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ABSTRACT
Duncan, Robert Wayne. M.Sc., The University of Manitoba, July, 2003. Evaluation of
Host Tolerance, Biological, Chemical, and Cultural Control of Sclerotinia sclerotiorum
in Sunflower (Helianthus annuus L.). Co-advisors; W.G.D. Fernando and K.Y. Rashid.

Sclerotinia sclerotiorum (Lib.) de Bary is an economically devastating pathogen
in sunflower (Helianthus annuus 1.) producing arcas around the world. No single
management practice provides consistent control of sclerotinia head rot (Sclerotinia
sclerotiorum) in sunflower. An integrated approach utilizing host resistance, biological,
chemical, and cultural control will minimize sclerotinia head rot losses.

Host resistance is the optimum method of controlling sclerotinia head rot in
sunflower, however, a high level of resistance does not exist. Six oilseed and five
confection sunflower hybrids were assessed for their tolerance levels to sclerotinia head
rot. The oilseed hybrid SF125 was the most tolerant hybrid under natural ascospore,
artificial ascospore, and ground millet inoculation. Pooled data showed greater tolerance
to sclerotinia head rot in oilseed hybrids than in confection hybrids. The most susceptible
growth stage was when 100% of disk flowers had completed flowering, while head rot
susceptibility was strongly correlated with the percentage of disk florets present on the
sunflower head.

Both introduced and natural bacterial biological control of S. sclerotiorum were
investigated in this thesis. Two Pseudomonas spp., P. chlororaphis (strain PA-23), and
P. corrugata (strain 41), along with a new fungicide, BAS 510 F (2-chloro-N-(4,-chloro-
biphenyl-2-yl)nicotinamide), were assessed for their foliar protective ability against
sclerotinia head rot. The biocontrol agents (BCA) produced effective results under

natural infection, totally eliminating infection in 2001 at Carman, Manitoba. Control of

ix




sclerotinia head rot was the most effective when treatments were applied at the 100%
flowering stage. Strain PA-23 was the most effective BCA at reducing sclerotinia head
rot infection, while the experimental fungicide BAS 510 F was more effective than both
BCA.

Natural biological control was assessed by burying sclerotia in the soil at different
depths and monitoring sclerotial viability and bacterial colonization of the sclerotia over
time. A significant negative relationship between sclerotial viability and elapsed burial
time (R’ = -0.68, P < 0.0001), sclerotial viability and burial depth (R’ = -0.58, P <
0.0001), and sclerotial viability and bacterial colonization (R = -0.60, P < 0.0001) were
found. A total of 268 bacteria isolates were isolated from the buried sclerotia, 29 of
which were strongly inhibitory against S. sclerotiorum mycelial growth. Bacillus
amyloliquefaciens strain 265 and B. licheniformis strain 223 were the most inhibitory
bacteria, producing over 80% mycelial inhibition in vifro.

A high level of control of sclerotinia head rot in sunflower can only be achieved
through an integrated approach incorporating all available management techniques. The
knowledge accumulated over the course of this study, reiterates the fact that existing
management strategies need further refinement to reach their full disease reduction

potential.



FOREWARD
This thesis is written in manuscript style, with each manuscript having its own
abstract, introduction, materials and methods, results and discussion sections. There is a
general introduction and review of the literature prior to the manuscripts, followed by the

general discussion and conclusions, and the literature cited section.
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1.0 INTRODUCTION

Sunflower (Helianthus annuus 1..) cultivation began in Arizona and New Mexico
around 3000 B.C., (Semelczi-Kovacs 1975), and has progressed over time to become the
world’s fourth largest oilseed crop (Kleingartner 1997). Manitoba produces the majority
of the Canadian sunflower crop, and in 2001, received $28.63 million in cash receipts
from sunflower production (Statistics Canada 2001). Manitoba produces mostly
confection sunflowers (Manitoba Agriculture and Food 2001), which are a larger seed
type, mainly used for various forms of human consumption, and the remainder for bird
and animal feed (Lofgren 1997). Oilseeds, a small seed with an elevated oil content are
the main type of sunflower grown around the world. In 1995/96, worldwide sunflower
production of oilseeds totaled 24.9 million tonnes, producing 9.0 million tonnes of
vegetable oil (Kleingartner 1997). Oilseeds are produced mainly for the oil, in addition
to limited production for the kernel, hull, and meal. Sunflower oil is processed into
cooking oil, margarine, and occasionally industrial oil {Dorrell & Vick 1997).

