treatment
application.
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Figure 3.5: Ferrous sulfate pH adjustment trial on fairway height A. stolonifera cultivar
Penncross at the Guelph Turfgrass Institute. The trial was conducted once in Summer
2019 (June until August) and again in Fall 2019 (August until October). Plots were
treated with ferrous sulfate (FSH) and the fungicide control Banner Maxx. The pH of
FSH was adjusted using 0.5 M NaOH. Plots measured 0.25 m2 with four replicates and
all plots were inoculated with C. jacksonii (1 g/m2). Pictures were taken in July with the
top picture was taken one day post last treatment application and the bottom picture was
taken seven days post last treatment application.
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Figure 3.6: Ferrous sulfate rate and interval trial on fairway height A. stolonifera cultivar
Penncross at the Guelph Turfgrass Institute. The trial was conducted once in Summer
2019 (June until August) and again in Fall 2019 (August until October). Plots were
treated with ferrous sulfate (FSH) at three different rates (1x = 250 g/100m2, 2x = 500
g/100m2 and 3x = 750 g/100m2) and the fungicide control Banner Maxx (26 ml/100m2)
on a 3.5 day, 7 day or 14 day application schedule. Plots measured 0.25 m2 with four
replicates and all plots were inoculated with C. jacksonii (1 g/m2). Pictures were taken in
July, 14 days post last treatment application and 35 days post inoculation.
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Figure 3.7: Ferrous sulfate rate and interval trial on fairway height A. stolonifera cultivar
Penncross at the Guelph Turfgrass Institute. The trial was conducted once in Summer
2019 (June until August) and again in Fall 2019 (August until October). Plots were
treated with ferrous sulfate (FSH) at three different rates (1x = 250 g/100m2, 2x = 500
g/100m2 and 3x = 750 g/100m2) and the fungicide control Banner Maxx (26 ml/100m2)
on a 3.5 day, 7 day or 14 day application schedule. Plots measured 0.25 m2 with four
replicates and all plots were inoculated with C. jacksonii (1 g/m2). Pictures were taken in
August, 28 days post last treatment application and 49 days post inoculation.
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Figure 3.8: Ferrous sulfate rate and interval trial on greens height A. stolonifera cultivar
Penncross at the Guelph Turfgrass Institute. The trial was conducted once in Summer
2019 (June until August) and again in Fall 2019 (August until October). Plots were
treated with ferrous sulfate (FSH) at three different rates (1x = 250 g/100m2, 2x = 500
g/100m2 and 3x = 750 g/100m2) and the fungicide control Banner Maxx (26 ml/100m2)
on a 3.5 day, 7 day or 14 day application schedule. Plots measured 0.25 m2 with four
replicates and all plots were inoculated with C. jacksonii (1 g/m2). Pictures were taken in
August, 28 days post last treatment application and 49 days post inoculation.
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Figure 3.9: Phytotoxicity trial conducted on fairway height A. stolonifera cultivar
Penncross at the Guelph Turfgrass Institute. The trial was conducted once in 2018 on five
cultivars (August until October) and again in 2019 on 10 cultivars (June until August)
and plots were treated with four rates of ferrous sulfate (FSH) (1x = 0.25 kg/100m2, 5x =
1.25 kg/100m2, 10x = 2.50 kg/100m2 and 15x = 3.75 kg/100m2). Plots measured 0.0625
m2 with four replicates and all plots were inoculated with C. jacksonii (1 g/m2). Pictures
were taken from July until August 2019 at different intervals by days post last treatment
application (DPT) and days post inoculation (DPI).
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Figure 3.10: Phytotoxicity trial conducted on 10 cultivars of A. stolonifera maintained at
fairway height at the Guelph Turfgrass Institute. The trial was conducted in 2019 (June
until August) and plots were treated with four rates of ferrous sulfate (FSH) (1x = 0.25
kg/100m2, 5x = 1.25 kg/100m2, 10x = 2.50 kg/100m2 and 15x = 3.75 kg/100m2). Plots
measured 0.0625 m2 with four replicates and all plots were inoculated with C. jacksonii
(1 g/m2). Picture was taken in August 2019 at 28 days post last treatment application
(DPT) and 42 days post inoculation (DPI). Cultivars are ordered by lowest scarring (top)
to highest scarring (bottom).
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Figure 3.11: Phytotoxicity trial conducted on fairway height A. stolonifera cultivar
Penncross at the Guelph Turfgrass Institute. The trial was conducted once in 2018
(August until October) and again in 2019 (June until August) and plots were treated with
four rates of ferrous sulfate (FSH) (1x = 0.25 kg/100m2, 5x = 1.25 kg/100m2, 10x = 2.50
kg/100m2 and 15x = 3.75 kg/100m2). Plots measured 0.0625 m2 with four replicates and
all plots were inoculated with C. jacksonii (1 g/m2). Picture was taken in August 2019 at
28 days post last treatment application (DPT) and 42 days post inoculation (DPI).
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Figure 3.12: Phytotoxicity trial conducted on fairway height A. stolonifera cultivar A4 at
the Guelph Turfgrass Institute. The trial was conducted once in 2018 (August until
October) and again in 2019 (June until August) and plots were treated with four rates of
ferrous sulfate (FSH) (1x = 0.25 kg/100m2, 5x = 1.25 kg/100m2, 10x = 2.50 kg/100m2
and 15x = 3.75 kg/100m2). Plots measured 0.0625 m2 with four replicates and all plots
were inoculated with C. jacksonii (1 g/m2). Picture was taken in August 2019 at 28 days
post last treatment application (DPT) and 42 days post inoculation (DPI).
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Figure 3.13: Root zones of 2-cm-diameter soil cores (~10 cm deep) that were taken
from A. stolonifera cultivar Penncross 28 days post last treatment application (after
receiving four weekly applications) and thoroughly washed with deionized water before
analysis. Four different treatment rates of ferrous sulfate heptahydrate (FSH) were used
in the analysis with 1x = 0.25 kg/100m2, 5x = 1.25 kg/100m2, 10x = 2.50 kg/100m2 and
15x = 3.75 kg/100m2.
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Figure 3.14: Low rate ferrous sulfate discolouration trial conducted on fairway height A.
stolonifera cultivar Penncross at the Guelph Turfgrass Institute. The trial was conducted
twice in 2019 (May until June) and plots were treated with five rates of ferrous sulfate
(FSH) (1x = 0.25 kg/100m2, 2x = 0.50 kg/100m2, 3x = 0.75 kg/100m2, 4x = 1.00
kg/100m2 and 5x = 1.25 kg/100m2). Plots measured 0.25 m2 with four replicates.
Treatments were applied three times with 7 days between each application. Pictures were
taken in June 2019 by days post last treatment application (DPT).
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Figure 3.15: 2018 field season weather data for Guelph, ON including daily precipitation
(mm), maximum temperature (oC) and minimum temperature (oC).
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Figure 3.16: 2019 field season weather data for Guelph, ON including daily precipitation
(mm), maximum temperature (oC) and minimum temperature (oC).
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Chapter 4: General Discussion
4.1 - General Discussion
In this study, we found that the use of low risk, non-conventional fungicides can
significantly reduce dollar spot disease symptoms caused by C. jacksonii. Using low risk
non-conventional fungicides as an alternative has become increasingly desirable for
intensive turfgrass management programs due to the growing concern for the
environmental impacts, human health risks and pathogen resistance of conventional
pesticides. The treatments proposed in this study pose a lower risk to environmental and
human health concerns; however, research on potential pathogen resistance to these
compounds is still needed. Treatments were selected from Ontario’s Class 11 list, as well
as from other anecdotal and published reports in the literature, and were tested in both lab
and field conditions. Of the treatments selected for this study, to our knowledge, this is
the first published report of acetylsalicylic acid, para-aminobenzoic acid and polyoxin-D
zinc salt being tested against C. jacksonii on A. stolonifera. In addition, this is the first
report examining differences between cultivars of A. stolonifera in their response to
ferrous sulfate treatment.
Acetylsalicylic acid has a half-life of >30 minutes in wet conditions, after which it
breaks down into the primary metabolite, salicylic acid (Paterson and Lawrence, 2001).
