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Chapter

Fungicidal Activity of Soybean Oil
against Powdery Mildew on Wheat

Kirstin V. Wurms, Annette Ah Chee and Paul Sutherland

Abstract

Products derived from soybean crops are not only global food staples, but are
also used in pharmaceuticals, industry, and agriculture. Soybean oil (SBO) and
other oils are often used as adjuvants in agricultural sprays to facilitate spread of
the active ingredient (a.i.) across the plant surface. This chapter describes original
research in which a natural fungicide (biofungicide) was formulated using SBO as
the a.i. Antimicrobial activity of SBO against a powdery mildew (PM) pathogen,
Blumeria graminis f. sp. tritici, was measured, as well as effects on plant health and
yield of wheat plants. Results were compared with a conventional fungicide and
another lipid biofungicide. The mode of action was investigated using scanning
electron microscopy. Results showed that SBO provided PM control equal to the
conventional fungicide when plants were adequately spaced and caused collapse
of fungal structures and extrusion of cell contents. Commercialisation potential of
SBO biofungicide is discussed.

Keywords: biofungicide, horticultural oils, powdery mildew, scanning electron
microscopy, soybean oil, wheat

1. Introduction

Soybean (Glycine max), a species of legume native to East Asia, is economi-
cally the most important bean in the world, providing vegetable protein for mil-
lions of people and animals and ingredients for hundreds of chemical products
including pharmaceuticals, cosmetics and biofuels [1]. Soybeans have a myriad
of health benefits for humans including their ability to stimulate metabolism,
promote heart health and osteotropic activity, protect against cancer, prevent
birth defects, aid digestion, increase circulation and decrease the risk of diabe-
tes [2], but in this chapter we focus on the use of soybean oil (SBO) in agricul-
ture to improve plant health.

Soybean oil is a vegetable oil that is solvent-extracted from pressed seeds of
soybean, followed by refinement, blending and optional hydrogenation, and is one
of the world’s most widely consumed edible plant oils [3, 4]. While plant-derived
oils, such as SBO, are predominantly used in agriculture as an adjuvant to aid the
spread of pesticides over plant surfaces and also to help the pesticide to stick to the
plant surface [5, 6], SBO is also directly antimicrobial against a range of powdery
mildew fungi [7-10], Botrytis cinerea [11] and bacteria such as Staphylococcus
aureus and Escherichia coli [12]. In addition, SBO has insecticidal activity against
mites [13], whitefly and aphids [14, 15] and insects associated with stored grain
products [16] . However, there are few commercial products in horticulture that
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use plant oils as the active ingredient (the most notable exception being neem oil),
with most spray oils comprising mineral oils that are refined from petroleum.
Commercial development of SBO as a pesticide offers the advantages of reduced
reliance on petroleum products, and the use of an edible oil is considered to be less
toxic to human health and the environment. However, fats and oils are often asso-
ciated with chlorosis and necrosis of plant tissue [13, 17-19], and other problems
include inconsistent activity, handling and application difficulties, spoilage and
development of unpleasant odours, and these issues need to be considered when
developing a SBO fungicide.

Powdery mildew (PM) disease is characterised by fluffy white lesions on the
surfaces of aerial plant tissues. It is caused by pathogens from the Erysiphales
order and is responsible for significant yield losses globally in crops such as cucur-
bits, apples, roses, tomatoes, grapes and various cereals such as wheat and barley
[20, 21]. PM is one of the most economically damaging plant diseases around the
world. For instance, losses to barley PM in the State of Western Australia have
been estimated at $30 million (AUD) annually [22]; losses account for approxi-
mately 15% of total crop revenue for American North Western hop growers, which
equated to over $30 million USD in the year 2000 [23]; and the introduction of
PM-resistant grape varieties into the State of California alone has been estimated
to yield $48 million (USD) in annual cost savings [24]. There are serious limita-
tions with existing PM control methods, such as pathogen resistance to demeth-
ylation inhibitor fungicides [25, 26]. Moreover, synthetic pesticide use has been
clearly linked to human health concerns such as increased incidence of respiratory
disease and cancer [27]. There are also limitations on the use of sulphur and
copper-based fungicides, considered to be more natural fungicides, in organic
systems because sulphur can act as a nose and eye irritant [28] and because heavy
metals like copper accumulate in soils with intensive copper fungicide use over
time, resulting in phytotoxicity [29]. These issues are driving the development
of biofungicides (fungicides comprising biological control agents and/or natural
products) that are suitable for both organic and conventional growers, considered
safer in terms of human health and which provide an environmentally benign
option for durable disease control. Furthermore, PM strains mutate and develop
resistance rapidly to synthetic pesticides, but there are few documented instances
of resistance development to oils [30, 31]. Biofungicides can be used as standalone
products, or in integrated disease control programmes that combine treatments
with multiple modes of action, to reduce the application number of traditional
synthetic pesticides and to delay the onset of resistance.