Sunflower is the host of over thirty different diseases, including downy mildew
(Plasmopara halstedii (Farl.) Berl. and de Toni), rust (Puccinia helianthi Schwein), and
verticillium wilt (Verticillium dahliae Klebahnis) (Gulya et al. 1997). Sclerotinia
sclerotiorum (Lib.) de Bary is also an economically devastating pathogen in sunflower
production (Huang & Kozub 1990; Huang & Kozub 1993). Sclerotinia sclerotiorum was
originally found in sunflower in 1861 (Gulya et al. 1997), and can infect sunflower roots,
stems, leaves, and heads (Purdy 1979; Mestries et al. 1998). Sclerotinia sclerotiorum is a
monocyclic pathogen (Agrios 1978), but disease can spread from infected to healthy

plants by contact (Abawi & Grogan 1979). Ninety percent of the S. sclerotiorum life



cycle takes place in the form of over-wintering sclerotia, surviving as a compact mass of
mycelia (Adams & Ayers 1979) until conditions are appropriate for germination.
Germination can occur as two distinct mechanisms, either myceliogenic or carpogenic
(Gulya et al. 1997). Myceliogenic germination occurs within the rhizosphere when
exogenous conditions are appropriate (Bardin & Huang 2001). As the hyphae protrudes
from the sclerotia it can infect healthy sunflower tap roots causing sclerotinia root rot
(Willetts & Wong 1980). Carpogenic germination occurs when sclerotia are near the soil
surface and germinate under water-saturated soil conditions to produce apothecia, which
release air-borne ascospores, causing above-ground infection (Purdy 1979). Ascospores
utilize an exogenous food source such as senescing disk florets (Willetts & Wong 1980),
or sucrose reserves (Auger & Nome 1970) to initiate sclerotinia head rot infection.
Sclerotinia head rot will appear as a water-soaked, light brown lesion, that can quickly
spread in all directions, leaving only the vascular tissue intact and a broom-like
appearance {Gulya, 1997 3 /id;Martens, 1988 267 /id}.

When inoculum is present and environmental conditions are appropriate,
sclerotinia head rot can occur in all sunflower fields. Compiled Canadian Plant Discase
Survey data suggests that the prevalence (presence of infected heads within a surveyed
field) of sclerotinia head rot for the last eleven years is 62.4%, with a mean incidence
(number of plants infected / total number of plants) of approximately 5.0%. Using
average sunflower prices and yields (Rob Park, personal communication), over the same
time period, this 5.0% incidence can result in approximate losses of $27/ha every year.
Sayler (2003b) reports that United States sunflower producers loose $15 million each

year to infection caused by S. sclerotiorum. With the broad host range of S. sclerotiorum



(Purdy 1979), these losses in sunflower are just a small view of the overall destruction
caused by this destructive pathogen.

Control of S. sclerotiorum has rarely been achieved in any cropping system on a
consistent basis (Grogan 1979). As the production of host crops such as beans and canola
is increasing in Canada, the limited number of control practices are even further strained
(Miller & Fick 1997). The main methods of S. sclerotiorum management are host
resistance, biological, chemical, and cultural control. No satisfactory level of resistance
to S. sclerotiorum exists in sunflower (Kohler & Friedt 1999). In Canada, no chemical or
biological control products are registered to control sclerotinia head rot in sunflower,
leaving cultural control practices as the main source of S. sclerotiorum management
(Hoes & Huang 1985; Gracia-Garza et al. 2002).

Host resistance is the best possible method to control sclerotinia head rot in
sunflowers (Gentzbittel et a/. 1998; Hahn 2002), but the development of resistant hybrids
is a long-term process. Studies have demonstrated that the incorporation of wild
germplasm into commercial hybrids has developed a range of tolerance levels to .
sclerotiorum (Seiler & Rieseberg 1997). However, S. sclerotiorum resistance is difficult
to develop because of the additive nature of resistance (Fuller ef al. 1984). Further
complicating S. sclerotiorum resistance, is the fact that the level of resistance within
sunflower is not equal for every plant part (Degener ef al. 1999).