Previously, salicylic acid has been reported to decrease disease symptoms in a wide range
of pathogen-host systems including include P. expansum and A. alternata in sweet cherry
(Qin et al., 2003), B. cinerea in strawberry (Babalar et al., 2007), and more recently, M.
oryzae in perennial ryegrass (Rahman et al., 2013). However, the current study found that
acetylsalicylic acid did not significantly decrease disease symptoms caused by C.
jacksonii on A. stolonifera in lab tests by 14 days post inoculation and treatment
application. Therefore, acetylsalicylic acid was not included in field trials due to the lack
of observed efficacy in lab trials and other reports of this compound being used against C.
jacksonii.
Silicic acid has been reported to decrease disease symptoms in gray leaf spot on S.
secundatum as well as dollar spot on A. stolonifera (Hull, 2004). However, a study
conducted by Uriarte et al. (2006) had conflicting results against dollar spot disease and
found treatment with silica only reduced dollar spot disease in one of two field seasons.
Conversely, in the current study, treatment with silicic acid did not significantly reduce
dollar spot disease symptoms by 14 days post inoculation and treatment application in lab
trials. Therefore, since no significant reduction in disease was observed in our lab trials,
and other studies found conflicting results against C. jacksonii, this compound was not
included in field trials.
Clonostachys rosea has been reported to decrease disease symptoms caused by S.
sclerotiorum, which is closely related to C. jacksonii, in soybean and lettuce (Rodrigeuz
et al., 2012), as well as inhibit other pathogens such as Alternaria spp., Bipolaris
sorokiniana, Botrytis cinerea, Fusarium culmorum and Fusarium graminearum (Nygren
et al., 2018). Additionally, C. rosea has recently been patented in the US (2017) for foliar
application on turfgrass species against C. jacksonii. In contrast, the current study found
no significant reduction in dollar spot disease symptoms by 14 days post inoculation and
treatment application in lab trials. We chose to include this biocontrol in further fieldtesting to further explore its potential to reduce dollar spot disease in a field setting,
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particularly since the strain used has been registered as a biocontrol agent against
Fusarium head blight caused by F. graminearum on wheat. However, similarly to the lab
trials, there was no observed decrease in dollar spot disease symptoms in field trials on A.
stolonifera.
Humic acid has previously been reported to have antibacterial properties and more
recently, to also exhibit antifungal properties (Wu et al., 2016). Additionally, humic acids
provide numerous benefits to plants including increased shoot growth, drought resistance,
nutrient uptake, and root development (Liu and Cooper, 1999). To our knowledge, Zhang
et al. (2003) are the only researchers who have tested humic acid against dollar spot and
found that it significantly reduced symptoms in the field. In the current study, lab trials
indicated a potential for humic acid to significantly reduce dollar spot disease symptoms,
as by 7 days post inoculation and treatment, there was a significant reduction in disease.
However, by 14 days post inoculation and disease, this effect was no longer significant.
Since humic acid showed potential for reducing dollar spot disease symptoms, this
treatment was selected for use in field trials. In contrast to the lab trials, there was no
significant reduction in dollar spot disease symptoms in the field. Therefore, we
hypothesize that since the turfgrass used in lab trials was under high disease pressure, the
humic acid initially promoted growth and allowed the turfgrass to fight off the pathogen
but the effect was short-lived (significant disease reduction at 1 week after treatment
which dissipated by 2 weeks after treatment). Additionally the hypothesis proposed by
Wu et al. (2016) that humic acids from different environments have different disease
resistance properties may have affected the results in this study. It is possible that humic
acids used in the field study by Zhang et al. (2003) had more antifungal properties
compared to the source used in this study. Therefore, more research is needed to
determine if different humic acids can inhibit the growth of C. jacksonii.
Para-aminobenzoic acid (PABA) has been reported to inhibit cucumber mosaic virus
(CMV) and Xanthaomonas axonopodis in pepper plant seedlings (Capsicum annum L.)
(Song et al., 2013), as well as Pseudomonas syringae pv. Tomato on tomato plants
(Rochelle, 2013) by eliciting the systemic acquired resistance (SAR) pathway.
Additionally, PABA has recently been shown to have antifungal properties against
Colletotrichum fructicola, which causes pear bitter rot disease (Laboda et al., 2019). They
found that PABA inhibits proper cell septation, and hence reduces hyphal growth, and
hypothesized that PABA inhibits the biosynthesis of actomyosin, which is required for
cell division. The current study found a significant reduction in dollar spot disease in one
of two lab trials at the higher 12.4 g/L (90 mM) rate by 14 days post inoculation and
treatment application. It should be noted that PABA has a maximum solubility of about 6
g/L (43.7 mM) between 25-30oC. However, since PABA had conflicting results in the lab
trials, a rate of 21.8 g/L (157 mM, 218 g/100 m2) was selected for use in field trials to
ensure the maximum amount of product was applied. PABA, applied weekly,
significantly reduced dollar spot disease symptoms caused by C. jacksonii by an average
of 56 to 59% in field trials across 10 cultivars of A. stolonifera, but not to acceptable
aesthetic standards. Since we used the maximum possible rate of PABA, there is limited
capacity for the rate to be increased for future testing to see if higher rates yield more
disease suppression. One possible method to increase the amount of PABA applied is to
increase the total volume of liquid applied. An application volume of 10 L/100m2 was
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used in this study, so increasing this volume and therefore PABA may yield more
aesthetically acceptable suppression.
In amended agar tests, PABA was found to have an average EC50 value of 0.55
g/L (4.01 mM) and an average EC90 value of 1.96 g/L (14.3 mM), which indicates that
this compound is a direct inhibitor of C. jacksonii. Therefore, we hypothesize that PABA
inhibition of C. jacksonii may be due to a similar method of inhibition of fungal cell
septation (Laboda et al., 2019), which needs to be further explored. Since other studies
indicated that PABA induces the SAR pathway against viral and bacterial pathogens, we
hypothesize that this may also be occurring in A. stolonifera, which aids in the disease
suppression against C. jacksonii. Gene expression testing needs to be conducted in order
to determine if this is occurring.
Polyoxin-D zinc salt is the active ingredient in Affirm WDG (11.3%) (Nufarm
Agriculture Inc.), which is registered as a fungicide for use on turfgrass in Canada. The
manufacturers claim that polyoxin-D zinc salt has antifungal properties, through direct
contact, against multiple turfgrass diseases such as anthracnose, brown patch, yellow
patch, fairy ring and both gray and pink snow mould, however they do not list dollar spot
as a disease that it can effectively control. The current study found that polyoxin-D zinc
salt at a rate of 27 g/100 m2 (equivalent to 239 ug/ml a.i.) significantly reduced dollar
spot disease incidence in one of two lab trials by 14 days post inoculation and treatment
application. Furthermore, in field trials, Affirm WDG (27 g/100 m2) applied weekly
significantly reduced dollar spot disease symptoms caused by C. jacksonii by an average
of 59-66% in field trials across 10 cultivars of A. stolonifera, but not to acceptable
aesthetic standards. However, anecdotal data collected in the Hsiang lab found that using
a 5x product rate (135 g/100 m2) on A. stolonifera significantly reduced dollar spot
counts compared to the 1x rate on some rating days (Vivian Forte-Perri, personal
communication). Therefore, higher rates of polyoxin-D zinc salt may yield more
acceptable levels of dollar spot disease control. Further investigation into the efficacy of
higher rates should be done, and if efficacy does prove to increase with higher rates of
polyoxin-D zinc salt, then aesthetically acceptable levels of dollar spot control may be
achieved.
Out of 568 isolates of Botrytis cinerea tested by Mamiev et al. (2013), those that
had never been treated with polyoxin-D zinc salt before had a 20-35% chance of being
low-resistant. These isolates were then treated with polyoxin-D zinc salt over two
growing seasons in greenhouse conditions, and afterwards, 72% of the isolates were
found to be mildly resistant. However, fields that were treated with polyoxin-D zinc salt
for over 10 years did not result in highly resistant isolates. Therefore, they hypothesize
that there may be a quick initial shift from sensitive to mildly resistant isolates but it does
not appear to cause a shift to high-resistant isolates even after 10 years of treatment
(Mamiev et al., 2013). No other reports were found on fungal resistance to Polyoxin-D,
including by C. jacksonii. According to the Fungicide Resistance Action Committee
(2016), polyoxin-D zinc salt is listed as having a medium risk of resistance development.