The principal aim of this study was to investigate the potential of SBO as a
biofungicide to control powdery mildew. To achieve this aim, SBO effects on dis-
ease control efficacy and plant health and yield were compared under regulated
conditions found in a controlled environment room and a glasshouse versus the
more variable conditions in a field situation. SBO performance was also com-
pared versus conventional fungicides and another lipid biofungicide-emulsified
anhydrous milk fat (AMF) from cows’ milk, since SBO and AMF were the two
top candidates from a preliminary study investigating lipid biofungicide action
against PM [32]. Product mode of action (MoA) was also investigated using
scanning electron microscopy (SEM), because knowledge of the MoA permits
a product to be used more effectively in relation to timing and mode of applica-
tion, and helps to manage the risk of target organisms developing resistance to
the control product [33, 34]. MoA is also often necessary for product registration.
Wheat (Triticum aestivum) was chosen as the ideal crop for this study because it
is a global food staple for which PM is a common disease problem [35, 36] and
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because wheat plants can be easily and quickly grown. Given that the leaf surface
of wheat is non-hairy and robust, it is also more likely to produce clear images
in SEM following sample preparation by cold stage freezing and sputter coating
with gold.

Findings obtained from the data are discussed with respect to the commerciali-
sation potential of SBO biofungicide.

2. Controlled environment (CE) room and glasshouse trials
2.1 CE trial methods

PM-susceptible ‘Endeavour’ wheat plants, were sown at a density of four plants
per 12 cm diam. pot. Plants were maintained in two blocks (1 pot/treatment/block)
in a CE room at 20°C with a 16-hour photoperiod. After 1 week, the experimental
plants were artificially inoculated by taking potted wheat plants infected with
Blumeria graminis {. sp. tritici (formerly classified as Erysiphe graminis £. sp. tritici)
(wheat PM), and trailing the infected leaves from these plants across the leaf
surfaces of the healthy plants, such that spores from lesions on the infected leaves
would brush off onto the healthy wheat plants. Treatment application (Table 1)
commenced when the plants were 2 weeks old and at plant growth stage (PGS) 1,
as defined by [37]. Leaves were sprayed to run-off (i.e., the point where the leaf is
completely saturated and liquid starts to drip off the leaf) using a hand-held spray
bottle (500 mL Garden Trigger Sprayer, Hills, Australia), with a total of 9 spray
applications applied over a course of 7 weeks (2 sprays/week for the first fortnight,
and 1 spray/week thereafter).

The first disease assessment (designated time 0) was made immediately
before the first treatment application, followed by an assessment after 7 weeks
(PGS = 8-10). Disease severity on the three most basal leaves of each plant was
assessed using percent leaf area infection diagrams (Figure 1), and the rating scale
shown in Table 2. Disease ratings for the three leaves were averaged to give one
value per plant. Disease assessments had to be made on different leaves on each
assessment date, because as the plants mature, the most basal leaves wither and die,

Treatment Treatment code
Unsprayed control—no fungicides Unsprayed
Water control Water

Amistar® WG fungicide1 (0.4 g/L) Amistar

AMF? (7 g/L) + DATEM? (5 g/L) + Grindox® 122™ (1 g/L) AMF

Soybean oil’ (20 g/L) + DATEM (5 g/L) + Grindox 122™ (1 g/L) SBO

T Amistar® WG fungicide, containing 250 g/L azoxystrobin active ingredient, was supplied by Syngenta, Basel,
Switzerland, and is effective against both powdery mildew and rust pathogens.