Biological and chemical control of S. sclerotiorum have been effective in other
host systems such as lettuce, bean, and rapeseed production (Budge ef al. 1995; Boland
1997; Twengstrom ef al. 1998), while studies in sunflower production have also shown

success (McLaren ef al. 1994; Expert & Digat 1995). Unfortunately, no chemical or




biological control products have been registered for control of sclerotinia head rot in
sunflower. A chemical or biological product that is effective in combination with cultural
practices, and host tolerance, is required.

Crop rotation is utilized for management of S. sclerotiorum (Adams & Ayers
1979), mn addition to the agronomic advantages like proper soil-water and nutrient
management that crop rotation provides (Campbell ef al. 1994). To control sclerotinia
head rot in sunflower, crop rotation is ineffective, as air-borne ascospores are the source
of inoculum (Gulya et al. 1997). Field plans need to be developed in advance so that
planting of sunflowers will occur at least 1 km from the previous production of any other
host crops.

Tillage has also been reported to be effective in S. sclerotiorum management,
distributing sclerotia throughout the soil profile (Mueller ez al. 2002). The effects of this
inoculum distribution on sclerotial viability and germination are not clearly understood,
as results are conflicting (Merriman et al. 1979; Workneh & Yang 2000; Kutle et al.
2001; Gracia-Garza et al. 2002; Mueller ef al. 2002). It is clear that tillage does affect S.
sclerotiorum infection in sunflower; however, developing the proper tillage practices to
minimize this infection will require further research.

It is evident from the economic loss caused by S. sclerotiorum that more effective
sclerotinia head rot management in sunflower is essential. It was the objective of this
research to elucidate information on several facets of sclerotinia head rot management, as
only an mtegrated approached, utilizing host tolerance, biological, chemical and cultural
control will manage S. sclerotiorum in sunflower. The research experiments within this

objective were divided into three areas: host tolerance, as it may be the most effective




method of controlling S. sclerotiorum in sunflower; biological and chemical control, as
chemical control of §. sclerotiorum is effective in other host-pathogen systems, but
alternatives to chemical control are needed with today’s environmental awareness; and
cultural control, as tillage effects on the survival of S. sclerotiorum are unclear.

Host tolerance to sclerotinia head rot differs between hybrids and sunflower type,
as does the susceptibility of sunflowers at each growth stage. The knowledge that seclect
hybrids are more tolerant to §. sclerotiorum will direct producers to choose hybrids with
the genetic background that will minimize losses to S. sclerotiorum. Confirming the
general perception that oilseed hybrids are more tolerant than confections may aid
breeders during the breeding process by incorporating genetic material from tolerant
oilseeds into susceptible confection hybrids. The most susceptible growth stage to
sclerotinia head rot infection has produced conflicting results in previous studies. The
need to clarify this confliction is imperative as recognizing the most susceptible stage to
sclerotinia head rot infection would directly aid producers during the application of
biological or chemical control products.

The second research experiment was to assess two Pseudomonas species against
S. sclerotiorum, along with an experimental fungicide (BAS 510 F), for their interaction
with S. sclerotiorum and its disease-causing ability. Pseudomonas chlororaphis strain
PA-23 and P. corrugata stain 41, have both been effective against S. sclerotiorum in
canola production and in vitro studies. The intent of this experiment was to produce
efficacy data from field trials to determine the bacteria’s commercial applicability. BAS

510 F was added as a control to compare it’s ability to the previously effective biocontrol




agents. BAS 510 F is a new experimental fungicide that has shown the ability to manage
S. sclerotiorum in numerous host crops such as canola, tomato, beans and potatoes.

The third research experiment was to determine the effects of sclerotia placement
at different depths within the soil over time, and isolate bacterial populations and assess
their biological control potential. Tillage effects on sclerotial survival have been unclear
in previous research, however it is clear that tillage effects sclerotial placement in the
soil, impacting the microbial degradation of sclerotia. Determining the accurate time and
soil depth for sclerotial degradation will direct known tillage practices to reduce losses to
S. sclerotiorum. Screening for potential biocontrol agents is a continual process.
Identifying effective biocontrol agents and their presence over time within the soil may
benefit the management of S. sclerotiorum in numerous host-pathogen systems.