Therefore, frequent application intervals are not recommended (Keinath, 2018).
In amended agar tests, polyoxin-D zinc salt was found to have an average EC50 value
of 12.8 ug/ml and an average EC90 value of 980 ug/ml (Table 2.40), which indicates that
this compound is a direct inhibitor or C. jacksonii. The mode of action of this compound
is the prevention of chitin formation in the fungal cell wall. It achieves this by inhibiting
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the chitin synthetase enzyme found in fungi (Dowling et al., 2016). However, the high
EC90 value suggests that this compound doesn’t have a strong direct inhibitory effect and
requires a high concentration in order to inhibit hyphal growth of C. jacksonii. We
therefore hypothesize that polyoxin-D zinc salt is an inhibitor of C. jacksonii through the
direct inhibition but is limited in its capacity to reduce disease caused by C. jacksonii.
Understanding why C. jacksonii is not as sensitive to this compound or mode of action
needs further investigation. Overall, this compound is a preferred method of plant disease
control due to its low environmental and health risks (Hao et al., 2017) and may prove to
be an effective method of dollar spot disease control at higher rates.
Ferrous sulfate has previously been reported to significantly reduce dollar spot
disease symptoms on A. stolonifera at rates of 152 to 488 g/100 m2 (Reams, 2013;
Hsiang, 2016; McCall et al., 2016). The current study found that weekly applications of
250 g/100 m2 across 10 cultivars of A. stolonifera, provided 74-78% disease suppression,
whereas 1250 g/100 m2 provided up to 99% disease suppression. This indicates that
increasing the amount of Fe effectively inhibits the growth of C. jacksonii in the field. In
order to optimize dollar spot control, we found that weekly applications of 500 g/100 m2
had the highest level of control (81%), while minimizing phytotoxicity (0 to 2.5%
depending on temperature). However, if frequent applications can be made, and
darkening is not of concern, then a 3.5-day application interval at 250 g/100 m2 can
provide 92% suppression with 2.5 to 5% phytotoxicity, depending on temperature.
However, for cooler periods up to 1250 g/100 m2 can be used to full suppress disease on
A. stolonifera.
In amended agar tests, ferrous sulfate was found to have an average EC50 value of
2.01 g/L and an average EC90 value of 6.43 g/L, which indicates that this compound is a
direct inhibitor of C. jacksonii. McCall et al. (2016) and Reams (2013) have recently
hypothesized that iron from ferrous sulfate chelates with oxalic acid released by C.
jacksonii, therefore limiting its pathogenicity. Venu et al. (2009) were the first
researchers to show that C. jacksonii produces oxalic acid, which causes wilting
symptoms in the infected host plant leaf tissue (Walz et al., 2007). Since no systemic
activity was found in this study and direct inhibition of C. jacksonii fungal growth was
observed, we agree with their hypothesis that the iron from ferrous sulfate chelates with
the oxalic acid produced the fungus and therefore reduces pathogenicity.
The ferrous sulfate treatment used in this study was provided to use by Copetown
Woods Golf Club (Hamilton, Ontario), however, a ~22.7 kg bag can be purchased from
Crown Technology Inc. (Vaughan, Ontario) for ~$25 to $50. Therefore, it costs between
~$0.30 to $0.55 per 100 m2 for a 250 g/100 m2 application rate (74 to 78% disease
suppression) and ~$1.40 to $2.75 per 100 m2 for a 1250 g/100 m2 application rate (up to
99% disease suppression). Conversely, ferric sulfate (97% a.i.) purchased from Fisher
Scientific costs $43 per 100 m2 at an application rate of 261 g/100 m2 (Stone, 2019).
Additionally, Banner Maxx, from Syngenta Canada Inc., costs ~$4 to $8 for 26 to 52
ml/100 m2 application rates. However, this product can be applied on a biweekly
schedule so it costs ~$2 to $4 weekly, which is still higher than FSH at the higher 1250
g/100 m2 rate, which had statistically similar disease suppression levels. Lastly, another
iron based product that is currently registered as an herbicide in Canada is Fiesta, from
Neudorff Professional®, Canada. It contains 4.43% Fe-HEDTA and is currently
registered for control of ivy leaf, dandelion, and other weeds commonly found on
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turfgrass. A 4-L jug costs ~$90 to $100 and in order to apply the same amount of iron as
the 250 g/100 m2 rate of FSH in this study, 1.185 L of Fiesta would have to be used. This
would cost around ~$27 to $30, which is more expensive than the other methods listed
previously, but has the potential to control dollar spot as well. Overall, ferrous sulfate is
the most cost effective method of dollar spot control from this list of possible treatments
and can provide high levels of disease suppression, especially in the late Spring and early
Fall at the higher rate, if darkening is not of great concern.
As previously discussed, ferrous sulfate application results in a darkening effect,
which increases in severity as application rates increase and intervals decrease. However,
this darkening effect significantly dissipates by seven days post treatment application and
continues to decrease until there is little to no darkening by three to four weeks post
treatment application. Additionally, rates greater than 250 g/100 m2, were observed to
caused increasing levels of phytotoxicity during the hotter Summer months (July and
August) but not during late Spring (May to June) and early Fall (September to
November), as well as at 3.5 day application intervals. Therefore, weekly application
rates of FSH up to 1250 g/100 m2 can be used in the late Spring and early Fall to suppress
dollar spot disease up to 99%, but we do not recommend anything over 250 to 500 g/100
m2 FSH in the hotter Summer months to avoid phytotoxicity. We did not explore the
potential for these application rates to cause black layers in the soil, so future long-term
studies should be conducted to ensure that ferrous sulfate application programs do not
cause this effect.
This study provides a novel assessment of the efficacy of numerous non-conventional
fungicides and shows that higher rates ferrous sulfate can be as effective as conventional
fungicides such as Banner Maxx. To our knowledge, this is the first testing of aspirin
(acetylsalicylic acid), para-aminobenzoic acid and polyoxin-D zinc salt against dollar
spot disease on A. stolonifera. However, aspirin was not found to be efficacious against
dollar spot disease. Furthermore, polyoxin-D zinc salt and para-aminobenzoic acid at 27
and 218 g/100 m2, respectively, show 66 to 74% disease suppression and have potential
to be used as control methods, if these rates can be optimized in further testing. Lastly, to
our knowledge, this is the first report examining A. stolonifera cultivar differences in
their response to ferrous sulfate application. We show that cultivars do respond
differently and L93 responded the most, while Alpha responded the least to ferrous
sulfate treatment. However, we do not recommend the use of cultivars A4 and
MacKenzie, as they showed significantly higher risk of phytotoxicity.
Overall, this work was important as there is a growing desire for the use of nonconventional fungicides due to the environmental, health and resistance risks
conventional fungicides pose. The use of non-conventional fungicides can help mitigate
these impacts and can reduce the potentially harmful impacts golf courses and other
sports fields impose on nearby ecosystems. Another attractive aspect of using the low risk
non-conventional fungicides that proved to be efficacious in this study is a lower price
cost compared to traditional conventional fungicides. In this study, ferrous sulfate
showed the highest degree of control for dollar spot disease in the field, while costing the
least. Therefore, we recommend the use of this product on both greens and fairway height
playing surfaces to suppress dollar spot disease. Local golf courses such as Copetown
Woods Golf Club (Pete Sinuta, personal communication) have already used ferrous
sulfate programs for over five years to prevent dollar spot disease and have had success.
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This study aimed to provide the necessary field data for other golf courses to establish
effective rates to implement in their own treatment programs to help lessen their impacts
on the environment, while providing a cost effective strategy.
4.2 - Major Conclusions
The major conclusions drawn from the research presented in this thesis were as follows:
•

•

•

•

•

•
•

•

•

In lab trials, the treatments humic acid, ferrous sulfate, para-aminobenzoic acid
and polyoxin-D zinc salt significantly reduced dollar spot disease symptoms
caused by C. jacksonii on A. stolonifera cultivar Penncross, whereas Clonostachys
rosea, acetylsalicylic acid and silicic acid did not significantly reduce disease.