2AMF = anhydyrous milk fat—a highly saturated solid milk fat, obtained from New Zealand Milk Products Ltd.
(now trading as Fonterra).

*DATEM = an emulsifier containing diacetyl tartaric acid esters of mono- and di-glycerides. Sold by Danisco Ltd.,
Brabrand, Denmark as: Panodan® AL 10.

*Grindox 122™ = an antioxidant produced by Danisco Ltd., Brabrand, Denmark.
SSoybean oil (Amco brand) was obtained from the supermarket.

Table 1.
CE room wheat trial treatments.
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so data from each assessment date were analysed separately by SAS, version 8.02
(SAS Institute, Cary, NC), using a nested design, with treatments nested within
pots and plants within treatments and pots.

POWDERY MILDEW OF CERFALS

Fay Na. 0.4

S

PERCINTAGE LEAF ABLA COVERED

Figure 1.
Standard disease area diagrams to show four severities of wheat powdery mildew infection, from [37].

Rating Percent leaf area infected
0 No infection
1 1% infection
15 1-5% infection
2 5% infection
25 5-25% infection
3 25% infection
35 25-50% infection
4 50% infection
4.5 >50% infection
Table 2.

Wheat powdery mildew (PM) leaf disease vating scale, from James [37].
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2.2 CE trial results and discussion

At time 0, there were no consistent treatment differences evident (Figure 2),
but after 7 weeks, “Amistar”, “AMF” and “SBO” all provided significantly greater
control of PM than “Unsprayed” and “Water” treated controls (Figure 3), and the
amount of disease on plants treated with “AMF”, “SBO” and “Amistar” was lower
than that recorded at time 0, i.e. before any treatment application (Figure 2 vs.
Figure 3).

There were no visual signs of leaf damage associated with the treatments.
(Figure 4).

Thus, under the controlled conditions of the CE room, SBO could perform as
effectively as both the commercial fungicide Amistar and the AMF biofungicide,

1.6 1

1.4 1 Unsprayed
o 1.2 * ® & \Water
._.E_. x mAmistar
= 1 4 'Y ]
@ pa8 4 - x35BO
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Figure 2.

PM disease severity on the basal leaves of ‘Endeavour’ wheat plants from the controlled environment (CE)
wheat trial at time = o, i.e. prior to any treatment application. Treatment codes are given in Table 1. The least
significant difference (LSD) bar applies to within-column comparisons only, owing to the hievarchical nature
of the nested design, where the number of veplicate plants (n) for each data point on the graph = 4.
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Figure 3.

PM disease severity on the basal leaves of ‘Endeavour’ wheat plants from the CE trial at time = 7 weeks, i.e.
after 7 weeks of treatment application. Treatments are described fully in Table 1 and comprised leaving the
plants unsprayed, or spraying with water, Amistar® fungicide or emulsified anhydrous milk fat (AMF) or
soybean o0il (SBO). The LSD bar applies to within-column comparisons only, owing to the hievarchical nature
of the nested design, where n for each data point on the graph = 4.
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Figure 4.

‘Endeavour’ wheat plants in the CE room that have (A) not received any protection against PM (treatments
“water” and “unsprayed”); or (B) were sprayed with “AMF”, “SBO” or “‘Amistar” fungicides. The fungicides
provided effective control of PM, without any visual adverse effects on plant health.

in terms of disease control and lack of adverse effects on plant health. Given that
disease severity measured at the end of the experiment (after 7 weeks of treatment
application) was lower than the disease severity measured at time O (before treat-
ments commenced), this might suggest that all three fungicides have eradicant as
well preventative activity against PM on wheat. However, this conclusion cannot be
made for sure until assessments are made on whole plants throughout the course of
the experiment, since different leaves were assessed at the start and the end of the
CE experiment, owing to natural attrition of the oldest leaves.