These advancements in host-tolerance, biological, chemical, and cultural control
of §. sclerotiorum can then be pooled with existing management practices, moving one

step closer to S. sclerotiorum control in sunflower,



2.0 LITERATURE REVIEW

2.1 Helianthus annuus

2.1.1 Sunflower History

Cultivation of sunflower (Helianthus annuus L.) is estimated to have begun in
Arizona and New Mexico around 3000 B.C. (Semelczi-Kovacs 1975). Early use was by
the North American Indians (Heiser 1951). The main use of sunflower was for food,
usually ground; made into cakes, mush, or bread (Putt 1997). Hopi Indians of the
Southwest produced a wafer-like bread (Whiting 1939), while North Dakota Indians used
seeds in a mixture with bean (Phaseolus L.), squash (Curcubita spp.), and cornmeal
(Wilson 1917). Sunflower was such an important food source that it was said to be “a
staple from the Arctic Circle to the Tropics and from the Missouri River to the Pacific
Ocean” (Harvard 1895). Additional minor uses were for medicinal purposes, anointing
the hair and skin (Harvard 1895; Jenness 1958), in addition to uses in ceremonies (Heiser
1951). In the Southwest, the seed produced a purple dye for basketry and textiles, and
the stems were utilized for ventilation structures (Whiting 1939). Not only were native
spp. utilized, but the cultivated type was also grown, as there is records of sunflower
heads up to 28 cm across (Wilson 1917).

Putt (1997) states that it is probable that early Spanish explorers first transported
sunflower to Europe. The earliest record of this transportation from New Mexico to
Madrid occurred in 1510 (Zukovsky 1950). From this point, the sunflower moved
eastward and northward over the continent of Europe (Putt 1997). This movement across
Europe is divided into two separate phases (Heiser ef al. 1969). The first phase occurred

for use of sunflower as an ornamental horticultural plant, followed by the second phase



where sunflowers were utilized as a food source. Sunflower dissemination from Spain
first occurred through France and Italy (Putt 1997). By the late 16™ century, sunflower
was produced in gardens in Belgium, the Netherlands, Switzerland, Germany, and
England (Putt 1997). Germany was the basis for eastward movement into countries like
Hungary in 1664, but in eastern Europe sunflower was utilized only as a garden plant
(Semelczi-Kovacs 1975). This European movement initiated the trend of human
consumption of sunflower seeds (Putt 1997), where sunflower was regarded as a delicacy
(Semelczi-Kovacs 1975). In 1716 an English patent was granted to Arthur Bunyan,
describing the use of sunflower oil mostly as an industrial product, rather than for human
consumption (Putt 1997).

The next step in sunflower distribution was the movement to Russia in the 18"
century, originating from seed produced in the Netherlands (Semelczi-Kovacs 1975).
The majority of use was as a garden ornamental, but cultivation for oil was also reported
in 1769 (Semelczi-Kovacs 1975). During the early to mid-1800’s, manufacturing of oil
in Russia began on a commercial scale (Quesenberry ef al. 1921). Interestingly, the Holy
Orthodox Church of Russia played a significant role in increasing sunflower usage by
excluding sunflower from a list of many oil foods that were prohibited (Putt 1997). By
the year 1854, production had risen to approximately 150,000 ha in Russia (Semelczi-
Kovacs 1975), and to around 21.5 million hectares in 1916 (Hensley 1924). It was
around this time period that distinct sunflower seed types began to emerge; one smaller
for extraction of edible oil, and the second larger, with a heavy hull for direct human

consumption (Severin 1935).




As the specialization of sunflower types was taking place, so was the
development of cultivar characteristics (Putt 1997). Using grower selections, local
cultivars were developed for characteristics like maturity (Putt 1997), oil content
(Zukovsky 1950), and resistance to the moth (Homoeosoma nebulella Hb.). Pustovoit
made great advances in raising both the yield and oil content of sunflower (Putt 1997).
“In 1940, average oil content in the main cultivar in the former USSR was 330g/kg, and
by 1965, Pustovoit was testing cultivars with 550 g/kg oil” (Putt 1997).