In field trials, weekly applications of para-aminobenzoic acid (100%) (218 g/100
m2) and Affirm WDG (11.3% polyoxin-D zinc salt) (27 g/100 m2) significantly
reduced dollar spot disease symptoms caused by C. jacksonii by an average of 5659% and 59-66%, respectively, across 10 cultivars of A. stolonifera, but not to
acceptable aesthetic standards (5 spots/m2).
In field trials, weekly applications of ferrous sulfate (21% Fe) at 250 or 1250
g/100 m2) significantly reduced dollar spot disease symptoms caused by C.
jacksonii by an average of 74 to 78% or 95 to 98%, respectively, across 10
cultivars of A. stolonifera. The higher rate was statistically similar to the fungicide
control Banner Maxx.
A. stolonifera cultivars A4, Tyee, T1, and MacKenzie treated with a ferrous
sulfate showed high levels of phytotoxicity even at 250 g/100 m2 during warmer
Summer temperatures. Summer use of ferrous sulfate is not recommended for
these cultivars.
Cultivars of A. stolonifera responded differently to ferrous sulfate treatment, with
L93 and 007 responding the most, and Alpha responding the least (in terms of
disease suppression).
Increasing the pH of ferrous sulfate treatments from 3 to 5 or 6 did not
significantly impact efficacy.
Ferrous sulfate at 250 g/100 m2 and 1250 g/100 m2 suppressed dollar spot disease
symptoms caused by C. jacksonii similarly on fairway and greens height playing
surfaces.
Higher rates of ferrous sulfate (> 500 g/100 m2) are not recommended for use
during hot weather periods (≥ 25oC) as they caused phytotoxicity resulting in
prolonged foliar scarring. However, rates up to 1250 g/100 m2 can be used in
cooler periods (late Spring or early Fall) to suppress dollar spot disease by up to
99%.
All rates of ferrous sulfate tested in this study caused significant darkening by one
hour post treatment application, which peaked at one day post treatment
application and significantly decreased by seven days post treatment application,
followed by a gradual decline to minimal to no darkening by one month post
treatment application. (3x and above most likely too much darkening for
acceptable aesthetic standards, whereas 1x and 2x have statistically similar lower
levels of darkening)
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Appendix 1.1 - General Introduction of Iron in Plant Systems
Iron belongs to a group of elements known as heavy metals, which consist of
metals that have high densities, also known as having a high specific gravity (Rout and
Sahoo, 2015). Heavy metals can pose various environmental risks, as they can be directly
toxic to plants and animals, with certain metals being toxic at very small doses. (Rout and
Sahoo, 2015). Once exposed to toxic levels of a heavy metal, plants will experience
oxidative stresses that may result in reduced photosynthetic capabilities or reduced
nutrient and water uptake (Yadav, 2010). Heavy metals can negatively impact metabolic
plant functionality in two ways. The first being accumulation in organelles and plant
tissues, which can slow and disrupt overall cell metabolism. The second process is by
displacing other nutrients and minerals in the plant that are vital for proper plant growth,
which can occur by competing with other nutrients for uptake into the roots, thereby
reducing the amount of essential nutrients in the plant (Singh et al., 2011). Oxidative
stress occurs when a host cell overproduces reactive oxygen species (ROS) after
experiencing an environmental stress (Demidchik, 2015). ROS compounds include
superoxide (O2 -), hydrogen peroxide (H2O2) and free radicals (HO and RO ) (Dixon
and Stockwell, 2014). These ROS are employed by the host cell to eliminate incoming
harmful substances, such as toxic heavy metals (Demidchik, 2015; Rout and Sahoo,
2015). However, certain heavy metals, such as iron, are essential micronutrients, meaning
that plants require them in order to grow and have normal functionality throughout the
plant (Rout and Sahoo, 2015). Much higher levels of these essential micronutrients are
needed to reach toxic levels compared to other heavy metals such as lead, which only
requires trace levels to become toxic to the plant (Rout and Sahoo, 2015).
Appendix 1.2 - Iron Deficiency
Although iron toxicity can be an issue, iron is also a common deficiency in plants
worldwide (Rout and Sahoo, 2015). Iron deficiency is commonly referred to as iron
chlorosis due to the yellowing or paling effect observed when iron is undersupplied in the
leaves of plants (Lucena, 2008). A lack of iron results in the decreased biosynthesis of
chlorophyll located in the chloroplasts throughout the plant, which causes this colour
change (Lucena, 2008). This decrease results in reduced photosynthesis, therefore
reduced plant growth and yield (López-Millán et al., 2013). One study by Khobra et al.
(2014) tested various cultivars of wheat under iron deficient and sufficient conditions.
They found that the iron deficient plants yielded less than half of the shoot growth than
plants grown under iron sufficient conditions. In addition, the root biomass showed a
decrease of about 25% in biomass.
Although iron is the fourth most abundant element in the lithosphere, it can be
difficult for plants to acquire (Li and Lan, 2017; López-Millán et al., 2013). It has been
estimated that 30% of the world’s soil is iron deficient (Mahender et al., 2019). This is in
part, due to the fact that plants do not easily take up iron in alkaline soil as it is found in
the insoluble oxidized ferric (Fe+3) ion form. Ferrous (Fe+2) ions, which are much more
soluble, are found in acidic soils and can be more easily taken up by the plant (Rout and
Sahoo, 2015). For instance, calcareous soils often contain high levels of bicarbonate
(HCO3-) ions causing higher pH levels (Mengel, 1994). The higher pH levels will
therefore cause nitrate (NO3-) to accumulate in the soils, as ammonium (NH4+) undergoes
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nitrification to become nitrate in neutral to alkaline soils (Mengel, 1994). The resulting
high pH levels in the soils make it difficult for plants to uptake iron through the roots.
Appendix 1.3 - Iron Uptake and Transport Overview
The main mode of iron acquisition by plants is direct uptake through the
rhizosphere (Morrissey and Guerinot, 2009). Under normal conditions, where iron is not
deficient, plant roots are able to reduce ferric (Fe+3) chelates present in the soil into
soluble ferrous (Fe+2) ions. Ferrous ions can then be readily taken up through the plasma
membrane due to their soluble nature (Briat and Lobreaux, 1997). However, there are two
key topics to consider when discussing iron availability and uptake in the soil. The first
being the soil redox potential and the second is the alkalinity of the soil (Morrissey and
Guerinot, 2009). If a soil is alkaline and aerobic, then iron will be oxidized into the ferric
state and most iron in the soil will become insoluble ferric oxides (Morrissey and
Guerinot, 2009). However, if the soil is acidic in nature, then these ferric constituents will
be reduced into the soluble ferrous ions, which can then be transported into the epidermal
cells of the roots (Morrissey and Guerinot, 2009). In general, plants have two different
strategies to deal with alkaline soils which contain the insoluble ferric iron ions or periods
of iron deficiency. Strategy 1 uses a reduction-based method, while strategy 2 uses a
chelation-based method (Mourrissey and Guerinot, 2009). Strategy 1 is used by nongraminaceous species, while strategy 2 is used exclusively by graminaceous species
(Mourrissey and Guerinot, 2009).
Appendix 1.4 - Iron Uptake Strategies
The first step in strategy 1 is the release of positive hydrogen ions (H+) by
autoinhibited H+-ATPases (Mourrissey and Guerinot, 2009). This occurs in the epidermal
cells of the roots (Mourrissey and Guerinot, 2009). In doing so, it lowers the pH of the
surrounding soil, allowing for a ferric chelate reductase to then reduce the insoluble ferric
ion into the soluble ferrous ion (Li and Lan, 2017). This reaction is NADPH dependent as
an electron gets transferred from the NADPH to the ferric ion, resulting in a ferrous ion
and NADH+ (Mourrissey and Guerinot, 2009). The next step involves a metal transport
known as IRT1 to transfer the newly formed ferrous ion into the epidermal cells of the
root (Li and Lan, 2017).
The first step in strategy 2 is the release of phytosiderophores (PS) by the root
epidermal cells (Mourrissey and Guerinot, 2009). Phytosiderophores are soluble
chelating agents that have a high binding affinity for ferric ions (Mourrissey and
Guerinot, 2009). By forming a chelate with the iron, it produces the soluble compound
PS-Fe, which can then be transported into the epidermal cells of the roots (Li and Lan,
2017). In order for the PS-Fe chelate to be transported across the root plasma membrane,
it must bind to the transporter known as Yellow-stripe 1 (YS1) (Li and Lan, 2017). YS1
has previously been shown to be expressed when plants are experiencing iron deficiency,
and it is able to transport PS-Fe across the root plasma membrane in high pH soils
(Mourrissey and Guerinot, 2009). Since this strategy involves chelation as opposed to
redox reactions, it is much less dependent on pH levels and can be a highly effective
alternative for species of the grass family in alkaline soils (Mourrissey and Guerinot,
2009).