2.3 Glasshouse trial methods

For the glasshouse trial (performed during February-March in Hamilton, New
Zealand), the setup was similar to the CE trial, except that wheat seeds were sown
into 6.75 L black polythene planter bags (PB12, Easy Grow Ltd., New Zealand).
There were four replicate bags of four plants/treatment, and one replicate bag from
each treatment was randomly positioned on a separate table (block). Treatments
were the same as in the CE trial, except for omission of the unsprayed control. A
total of seven spray applications were made throughout the course of the experi-
ment (1 spray for the first fortnight, and 1 spray/week thereafter). Treatment
application commenced when the plants were 11 days old and at plant growth stage
(PGS) 1, as defined by [37].

Disease severity on the three most basal leaves/plant was assessed as described in
the CE trial, with the initial disease assessment (designated Time 0) made immedi-
ately before the first treatment application, followed by an assessment after 7 weeks
(PGS = 9-10.3). At the end of the trial, plants were considerably larger than those
in the CE trial, so an additional disease assessment was also made at week 7 on the
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whole plant rather than the three most basal leaves, using the scale defined in [38],
as shown in Figure 5 and Table 3. Experimental design and statistical analysis was
the same as for the CE trial.

2.4 Glasshouse trial results and discussion

Only data from the first (time = 0) and last (time = 7 weeks) disease assessments
are presented. At time 0, disease levels in block 1 were significantly higher in the
“Water” control than all other treatments, but this trend was not repeated in other
blocks, and overall there were no consistent treatment differences evident at the
start of the experiment (Figure 6). After 7 weeks, “Amistar”, “AMF” and “SBO”

SCALE FOR APPRAISING FOLIAR
INTENSITY OF ‘%H]E&T DISEASES
0=

Figuress.
PM disease severity on whole wheat plants, from [38] .

Numeric Characteristics

scale

0 Free from infection.

1 Very resistant. Few isolated lesions on lowest leaves only.

2 Resistant. Scattered lesion on 2nd set of leaves, with first leaves infected at light intensity.
3 Moderately resistant. Light infection of lower third of plant.

4 Low intermediate. Moderate to severe infection of lower leaves, with scattered to light

infection extending to the leaf immediately below the mid-point of the plant.

5 Intermediate. Severe infection of lower leaves, with moderate to light infection extending to
the mid-point of the plant, but not beyond.

6 High intermediate. Severe infection of the lower third of the plant, moderate degree on middle
leaves, and scattered lesions beyond the mid-point of the plant.

7 Moderately susceptible. Lesions severe on the lower and middle leaves, with infections
extending to the leaf below the flag leaf, or with trace infections on the flag leaf.

8 Susceptible. Lesions severe on lower and middle leaves. Moderate to severe infection of upper
third of plant. Flag leaf infected in amounts more than a trace.

9 Very susceptible. Severe infection on all leaves, and the spike infected to some degree.

Table 3.
Scale for appraising foliar intensity of wheat diseases on whole plants, from Saari & Prescott [38].
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all provided significantly greater control of PM than “Water” treated controls,
regardless of whether disease severity was measured on the three most basal leaves
(Figure7), or the whole plant (Figure 8). All three fungicides performed as well as
each other. In all blocks, the amount of disease on whole plants treated with “AMEF”,
“SBO” and “Amistar” was lower than that recorded at the start of the experiment,
i.e. before any treatment application (Figure 7 c.f. Figure 8). This suggests that
eradicant activity may be possible, under low initial inoculum loads (at the start of
this experiment, there was <1% leaf infection) and corroborates the results found in
the CE trial. However, the glasshouse environment is still relatively controlled and
the plants are more widely spaced than in a field experiment, so field testing was the

next step in the research.
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Figure 6.

Average PM disease severity on the basal leaves of ‘Endeavour’ wheat plants in the glasshouse trial at time = o,
i.e. prior to any treatment application. Treatment codes are given in Table 1. The LSD bar applies to within-
column comparisons only, owing to the hievarchical nature of the nested design, n for each data point on the

graph = 4.
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Figure 7.

Average PM disease severity on the basal leaves of ‘Endeavour’ wheat plants in the glasshouse trial at

time = 7 weeks, i.e. after 7 weeks of treatment application. Treatment codes ave given in Table 1. The LSD bar
applies to within-column comparisons only, owing to the hievarchical nature of the nested design, n for each

data point on the graph = 4.
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Figure 8.