It is reported that somewhere in the late 19™ century, sunflower had come full
circle, and sunflower types grown in North America were imported from Russia
(Semelczi-Kovacs 1975). One of the main uses for sunflower after its reintroduction into
North America was for silage to feed poultry (Wiley 1901). Production of sunflower in
the early decades of the 19™ century remained relatively low iﬁ North America, with the
greatest production located in Missouri, Illinois, and California (Putt 1997). At that time,
little sunflower production was intended for oil, as prices and the quality of other
common oil crops were more suitable (Putt 1997).

In the mid 1930’s the Canadian government realized the need for more domestic
oilseed crops and began to research sunflower production and breeding at what is now
known as the Saskatoon Research Station, Agriculture Agri-Food Canada (Putt 1997).
Germplasm was collected from Mennonite gardens and multiplied at the research station,
selecting for characteristics such as stem strength, maturity, vigor, yield, and oil content
(Putt 1997). In 1943, oil supply was critical because of World War II and around 2000
ha were grown in Saskatchewan and Alberta (Putt 1997). Near the end of the war, the

majority of production transferred to the Red River Valley of Manitoba, because of the




availability of germplasm resources imported by Mennonites, and the extended growing
season in the area (Putt 1997). Yields and prices in the late 40°s provided cash returns far
greater than wheat, barley, oats and corn. However, soon after the first epidemic of
sunflower rust in 1951, sunflower acreages declined to the lowest level since the
reintroduction of sunflower (Putt 1997). This rust epidemic initiated research for disease
resistance in sunflower. The discovery of rust resistant varieties (Putt 1949; Putt &
Sackston 1955) increased planting in Manitoba to almost 11,000 ha for the remainder of
the 1950s. Around this time “exploitation of the phenomenon of heterosis in sunflower”
occurred, where hybrids were reported to out-yield the parental mean by almost 250%
(Putt 1997). 1In the 1960s hybrids from the former USSR and the discovery of
cytoplasmic male sterility and fertility-restoring genes to facilitate hybrid production had
a dramatic effect on North American sunﬂower production (Putt 1997).

During the evolution of sunflower, the roles played by the North American origin
and Russian influence are emphasized and other continents are often omitted from the
literature. Asia, Australia, Africa, and South America all played roles in the evolution of
sunflower cultivars in their respective regions. Following Europe and North America,
South America quickly emerged as an important influence on sunflower development
(Putt 1997).

2.1.2 Agronomics

Sunflower production agronomy has evolved to a highly specialized system since

the days of ornamental production in European gardens. The two factors that are sought

by sunflower producers are high seed quality and yield. Managing these two factors in an
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economical manner is imperative, and is determined by sunflower genetics and the
environmental conditions (Blamey et al. 1997).

Crop rotation in sunflower production is just as important as in any other
production system for disease management (Gracia-Garza et al. 2002; Mueller et al.
2002). A crop sequence should be developed that will alternate between cereals and
oilseeds, in addition to variation between crops that are susceptible to similar insects and
diseases (Manitoba Agriculture and Food 2000). However, insects and diseases caused
by air-borne spores are rarely controlled by crop rotation. Soil nutrient and moisture
status are also important factors to consider when developing crop rotations including
sunflower. Sunflower has high water use requirements, mainly from the deeper soil
profiles due to its rooting system (Scheiner & Lavado 1999). 1t is suggested that a cereal
crop such as wheat precede a sunflower crop (Dedio er al. 1980). This will provide a
sequence of hosts that are susceptible to different pathogens and insects, in addition to
distinct nutrient and moisture requirements.

Two systems of sunflower planting are used in North America, row crop planting
is the most common method followed by solid seeding. Sunflowers have the ability to
modify yield and quality characteristics depending on a range of physical characteristics
and environmental conditions induced by plant populations (Blamey et al. 1997).
Common row crop spacing is approximately 75 cm, and plant populations need to be
adjusted according (Manitoba Agriculture and Food 2000). Oilseed types can have plant
populations of 40,000-50,000 plants/ha, while confection sunflowers should not exceed
plant populations of 44,000 plantstha (Manitoba Agriculture and Food 2000). Plant

populations will influence the head and seed size, and these consequences need to be

il



considered when planting, especially for confection sunflowers (Dedio et al. 1980).
Seeds should ideally be placed in moisture, preferably 3-5 cm below the surface of the
soil. Planting should occur any time during the month of May, depending on the weather
conditions. Planting should not proceed past early June, as plant maturation will become
an issue in the fall during harvest, especially for confection hybrids (Manitoba
Agriculture and Food 2000).