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One morphological strategy plants employ to combat reduced iron uptake is to
alter the physical properties of the roots. This includes the production of larger and more
abundant root hairs, and of transfer cells, as well as swelling of the root tips in order to
increase the surface area of the root absorption areas (Li and Lan, 2017). Since
bicarbonate ions neutralize the hydrogen ions pumped out by root cells in an attempt to
acidify the soil, they can render this process ineffective (Mengel, 1994). Acidic soils are
needed in order to reduce insoluble ferric ions into soluble ferrous ions that can be
translocated across the root plasma membrane (Mengel, 1994). By increasing the root
surface area and adding more root hairs and transfer cells, this increasing the chances that
hydrogen ions being pumped out into the soil do not come into contact with bicarbonate.
Therefore, this lowers the pH of the soil in some pockets around the roots, allowing the
reduction of some ferric ions into ferrous ions to be taken up by the roots (Mengel, 1994).
Appendix 1.5 - Iron Transport Throughout the Plant
Once inside the epidermis of the root, iron must undergo another chelation event
before transport through the xylem (Kim and Guerinot, 2007). Before the chelation event
occurs, ferrous ions are oxidized to ferric ions while ferric ions are left as is (Kim and
Guerinot, 2007). The ferric ions then bind with citrate to form a chelate once it enters the
xylem, which can then be readily moved throughout the xylem of the plant (Mourrissey
and Guerinot, 2009). Without this binding, iron would not be able to be transported
through the xylem, as it would precipitate on apoplast walls (Mourrissey and Guerinot,
2009). Up to 75% of the ferrous ions can become situated in the apoplast of the cells as
the cell walls contains negatively charged carboxyl groups, which can bind to the
positively charged iron ions (Mourrissey and Guerinot, 2009).
Although iron can be transported in the xylem, iron must also be transported
through the phloem as the xylem is inefficient at transporting iron to newly developed
areas of the plant, such as the apex and root tips (Kim and Guerinot, 2007). This is
because xylem transport is transpiration driven which can be quite slow, especially under
cooler conditions (Kim and Guerinot, 2007). Since phloem sap has a pH greater than 7,
iron must form a chelate in order to prevent it from precipitating and becoming insoluble
(Kim and Guerinot, 2007). Nicotianamine (NA) is used as a chelating agent in the
phloem and binds to iron as it enters the phloem (Mourissey and Guerinot, 2009). NA
binds to both ferrous and ferric ions, but has been shown to form more stable compounds
with ferrous ions. Therefore, any ferric ions entering the phloem are oxidized into the
ferrous form for transportation (Kim and Guerinot, 2007). Once iron has reached the
intended target cells, iron must then be transported across the plasma membrane using the
ferrous ion transporter known as iron reductase (Lucena, 2008). The plasma membrane
acts as a barrier to iron so it requires a transporter to import the iron into the cell (Lucena,
2008). Since this transporter attaches to ferrous ions, any ferric ions that have reached the
cell must be reduced into the ferrous form before being transported into the cell (Lucena,
2008).
Appendix 1.6 - Iron Storage and Functionality
For the most part, iron is transported and stored in chloroplasts, as iron is a key
ingredient for photosynthesis as well as other biological processes such as respiration and
DNA synthesis (Khobra et al., 2014). In a healthy plant, upwards of 60 to 90% of iron
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will end up in chloroplasts, which displays the importance of this micronutrient for plant
functionality (Chen and Barak, 1982; Morissey and Guerinot, 2009). Since ferric ions
cannot be transported across the membrane of chloroplasts, any ferric ions that reach this
organelle must be reduced to ferrous ions by ferric reductase (Morissey and Guerinot,
2009). Once inside the cell, ferrous ions aid in the condensation of succinic acid and
glycine into γ-aminolevulinic acid (ALA). ALA is then condensed into protoporphyrin IX
and afterwards, magnesium is inserted resulting in a chlorophyll molecule (Chen and
Barak, 1982). Therefore, iron is an essential precursor in the formation of chlorophyll,
and in iron deficient plants, either chloroplast counts or chlorophyll counts per
chloroplast are lower (Chen and Barak, 1982).
Iron is also essential in the electron transport chain, further showing the
importance of iron in plant metabolism (Rout and Sahoo, 2015). Two iron atoms per
electron transport train are found in photosystem II, while 12 atoms are found in
photosystem I. Five iron atoms are present in the cytochrome complex, which is an
electron transport agent, while two iron atoms are present in ferredoxin molecules, which
are proteins that mediate electron transfer along the transport chain (Rout and Sahoo,
2015). This displays the significant role iron plays in electron transport in plant
metabolism. However, since iron can readily donate or accept electrons, iron can end up
catalyzing hydrogen peroxide into free radicals if it is present in high concentrations in
the cell (Rout and Sahoo, 2015). These free radicals can then go on to cause serious
damage to cell structures, which may end up killing the cell (Rout and Sahoo, 2015).
Mitochondria are another example of an organelle that requires iron in order to
function properly (Thomine and Vert, 2013). Mitochondria use iron for respiration, and
without it, the plant will suffer from energy deficiency, resulting in decreased growth and
seed yield (Morissey and Guerinot, 2009). Lastly, vacuoles are an important storage
compartment for iron and help the plant regulate its iron levels (Thomine and Vert,
2013). If cytosolic iron levels are low, the plant can release iron that has been stored in
vacuoles in order to prevent deficiencies throughout the plant (Morissey and Guerinot,
2009). One method of increasing iron levels in a plant is through foliar applications of
iron products as detailed below.
Appendix 1.7 - Foliar Applications of Iron
Iron salts have been used in foliar applications since the mid 1800s, in order to
improve plant health and yield (Chen and Barak, 1982). Many foliar applied products
produce their desired effect by remaining on the outer leaf surface (Eddings and Brown,
1967). However, for some products, the uptake of the substance into the plant is required
to achieve the desired effect. Examples of these include growth regulators and essential
nutrients (Eddings and Brown, 1967). Foliar applications of iron are made in order to
limit iron deficiencies or to achieve a greening effect (Hull, 1999). However, the
efficiency and mechanism of plants to uptake iron from foliar applications and translocate
it throughout the plant was relatively unknown until a study by Eddings and Brown was
completed in 1967.
Eddings and Brown, (1967) looked at how foliar applications of iron are absorbed
by four different plant species including Sorghum vulgare (sorghum), which is a member
of the Poaceae family. They found that iron absorption was significantly higher during
the day versus night, indicating the importance of open stomata. A strong correlation was
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found between stomatal area and iron absorption, which showed the main method of iron
absorption into the plant. A secondary method of absorption of salts into the plant is
achieved by direct penetration through the cuticle via aqueous pores (Schönherr, 2000).
In addition, Eddings and Brown, (1967) found that iron was absorbed through the
stomata at a linear rate for 30 to 40 minutes, followed by a sharp decrease in uptake. This
indicates that once the sub-stomatal chambers are filled, little to no more iron can be
taken in. Furthermore, the underside of a leaf has been shown to have greater absorption
of foliar applied solutions, which is likely due to the greater concentration of stomata and
thinner cuticle (Fernández and Ebert, 2005). Environmental factors such as temperature
and relative humidity can also affect the effectiveness of leaf absorption of iron
(Fernández and Ebert, 2005). For example, having a high relative humidity prevents the
iron salt from solidifying as fast, therefore allowing it a greater chance for getting
through the cuticle and becoming absorbed (Fernández and Ebert, 2005).
Additionally, only 25% to 60% of iron was translocated out of the treated leaf
blade depending on the species (Eddings and Brown, 1967). Sorghum had the highest
rate of translocation (60%), which may be due to veinal and stomatal patterns in the leaf.