Whole plant assessments of PM disease severity on ‘Endeavour’ wheat plants in the glasshouse trial at

time = 7 weeks, i.e. after 7 weeks of treatment application. Treatment codes ave given in Table 1. The LSD bar
applies to within-column comparisons only, owing to the hievarchical nested design, n for each data point on the

graph = 4.

3. Field trial
3.1 Field trial methods

Three spring wheat cultivars were used in this trial: ‘Janz’, an Australian cultivar
highly susceptible to PM and resistant to brown leaf rust but susceptible to stripe
rust; ‘Karamu), a New Zealand cultivar that is susceptible to PM and leaf rust but
resistant to stripe rust; and ‘Gundaroi), a durum wheat cultivar that is susceptible to
PM, but resistant to both rusts.

The three wheat cultivars were sown in separate adjacent areas in early
September (spring) in Christchurch, New Zealand. Each cultivar was grown in two
strips 24 m long and 1 m wide. Each strip was divided into 20 plots (1.2 m long x 1 m
wide) and each plot contained approximately 150 plants. Adjacent, or nearly
adjacent plots were randomly assigned to each of the five treatments to make a block
and this procedure was repeated to give five blocks (25 plots), spread along the two
strips, with block 3 split across both strips. The remaining 15 plots were untreated
(buffers). Within each treatment plot five plants were labelled with block and
treatment number. These labelled plants were used for repeat disease assessments
over the trial period, with data analysed separately for each cultivar as a repeated
measures design using SAS version 8.02 (SAS Institute, Cary, NC).

The five treatments were identical to those used in the CE trial, except that
Amistar® fungicide was applied at the recommended field rate of 750 mL/ha and
1.4 mL of fungicide liquid concentrate /12 L water. During the growing season,
there were five applications applied to designated treatment plots, sprayed to
run-off using 20 L backpack pressure spray units (Backpack 435, Solo, New
Zealand), of the water and biofungicide treatments (on average 17 days apart), and
two applications of Amistar fungicide (7 weeks apart, according to manufacturer
recommendations). After treatment application, plants were left to dry for several
hours before disease assessments were carried out. At each assessment, the growth
stage of each wheat cultivar was noted, as defined by James [37] . The five labelled
plants in each plot were assessed according to a PM rating system from O to 9
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(Figure 5 and Table 3). The same rating system was used for a rust assessment on
‘Janz’, 123 days after sowing.

Plants were left in the field for 62 weeks after the last spray until harvest in
late February (summer). The trial was harvested with a rice binder (Model 210B,
Mitsubishi, Japan) and each treatment/block rep was processed through a thresher
(Nursery Master Stationary Thresher, Wintersteiger, Austria) to separate the wheat

A) ‘Janz'
10 -
m 91 =
S8 :
BT e -+ Unsprayed
36 gl = = Water
| = = . Amistar
§ 5 - o - AMF
24 o =S80
3 < =
g, ¥ .
q 1 I T 1 l
u T L T T T T 1
50 60 T 80 a0 00 110 120 130
Days from sowing
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- 8 & Water
@
w 5 Arnistar
§ — AMF
= 4 4 -=— 580
3
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C) ‘Gundaroi’
10
g
£ 8 .-
'ﬁ 7 ——Unspraved |
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Figure 9.

Powdery mildew disease ratings in three field-grown wheat cultivars following application with Amistar®
WG fungicide (750 mL product concentrate/ha at and 1.4 mL of fungicide liquid concentrate/12 L water),
emulsified anhydrous milk fat (AMF) at 7 g/L and emulsified soybean oil (SBO) at 20 g/L. control treatments
involved spraying the plants with water or leaving them unsprayed. Data were assessed as a repeated measures
design with the bars indicating the least significance difference at each assessment date.
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grain from the chaff and straw. The grain was placed into paper bags, which were
taken back to the field lab and weighed. The following day, each bag was sorted
through a 2 mm sieve screen (Endecott, United Kingdom) that separated grain into
two lots: seconds (<2 mm) and first grade (>2 mm). The 1000 seed weights were
measured on a machine (Numigral II, Tripette & Renaud, France) that automati-
cally counts 250 seeds, which were weighed and then the weight was multiplied

by four. Harvest data was analysed as a nested design (with blocks and treatments
nested within cultivar) using SAS version 8.02.