Sunflowers are extremely susceptible to pathogens, cither fungal, bacterial or
viral, since the Helianthus genus is native to North America, these pathogens have
evolved with the host (Gulya ef al. 1997). Over thirty pathogenic organisms can infect
sunflower, but approximately ten are economically important to sunflower production in
general. The main pathogens to infect sunflower do so as seedling diseases, foliar
diseases, wilts, and stalk and head rots (Gulya ez al. 1997). Downy mildew (Plasmopara
halstedii (Farl.) Berl. and de Toni) is the main seedling disease and can cause significant
damage under the right envirommental conditions. In recent years downy mildew
infection has been minimized with resistant hybrids, and seed treatments (Gulya et al.
1997). The main foliar diseases include sunflower rust (Puccinia helianthis Schwein),
Alternaria (Alternaria helianthi (Hansf.) Tubaki and Nishihara), septoria leaf spot
(Septoria helianthi Ell and Kell.), and powdery mildew (Erysiphe cichoracearum DC. Ex
Meret), along with a variety of bacterial and viral diseases (Gulya ef a/. 1997). The main
wilts are sclerotinia wilt (Sclerotinia sclerotiorum (Lib.) de Bary) and verticillium wilt
(Verticillium dahliae Klebahnis). Sclerotinia sclerotiorum is also the causal agent of

stalk and head rot diseases which cause significant economic damage under the
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appropriate environmental conditions (Gulya et al. 1997; Bailey ef al. 2003). Sclerotinia
sclerotiorum will be discussed in more detail in section 2.2.

Sunflower is usually the last crop to be harvested in the fall in Manitoba due to
the late maturity of sunflower, in combination with the fact that frost is usually required
to dry the foliage and reduce moisture content (Hofman & Hellevang 1997). A normal
growing season is approximately 120 days in Manitoba, and a May planting will result in
the crop maturing around late September or October, depending on the growing degree
days during the summer. The longer the crop remains in the field, the lower the moisture
percentage at the time of harvest. Delaying the date of harvest also increases the risk of
seed loss due to birds, plant breakdown, seed shattering, and environmental conditions
(Dedio et al. 1980). Producers may harvest sunflowers with seed moisture contents as
high as 20 to 25%, so that losses are minimized (Hofman & Hellevang 1997). If the seed
has a high moisture content at the time of harvest, it is imperative that a drying operation
occur to reduce seed moisture content to approximately 10 to 12%, to reduce seed
spoilage in the bin (Dedio ef al. 1980; Hofman & Hellevang 1997).

2.1.3 Production

In 1947 and 1948, the mean annual gross return per hectare from sunflower was
$102.92 in Manitoba (Putt 1997). In the 1960’s, following the breeding advancements in
sunflower yield, quality, and disease resistance, the overall market became even more
economically attractive. Production reached its peak in 1979, when 150,000 ha were
produced in Manitoba (Manitoba Agriculture and Food 2001). Soon after, the 15-year
low was attained in 1986 when only 23,000 ha were produced, due to non-conducive

weather, prices and disease epidemics (Manitoba Agriculture and Food 2001). In 2003 it

13




is estimated that 115,000 ha will be grown in Manitoba, with approximately 90,000 of
those hectares as confection sunflowers. This is a significant increase from 1995 and
1996, where only 26,000 and 25,000 ha were in total production, respectively (Statistics
Canada 2001).

Sunflower production contributions to the economy of Manitoba are relatively
small in comparison to major prairie crops such as wheat and canola. However,
Manitoba produced 88% of Canada’s total sunflower crop in 2001, resulting in cash
receipts of $28.63 million (Statistics Canada 2001). In 2001, Manitoba exported
sunflower seed that totaled a value of $32.2 million, mainly to countries such as the
United States, Mexico and Algeria (Manitoba Agriculture and Food 2001).