Grass species have stomata aligned in rows, with veins running in between. Therefore,
this provides a short transport distance from stomata to conductive tissues, which allows
more iron to reach the phloem and be translocated throughout the plant (Eddings and
Brown, 1967). It is believed that iron has to pass through parenchyma cells, in order to
move from the sub stomatal chamber to the conductive tissue. This suggests that if iron
has to pass through a higher number of parenchyma cells in order to reach the conductive
tissue, then less iron will reach the phloem and be translocated (Eddings and Brown,
1967). However, even with this vein and stomatal pattern, turfgrass species are still
relatively inefficient at translocating iron out of the treated leaf blade (Hull, 1999). Iron
has previously been shown to move from mature leaves to younger leaves in broad bean
plants via the phloem but only to a very limited degree (Hüve et al., 2003). The exact
method of iron transportation via the phloem is still unknown. Previous studies have
shown that iron remobilization from mature leaves to younger leaves was not adequate to
supply the younger leaves with sufficient iron. Therefore, if younger leaves get missed by
foliar sprays, they will not be supplied the iron that that is absorbed by the leaves that
received the application (Hüve et al., 2003).
Two theories have been proposed for this result. The first being that the mature
leaves, by various metabolic processes, are using up iron so cannot allow it to be
translocated out of the leaf. The second, theory is that the phloem does not contain proper
transport amenities to effectively move iron out of the leaf. Since iron requires a chelator
for transport to prevent precipitation, there may be a limited supply, which prevents the
efficiency of iron translocation (Hüve et al., 2003).
Hüve et al. (2003) conducted an experiment using radioactive iron to follow the
translocation of iron out of foliar applied areas. They found that iron did not remobilize
substantially enough to meet the demands of the leaflets and shoots connected to the
treated leaf. Only 15% of all translocated iron was found in adjacent leaflets. They
believe that the second theory is more likely as they provided high quantities of iron so it
should not have been a limiting factor. Therefore, a lack of transport machinery in the
phloem is most likely the cause of the low concentrations of translocated iron (Hüve et
al., 2003).
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To further hinder translocation, intensively managed turfgrass receives frequent
mowing, which eliminates the area of the leaf that receives the majority of the foliar iron
application. However, some of this solution will be washed into the top layer of the soil,
where roots can absorb it and transport it throughout the plant via the xylem (Hull, 1999).
The efficiency of this process is dependent on many environmental factors such as soil
pH, so in general, frequent foliar applications are necessary to keep the desired effect
from the iron applications (Hull, 1999).
Lastly, mixing a surfactant in with the iron solution significantly increased the
amount of iron absorbed by the plant. The surfactant likely allows the iron solution to
pass through the stomatal opening due to the reduced surface tension, therefore
increasing uptake. However, absorption stopped for both surfactant mixed and regular
iron solution once the application dried (Eddings and Brown, 1967).
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Appendix 2.1 - Example SAS statement for calculating percent yellowing in
laboratory trials.
data temp;
options pagesize=80 linesize=80;
infile cards;
input rep $ enhancer $ treatment $ var $ DPI04 DPI07
DPI10 DPI14;
cards;
1 Fsulfate Untreated Chlorosis 0 1 2 2
2 Fsulfate Untreated Chlorosis 0 0 5 5
3 Fsulfate Untreated Chlorosis 0 0 0 0
4 Fsulfate Untreated Chlorosis 0 0 0 0
5 Fsulfate Untreated Chlorosis 0 0 0 0
1 Fsulfate InocCont Chlorosis 10 10 40 40
2 Fsulfate InocCont Chlorosis 10 30 60 55
3 Fsulfate InocCont Chlorosis 2 5 15 35
4 Fsulfate InocCont Chlorosis 5 10 25 60
5 Fsulfate InocCont Chlorosis 2 30 35 35
1 Fsulfate FSNonInoc Chlorosis 0 0 0 0
2 Fsulfate FSNonInoc Chlorosis 2 2 5 5
3 Fsulfate FSNonInoc Chlorosis 0 0 1 0
4 Fsulfate FSNonInoc Chlorosis 0 1 1 2
5 Fsulfate FSNonInoc Chlorosis 2 2 5 5
1 Fsulfate FeSO4Inoc Chlorosis 15 25 50 50
2 Fsulfate FeSO4Inoc Chlorosis 5 5 20 25
3 Fsulfate FeSO4Inoc Chlorosis 5 5 25 35
4 Fsulfate FeSO4Inoc Chlorosis 15 20 35 55
5 Fsulfate FeSO4Inoc Chlorosis 5 5 10 25
1 ASA Untreated Chlorosis 0 1 2 2
2 ASA Untreated Chlorosis 0 0 5 5
3 ASA Untreated Chlorosis 0 0 0 0
4 ASA Untreated Chlorosis 0 0 0 0
5 ASA Untreated Chlorosis 0 0 0 0
1 ASA InocCont Chlorosis 10 10 40 40
2 ASA InocCont Chlorosis 10 30 60 55
3 ASA InocCont Chlorosis 2 5 15 35
4 ASA InocCont Chlorosis 5 10 25 60
5 ASA InocCont Chlorosis 2 30 35 35
1 ASA ASANonInoc Chlorosis 0 0 0 1
2 ASA ASANonInoc Chlorosis 0 0 0 0
3 ASA ASANonInoc Chlorosis 0 0 0 1
4 ASA ASANonInoc Chlorosis 0 1 2 2
5 ASA ASANonInoc Chlorosis 0 0 0 0
1 ASA ASAInoc Chlorosis 10 30 40 40
2 ASA ASAInoc Chlorosis 2 20 20 35
3 ASA ASAInoc Chlorosis 5 10 35 45
4 ASA ASAInoc Chlorosis 10 30 50 60
5 ASA ASAInoc Chlorosis 10 30 60 70
1 HighSA Untreated Chlorosis 0 1 2 2
2 HighSA Untreated Chlorosis 0 0 5 5
3 HighSA Untreated Chlorosis 0 0 0 0
4 HighSA Untreated Chlorosis 0 0 0 0
5 HighSA Untreated Chlorosis 0 0 0 0
1 HighSA InocCont Chlorosis 10 10 40 40
2 HighSA InocCont Chlorosis 10 30 60 55
3 HighSA InocCont Chlorosis 2 5 15 35
4 HighSA InocCont Chlorosis 5 10 25 60
5 HighSA InocCont Chlorosis 2 30 35 35
1 HighSA 5SANonInoc Chlorosis 0 0 0 0
2 HighSA 5SANonInoc Chlorosis 0 0 0 0
3 HighSA 5SANonInoc Chlorosis 0 0 0 0
4 HighSA 5SANonInoc Chlorosis 0 0 0 0

5 HighSA 5SANonInoc Chlorosis 0 0 0 0
1 HighSA 5SAcidInoc Chlorosis 5 30 25 50
2 HighSA 5SAcidInoc Chlorosis 15 30 40 50
3 HighSA 5SAcidInoc Chlorosis 5 20 40 30
4 HighSA 5SAcidInoc Chlorosis 10 15 35 50
5 HighSA 5SAcidInoc Chlorosis 20 30 35 45
1 PABA Untreated Chlorosis 0 1 2 2
2 PABA Untreated Chlorosis 0 0 5 5
3 PABA Untreated Chlorosis 0 0 0 0
4 PABA Untreated Chlorosis 0 0 0 0
5 PABA Untreated Chlorosis 0 0 0 0
1 PABA InocCont Chlorosis 10 10 40 40
2 PABA InocCont Chlorosis 10 30 60 55
3 PABA InocCont Chlorosis 2 5 15 35
4 PABA InocCont Chlorosis 5 10 25 60
5 PABA InocCont Chlorosis 2 30 35 35
1 PABA PNonInoc Chlorosis 0 0 0 0
2 PABA PNonInoc Chlorosis 0 0 1 2
3 PABA PNonInoc Chlorosis 0 0 0 0
4 PABA PNonInoc Chlorosis 0 0 0 0
5 PABA PNonInoc Chlorosis 0 0 0 0
1 PABA PABAInoc Chlorosis 15 15 25 35
2 PABA PABAInoc Chlorosis 1 15 5 20
3 PABA PABAInoc Chlorosis 2 5 10 15
4 PABA PABAInoc Chlorosis 2 5 10 15
5 PABA PABAInoc Chlorosis 2 10 15 20
1 LowSA Untreated Chlorosis 0 1 2 2
2 LowSA Untreated Chlorosis 0 0 5 5
3 LowSA Untreated Chlorosis 0 0 0 0
4 LowSA Untreated Chlorosis 0 0 0 0
5 LowSA Untreated Chlorosis 0 0 0 0
1 LowSA InocCont Chlorosis 10 10 40 40
2 LowSA InocCont Chlorosis 10 30 60 55
3 LowSA InocCont Chlorosis 2 5 15 35
4 LowSA InocCont Chlorosis 5 10 25 60
5 LowSA InocCont Chlorosis 2 30 35 35
1 LowSA 1SANonInoc Chlorosis 0 0 0 0
2 LowSA 1SANonInoc Chlorosis 0 0 0 0
3 LowSA 1SANonInoc Chlorosis 0 0 0 0
4 LowSA 1SANonInoc Chlorosis 0 0 0 1
5 LowSA 1SANonInoc Chlorosis 0 0 0 1
1 LowSA 1SAcidInoc Chlorosis 15 25 20 25
2 LowSA 1SAcidInoc Chlorosis 10 20 20 35
3 LowSA 1SAcidInoc Chlorosis 15 20 40 45
4 LowSA 1SAcidInoc Chlorosis 10 20 30 35
5 LowSA 1SAcidInoc Chlorosis 15 20 40 40
;
run;
proc sort; by enhancer;
run;
proc glm; by enhancer;
class treatment;
model DPI04 DPI07 DPI10 DPI14 = treatment;
means treatment / LSD lines;
run;
proc glm; by enhancer;
class treatment;
model DPI04 DPI07 DPI10 DPI14 = treatment;
lsmeans treatment;
output out=glmout;
run;
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Appendix 2.2 - Example SAS statement for calculating EC50 values in amended agar
tests.