3.2 Field trial results and discussion

For all three wheat cultivars, SBO was the most effective fungicide against
PM, and provided significantly greater protection than the commercial syn-
thetic fungicide, Amistar, during the middle part of the season, i.e. 90-120 days
from sowing (Figure 9). The total degree of PM control was not as great as that
observed in the CE and glasshouse trial, most likely because the close proximity of
plants in the field trial resulted in overlapping growth leading to ineffective spray
penetration and possible build-up of inoculum in protected parts of the canopy.
The increase in disease was most marked in the final two disease assessments and
under these heavy inoculum loads, Amistar was completely ineffective in the most
PM-susceptible cultivar ‘Janz’ (Figure 9). No evidence of eradicant activity was
observed for any of the products under the heavy inoculum loads and more variable
conditions of the field trial.

Rust was only present in the ‘Janz’ cultivar, and SBO (and AMF) do not appear
to provide control of this pathogen (Figure 10). Amistar claims to control rust, but
there were no significant differences among the treatments (Figure 10).

Irrespective of wheat cultivar, SBO was associated with significantly lower
harvest yields than all other treatments (Table 4). Yields in the AMF treatment
were lower but not significantly different from the controls and plants sprayed
with Amistar had significantly higher yields than both the other treatments (Table 4).
This suggests that there is a yield cost associated with SBO and AMF use in the field
trial. There are two possible explanations for this. The first is that oil use can be
associated with damage to plant tissue, which affects the ability to produce and
store photosynthates [13, 17-19]. However, we did not observe any chlorosis or
necrosis associated with SBO or AMF use in any of our trials on wheat. More likely

C
3 -
i LSD=1.18

2 .

1.5
1

0.5
i

Unzprayed Water  Amistar

Rust disease rating

Figure 10.

Stripe vust levels in field-grown Janz’ wheat, 123 days after sowing. Treatments are the same as described
in Figure 9. Data were assessed as a vandomised block design with means separation by least significant
difference (LSD, P < 0.05).
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Cultivar Treatment' Total grain weight First grade weight” Weight 1000 grains
(& (® (®
Janz’ Unsprayed 616 599 44.5
Water 658 641 45.1
Amistar 672 656 46.6
AMF 592 575 426
SBO 481 463 384
LsD’ 69.4 67.2 215
‘Karamu’ Unsprayed 619 578 375
Water 609 569 36.7
Amistar 840 797 429
AMF 605 570 372
SBO 526 479 33.0
LSD 49.3 50 1.62
‘Gundaroi’ Unsprayed 619 578 375
Water 609 569 36.7
Amistar 840 797 429
AMF 605 570 372
SBO 526 479 33.0
LSD 49.3 50 1.62

Control plants were left untreated or sprayed with water. Fungicide treated plants were sprayed with Amistar®
fungicide (750 mL product concentrate/ha and 1.4 mL of fungicide liquid concentrate/12 L water), emulsified
anhydrous milk fat (AMF) at 7 g/L and emulsified soybean oil (SBO) at 20 g/L.

2First grade grain has a size >2 mm.

3Least significant difference (P < 0.05).

Table 4.
Yield data of field-grown wheat: Total grain weight (g), first grade grain weight (g) and weight of 1000 grains
(g), harvested approximately 170 days after sowing.

is the second explanation that disease severity has escalated to a greater degree

in the plants treated with lipid fungicide than in the Amistar treatment in the 6

1/2 week interval between the final spray application and harvest. Work in other
crops (cucurbits and grapes) has shown that SBO and AMF need to be applied at
fortnightly intervals to maintain effective disease control (Wurms, Plant & Food
Research, unpublished data), whereas Amistar is a systemic fungicide (i.e., it is
absorbed into the plant) and provides disease control over a more sustained period,
and therefore only needed to be applied twice during the same trial period to
provide effective control of PM [39] .

4. MoA studies
4.1 Scanning electron microscopy (SEM) methods

Experimental set-up was the same as for the CE trial, except that there was no
water treatment, and there were two spray applications, 3 days apart. Four days

after the second spray, lesions from all the treatments were sampled for electron
microscopy.

12
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Leaf pieces (5 x 10 mm) were cut from plants and mounted on a copper speci-
men stub, then processed for observation using a sputter cryo system (Emscope
SP2000, Hemel Hempstead, United Kingdom). Mounted samples were first frozen
using liquid nitrogen slush and then transferred under vacuum to a preparation
chamber. There they were thermally etched for 5 min at —80°C, radiantly etched
for 30-60 s, and then sputter coated with gold. The coated material was transferred
under vacuum to a cold stage in the specimen chamber of a Philips SEM 505 scan-
ning electron microscope (Philips, Eindhoven, Netherlands) and examined at an
accelerating voltage of 15 kV and a specimen temperature of between —150 and
—180°C [40].

4.2 SEM trial results and discussion

Amistar®, SBO and AMF fungicides all exhibited eradicant activity via a non-
toxic (physical) MoA, asillustrated by direct effects on the fungus, since these
treatments caused conidiophores (spore bearing structures) to collapse (Figure 11),
conidia (asexual spores) to wither (Figure 12) and extrude cellular contents
(Figures 12 and 13) and hyphae to wither/desiccate (Figure 13). This is supported
by the CE and glasshouse trial data which showed that, under low initial inoculum
loads, disease severity decreased on the same wheat plants monitored over time
(Figures 2, 3, 6-8). The MoA of SBO is most likely created by disruption of mem-
brane transport of the pathogen since the SEM images indicate that SBO causes plas-
molysis of mycelia and cell rupture and leakage of cell contents, especially in conidia

Figure 11.

SEM images of powdery mildew colonies on ‘Endeavour’ wheat leaves that were either A, untreated; or
sprayed with: B, Amistar® fungicide; C, anhydrous milk fat (AMF); or D, soybean oil (SBO). In healthy,
unsprayed colonies (A), turgid hyphal threads can be seen growing along the leaf surface in among pointy/
tapeved trichomes (leaf hairs), an example of which is arrowed in A, and upright conidiophores bearing
chains of spherical conidia (asexual spoves) are visible extending upwards and outwards from the leaf surface.
Conversely, hyphae appear shrivelled and conidiophores have completely collapsed in sprayed colonies (B-D).
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Figure 12.
Higher magnification SEM images of powdery mildew conidia on ‘Endeavour’ wheat leaves that were either A,

untreated; or sprayed with: B, Amistar® fungicide; C, AMF; or D, SBO. In unsprayed plants (A), the conidia
are present in chains attached to conidiophores that protrude outwards from the leaf surface. Unsprayed
conidia have a plump/turgid appearance and the spove surface appears to be quite smooth. In contrast, conidia
on sprayed plants ave lying collapsed on the leaf surface and have a withered/dehydrated appearance (B-D).
Ridging of the conidial surface is apparent in AMF-treated plants (C), and grainy exudates, most probably cell
contents, surround conidia sprayed with fungicide (B) and soybean oil (D).

Figure 13.

SEM close-ups of powdery mildew hyphae on ‘Endeavour’ wheat leaves that were either A, untreated; or sprayed
with: B, Amistar® fungicide; C, AMF; or D, SBO. In unsprayed plants (A), the hyphae growing on the leaf
surface ave plump and turgid. A trichome is arrowed in A. By contrast, hyphae on sprayed plants are completely
withered/dehydrated (B-D). A plant stomate (pore for gaseous exchange) on the leaf surface is arrowed in C.
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(Figures 11-13). This is in agreement with a review on the antimicrobial mode of
action of essential plant oils, where antimicrobial action was most commonly due to
membrane permeabilization/disruption leading to loss of water, leakage of cell con-
tents and sometimes total lysis [41] . In contrast, AMF may have a different MoA to
SBO, as SEM demonstrated that AMF caused deep ridging and distortion of conidia,
rather than extrusion of cell contents (Figures 11-13). Combination of products
with different complimentary MoA has the potential to increase product durability
and efficacy, since it is more difficult for the pathogen to develop resistance. In addi-
tion, pathogens do not tend to develop resistance to agricultural sprays containing
oils [30, 31, 42], because membrane transport is such a fundamental life process. The
combination of reduced amounts of SBO and AMF has been shown to be as effective
as greater concentrations of each biofungicide on its own [10]. Non-toxic (physical)
rather than toxic (chemical/antibiotic) MoAs are also advantageous when it comes
to product registration, since the latter higher-risk product group requires expensive
and time consuming toxicology testing.