input isol$ treat$ plate conc grow24 radmean;
radmean = grow48 - grow24; output;
cards;
SH06 Fsulfate 1 0 9 12
SH06 Fsulfate 2 0 10 13
SH06 Fsulfate 3 0 9 11.5
SH06 Fsulfate 1 0.1 9 13.5
SH06 Fsulfate 2 0.1 8.5 13
SH06 Fsulfate 3 0.1 11 13.0
SH06 Fsulfate 1 1 4.5 8.5
SH06 Fsulfate 2 1 4 7
SH06 Fsulfate 3 1 5 8.5
SH06 Fsulfate 1 10 0 0
SH06 Fsulfate 2 10 0 0
SH06 Fsulfate 3 10 0 0
SH06 Fsulfate 1 100 0 0
SH06 Fsulfate 2 100 0 0
SH06 Fsulfate 3 100 0 0
SH15 Fsulfate 1 0 8.5 11.5
SH15 Fsulfate 2 0 8 12
SH15 Fsulfate 3 0 9.5 12
SH15 Fsulfate 1 0.1 9 13
SH15 Fsulfate 2 0.1 8.5 12
SH15 Fsulfate 3 0.1 9 13.5
SH15 Fsulfate 1 1 5.5 2.5
SH15 Fsulfate 2 1 5.5 5
SH15 Fsulfate 3 1 4 6
SH15 Fsulfate 1 10 0 0
SH15 Fsulfate 2 10 0 0
SH15 Fsulfate 3 10 0 0
SH15 Fsulfate 1 100 0 0
SH15 Fsulfate 2 100 0 0
SH15 Fsulfate 3 100 0 0
SH25 Fsulfate 1 0 9 11
SH25 Fsulfate 2 0 10 11.5
SH25 Fsulfate 3 0 8.5 12
SH25 Fsulfate 1 0.1 8.5 13
SH25 Fsulfate 2 0.1 9.5 13.5
SH25 Fsulfate 3 0.1 10 13
SH25 Fsulfate 1 1 3.5 7
SH25 Fsulfate 2 1 3.5 8
SH25 Fsulfate 3 1 3.5 7.5
SH25 Fsulfate 1 10 0 0
SH25 Fsulfate 2 10 0.5 0
SH25 Fsulfate 3 10 0 0
SH25 Fsulfate 1 100 0 0
SH25 Fsulfate 2 100 0 0
SH25 Fsulfate 3 100 0 0

SH30 Fsulfate 1 0 9.5 11.5
SH30 Fsulfate 2 0 8.5 12.5
SH30 Fsulfate 3 0 9 12
SH30 Fsulfate 1 0.1 8.5 12.5
SH30 Fsulfate 2 0.1 9 12.5
SH30 Fsulfate 3 0.1 10 12.5
SH30 Fsulfate 1 1 3.5 6.5
SH30 Fsulfate 2 1 3.5 4.5
SH30 Fsulfate 3 1 3.5 4
SH30 Fsulfate 1 10 0 0
SH30 Fsulfate 2 10 0 0
SH30 Fsulfate 3 10 1 0
SH30 Fsulfate 1 100 0 0
SH30 Fsulfate 2 100 0 0
SH30 Fsulfate 3 100 0 0
SH84 Fsulfate 1 0 9 12.5
SH84 Fsulfate 2 0 8 11.5
SH84 Fsulfate 3 0 8 12
SH84 Fsulfate 1 0.1 9 11.5
SH84 Fsulfate 2 0.1 7 12
SH84 Fsulfate 3 0.1 8.5 12.5
SH84 Fsulfate 1 1 3 5.5
SH84 Fsulfate 2 1 3.5 4.5
SH84 Fsulfate 3 1 3.5 4.5
SH84 Fsulfate 1 10 0 0
SH84 Fsulfate 2 10 0 0
SH84 Fsulfate 3 10 0 0
SH84 Fsulfate 1 100 0 0
SH84 Fsulfate 2 100 0 0
SH84 Fsulfate 3 100 0 0
;
run;
data temp;
set;
number = 1;
if conc = 0 then delete;
lconc=log10(conc);
if isol = "SH06" then response = 1-(radmean/12.17);
if isol = "SH15" then response = 1-(radmean/11.67);
if isol = "SH25" then response = 1-(radmean/11.50);
if isol = "SH30" then response = 1-(radmean/12);
if isol = "SH84" then response = 1-(radmean/12);
if response <= 0 then response = 0;
run;
proc sort; by isol;
run;
proc probit log10; by isol;
model response/number=conc /lackfit inversecl
itprint;
run;
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Appendix 3.1 - Black Layering in Soil Profiles Caused by Iron Application
The term ‘black layer’ references an area often found one to six inches beneath
turfgrass in or around the rootzone that becomes anaerobic, hardened and black (Berndt
and Vargas, 2006; Hull, 1999). When such a layer forms, it prevents water from
effectively draining down through the soil and causes the area around the roots to become
anaerobic and waterlogged. This results in a reduction in turfgrass health and quality, as
the roots can no longer function properly (Obear and Soldat, 2013). This phenomenon
often occurs in sand based soils with poor drainage and can cause significant problems
for intensively managed turf, especially putting greens (Hull, 1999). Some symptoms of
this phenomenon are yellowing of the leaf blades, reduced biomass and in extreme cases,
turf loss. Therefore, this can be a problem for golf courses, especially on putting greens
since the visual quality decreases over time (Berndt and Vargas Jr., 2006).
In general, these black layers are cemented by iron-oxide compounds formed via
iron moving down through the soil profile (Obear and Soldat, 2014). However,
manganese-oxide cement layers have also been observed in soil profiles both low and
high in iron. In addition, organic material has higher concentrations at this cementing
zone compared to higher in the soil profile, indicating that it also travels downwards and
accumulates at this zone (Obear and Soldat, 2014). Therefore, these layers are often a
combination of iron-oxide, manganese-oxide and organic matter packed together,
preventing essential water drainage through the soil (Obear and Soldat, 2014). These
compounds are formed and collect together at textural boundaries in the soil profile,
which are regions with small particles lay above larger particles. (Obear and Soldat,
2014). According to USGA regulations, putting greens are comprised of gravel with a 30
cm sand root zone on top (Obear et al., 2014). The black layers are mostly found just
beneath the topsoil or at the boundary between the sand and gravel (Obear et al., 2014).
Water ends up accumulating in the smaller particle region, allowing the iron and
manganese to be oxidized by oxygen from the larger particle region below (Obear and
Soldat, 2014).