5. Commercialisation potential

SBO biofungicide shows great commercial promise, given that it provided PM
control on wheat in both controlled internal conditions and more variable field
environments (at least for part of the growing period) that equalled or exceeded
that provided by conventional fungicides. Moreover, SBO is cost effective and
simple to produce (data not presented), has a physical mode of action (thus making
registration easier) and contains Generally Recognised As Safe (GRAS) [43], edible
ingredients. However, there are critical factors that must be taken into consideration
to ensure optimal performance and success of this product.

The most important consideration for use of this type of fungicide is that it hasa
direct, non-systemic mode of action [44] and therefore requires direct contact with
the plant surface that it is to protect. This explains why disease control was much
higher in the CE and glasshouse trials, where plants were more widely spaced, and
why PM pustules were observed on the undersides of leaf blades close to the stems
of plants in the field trial (data not presented), because heavily overlapping foliage
prevented spray access. Our research has also shown that the percentage of grape
bunch surfaces directly exposed to spray (i.e., not covered by leaves), as determined
by leaf plucking, was a significant factor in the efficacy of SBO fungicide against
Botrytis cinerea [11]. Consequently spray penetration and the density of plant archi-
tecture/growing systems are key considerations to the success of this fungicide.

We believe that other disadvantages that may be associated with SBO can be
managed with careful use. Although phytotoxicity is sometimes associated with
oils, optimisation of formulation (as well as rate and frequency of application)
has been shown to minimise toxic effects [11, 45]. Our SBO formulation [46] has
managed to achieve the balance of efficacy without adverse effects on plant health.
Phytotoxicity can also be avoided by taking care not to tank mix products such as
elicitors [32] or sulphur [44, 47] as these may react together to form plant damaging
compounds causing foliar injury and leaf drop. However, these products can still
be successfully used together in an integrated spray programme provided that their
use is alternated [11]. SBO has also been demonstrated to have a much less adverse
effect on plant health than AMF [32]. Another effective option is that SBO can be
tank mixed with AMF at much lower concentrations than either product on its own
[10]. This offers the dual advantages of reduced cost of goods and greater durability,
due to differing modes of action as described in the preceding SEM section. Other
recommendations include not spraying below 4°C (40°F), because the emulsion
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breaks down, and avoiding sprays on newly emerged foliage or floral tissue,
although we have treated rose blooms without any toxic effects [10].

Although SBO exhibited both preventative and eradicant activity in this study,
eradicant activity was not effective against heavy, established inoculum loads in
the field trial, and consequently SBO is best used as a preventative. Given that
horticultural oils degrade readily and are not very persistent [31], they also need to
be applied at regular (e.g. fortnightly) intervals. A lack of PM control over the last
6 weeks between spraying and harvest could be the reason for loss of yield in the
wheat field trial, although further work would need to be carried out to confirm this
by carrying out a PM disease assessment at harvest. SBO is particularly well-suited
for use in an integrated pest management (IPM) programme. In New Zealand, our
SBO formulation has been registered as MIDI-Zen® by BotryZen 2010 Limited,
and is intended to be used a part of a residue-free IPM programme for control of
Botrytis cinerea on grapes. Although use of MIDI-Zen right up to vintage in grapes
has been shown to delay the increase in soluble sugars (°Brix), which would neces-
sitate delaying harvest for 1-2 weeks to allow Brix to rise, this problem is normally
avoided by using MIDI-Zen in the middle part of the grape growing season (from
pre-bunch closure to version) and another biofungicide in the final 3 weeks leading
up to harvest [11].

In summary, the potential for SBO is very exciting as it offers the potential for
effective, environmentally benign and durable control. Armed with a good for-
mulation and an understanding of how best to optimise its use and minimise any

adverse effects, we should see increased use of SBO in agriculture to improve plant
health.
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