A three-step process causes the formation of iron in this layer. First, Fe(III) is
reduced to Fe(II) in the top layer of the soil profile. This Fe(II) then travels downward
through the soil profile. Once it reaches an oxygen rich area or an area where pH
increases to alkaline levels, the Fe(II) is then oxidized back to Fe(III) and forms ironoxide precipitates in the soil (Obear and Soldat, 2014). This compound is very dark,
which contributes to the blackening of the layer (Hull, 1999).
The build-up of iron, manganese and organic matter forms a dark layer that can
range from 0.5 to 2.5 cm thick (Obear et al., 2014). It can grow at a rate of up to 1.5 mm
per year and can fully cement itself in less than 10 years. Once it is cemented, roots
cannot penetrate through this layer and it is almost completely impenetrable by water
(Obear et al., 2014).
Sulfur compounds such as sulfate (SO4-2) have also been shown to contribute to
black layer formation (Berndt et al., 1987). A combination of poor drainage and
waterlogging can lead to microorganisms involved in decomposing organic matter, using
up all available oxygen, leading to an anaerobic area where sulfate (SO42-) is reduced to
sulfide (S2-) (Hull, 1999). In addition, anaerobic bacteria use sulfate for respiration as
opposed to oxygen (02) and release hydrogen sulfide (H2S) as a by-product. The H2S can
then react with metals, such as iron and form black precipitates causing the build up of a
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cemented layer (Berndt et al., 1987). This newly formed layer of metal sulphides will fill
up nearby pores, normally used for water drainage and oxygen movement in the soil,
resulting in pooling of water and increased anaerobic conditions above the layer (Berndt
et al., 1987; Hull, 1999). Therefore, the soil in the root zone becomes deoxygenated over
time, which hinders the roots abilities to uptake oxygen, nutrients and water. The end
result is reduced growth and in extreme cases, death of the turfgrass (Berndt et al., 1987).
Previously, it has been proposed that foliar iron applications may aid in the
formation of such a layer due to iron dripping off the leaf blades and down into the soil
and forming ferrous sulfide. Black layers have been found to form in areas that received
high levels of iron fertilization with rates between 30 and 300 kg /ha/year (Obear et al.,
2014). These layers have been found in some cases only 5 years after a putting green was
created and experienced regular iron fertilization (Obear and Soldat, 2014). An important
observation to note is that once the black layer was exposed to oxygenated air, the black
layer dissipated (Berndt and Vargas, 2006). The metal sulfides form due to the presence
of anaerobic bacteria that are able to reduce sulfate (SO4-2) to sulfide (S-2). When oxygen
becomes available again, the sulfide gets oxidized, breaking up the metal sulfide
precipitate (Berndt and Vargas, 2006).
Therefore, one mode of action against this phenomenon is increasing oxygen
levels throughout the soil profile. By increasing oxygen levels throughout the profile, it
allows sulfide (S-2) to bind to oxygen and create SO4-2 as opposed to H2S in anaerobic
conditions (Berndt et al., 1987). Another possible solution to the formation of the black
layer may lie with the control of the anaerobic bacteria responsible for the reduction of
SO4-2 to S-2 through aeration measures or by isolating the species responsible and finding
ways to target them (Berndt and Vargas, 2006).
It is therefore recommended that deep soil profile samples be taken periodically if
iron applications are made frequently in order to monitor the formation of such a layer
(Obear and Soldat, 2014). If a layer does form, physical removal of the layer or deep-tine
aeration can alleviate drainage issues, but can be quite costly (Obear and Soldat, 2014).
Furthermore, a study by Adams and Smith (1993) discovered that when pH of the
soil is around 5, ferrous ions would not form ferrous sulfide bonds and remain in the
ferrous ion form. However, at a pH of 6.2, the ferrous ions formed ferrous sulfide bonds 6
days after treatment, and steadily increased afterwards. They therefore suggest that
adding iron to soil kept at low pH levels around 5 will not aid in forming a black layer.
However, this means that one must test and manage the soil pH all the way down to the
gravel zone or textural boundary underneath the turfgrass to avoid this build up. We did
not look at black layer formation in this study, but more research in this area is needed to
ensure implementing ferrous sulfate treatment regiments against dollar spot does not
result in this formation.
Lastly, another point regarding the blackening effect observed is that different
forms of iron can stain and accumulate on metal and plastic surfaces, and they darken
turfgrass at different intensities. During this study, it was observed that ferrous sulfate
stains metal and plastic more than ferric sulfate, which was being used by another student
in Dr. Hsiang’s lab. Anecdotally, ferrous sulfate stains 1.5-3 times more than ferric
sulfate on both metal and turfgrass (Stone 2019).
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Appendix 3.2 - Example SAS statement for calculating average dollar spot counts in
efficacy field trials across multiple cultivars of A. stolonifera.
data temp;
options pagesize=80 linesize=100;
infile cards;
input cultivar$ date row TRT1 D1 TRT2 D2
TRT3 D3 TRT4 D4;
injury=d1; TRT = TRT1; output;
injury=d2; TRT = TRT2; output;
injury=d3; TRT = TRT3; output;
injury=d4; TRT = TRT4; output;
cards;
MacKenzie 190702 1 1 25 4 20 2 12 6 1
MacKenzie 190702 2 2 10 1 25 3 1 4 15
MacKenzie 190702 3 3 0 2 8 1 30 5 15
MacKenzie 190702 4 4 10 5 12 6 0 3 1
MacKenzie 190702 5 5 8 6 1 4 20 1 35
MacKenzie 190702 6 6 2 3 1 5 8 2 20
Penncross 190702 1 1 15 4 3 2 2 6 2
Penncross 190702 2 2 5 1 15 3 0 4 0
Penncross 190702 3 3 1 2 2 1 10 5 2
Penncross 190702 4 4 5 5 7 6 1 3 0
Penncross 190702 5 5 5 6 0 4 10 1 10
Penncross 190702 6 6 0 3 0 5 10 2 2
….. More Data
;
run;
data temp;
set;
if trt = 1 then chem = "Inoc_Check";
if trt = 2 then chem = "1xFSH";
if trt = 3 then chem = "5xFSH";
if trt = 4 then chem = "PABA";
if trt = 5 then chem = "Polyoxin";
if trt = 6 then chem = "Banner";
run;
proc sort; by date CHEM;
proc glm; by date CHEM;
class cultivar;
model injury = cultivar;
means cultivar / LSD lines;
run;
proc sort; by date CHEM;
proc glm; by date CHEM;
class cultivar;
model injury = cultivar;
lsmeans cultivar;
output out=glmout;
run;
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Appendix 3.3 - Example SAS statement for calculating percent discolouration in
phytotoxicity and discolouration field trials on multiple cultivars of A. stolonifera.
data temp;
options pagesize=80 linesize=100;
infile cards;
input date cultivar$ TRT1 D1 TRT2 D2
TRT3 D3 TRT4 D4;
injury=d1; TRT = TRT1; output;
injury=d2; TRT = TRT2; output;
injury=d3; TRT = TRT3; output;
injury=d4; TRT = TRT4; output;
cards;
190618 MacKenzie 1 0 4 85 5 85 1 0
190618 MacKenzie 2 35 1 0 2 50 4 90
190618 MacKenzie 3 55 3 75 4 85 2 40
190618 MacKenzie 4 70 2 35 3 70 5 80
190618 MacKenzie 5 70 5 60 1 0 3 60
190618 Penncross 1 0 4 90 5 75 1 0
190618 Penncross 2 35 1 0 2 35 4 80
190618 Penncross 3 65 3 75 4 85 2 30
190618 Penncross 4 85 2 55 3 50 5 70
190618 Penncross 5 75 5 60 1 0 3 65
….. More Data
;
run;
data temp;
set;
if trt = 1 then chem = "Inoc_Check";
if trt = 2 then chem = "1xFSH";
if trt = 3 then chem = "5xFSH";
if trt = 4 then chem = "10xFSH";
if trt = 5 then chem = "15xFSH";
run;
proc sort; by date;
proc glm; by date;
class CHEM cultivar;
model injury = CHEM cultivar
CHEM*cultivar;
means CHEM cultivar / LSD lines;
run;
proc sort; by date;
proc glm; by date;
class CHEM cultivar;
model injury = CHEM|cultivar;
lsmeans CHEM cultivar;
output out=glmout;
run;
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