In the United states, one million total hectares were planted in 2002, with the
majority of this production in the form of oilseed types (860,000 ha) (National Sunflower
Association 2003). In 2003, the intended plantings are suspected to decrease to just
under one million hectares, with the majority of the decline in confection production
(National Sunflower Association 2003). Worldwide, sunflower is the fourth largest
source of oil from plants, following soybean, cotton, and rapeseed. In 1995/96,
worldwide sunflower production of oilseeds reached a value of 24.9 million tonnes,
producing 9.0 million tonnes of vegetable oil (Kleingartner 1997).

2.1.4 Sunflower Usage
2.1.4.1 Oilseeds

Commercial crushing of oilseeds began in Manitoba in 1944 (Dorrell & Vick
1997). Manitoba crushing is currently discontinued, however, several United States

processing plants crush approximately 0.6 to 1 million tons of seed annually (Dorrell &
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Vick 1997). The industry utilizes oilseed sunflowers for their various components
including the oil, kernel, hull, and meal.

Oilseed sunflowers can produce oils that are directly used in producing cooking
oil, margarine, and occasionally industrial oils (Dorrell & Vick 1997). Cooking oil
derived from sunflower, the main use of sunflower, is a high quality oil due to its light
color and bland flavor (Dorrell & Vick 1997). Sunflower oil is regarded at a premium
level in Burope. In the United States, sunflower oil is usually blended with canola and
soybean oils (Dorrell & Vick 1997). Pure sunflower oil has a high level of
polyunsaturated fatty acids (Table 2.1), and these characteristics are desired for certain
cooking processes.

Oilseed kernels are directly utilized as food sources for animal feed, bird seed and
as snack foods for humans (Park et al. 1997). Sunflower seeds are useful for feeding
cows in early lactation because of the high oil/fat content and the compact, energy
concentrated form of this feed (Park et al. 1997). Sunflower seeds contain 340 to
450g/kg crude fat, 170 to 210 g/kg crude protein, and 150 g/kg crude fiber (Park ef al.
1997). Sunflower seed is high in unsaturated fatty acids (380-420 g/kg) but deficient in
the protein lysine, hence sunflower kernels are combined with other food sources to
compose an adequate diet for animals. Usually snack food for humans consists mostly of
confection sunflower seeds, however, in some cases where oilseeds are of a large seed
size, they can be utilized as human snack food (Park ef al. 1997). Similarly, kernels for
bird seed are usually composed of smaller confections, and oilseed screenings can be
added to bird seed formulations with wheat, oat, corn, millet, and sorghum (Park et al.

1997).
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Table 2.1. Fatty acid composition of selected oilseeds.

Fatty acid (%)

Oil 12:0 14:0 16:0 18:0 18:1 18:2 18:3 20:0 20:1 22:1 Others
Sunflower 7 4 17 72

Sunflower (high oleic) 3 4 88 3 2
Coconut 44 18 11 6 7 2 12
Corn 12 2 29 56 1

Cottonseed 1 29 4 24 40 2
Olive 14 2 64 16 2 2
Palm 1 48 4 38 9

Peanut 6 5 61 22 4
Rapeseed 4 2 17 13 9 15 41
Saffiower 7 2 13 78

Soybean 11 4 25 51 9

Adapted from Dorrell and Vick (1997).

Fatty acids are abbreviated with the first number indicating carbon number and the
number after the colon indicating number of double bonds.
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Sunflower meal is the fourth largest source of oilseed meal in the world,
following, soybean, cottonseed, and rapeseed (Dorrell & Vick 1997). Hulls can be
completely removed, partially removed, or not removed at all before oil processing
(Dorrell & Vick 1997). The most efficient use of sunflower meal is in a mixture with
soybean meal, for the purpose of rations in dairy, beef, sheep, swine, and poultry
production. The reason that sunflower meal can be implemented in so many animal
production systems is due to the high levels of oil, protein, and fiber (Park et a/. 1997).
Sunflower meal consists of 260 to 500g/kg crude protein, 120 to 350 g/kg crude fiber,
and 10 to 90 g/kg crude fat (National Research Council 1989).
2.1.4.2 Confection Sunflowers

Confection sunflowers have larger seeds than oilseeds, and the hull is usually
black and white striped. In the United States, the majority of sunflower production is
oilseed and only about 18% is confection type, with the majority of overall production in
North Dakota (National Sunflower Association 2003). In Manitoba, approximately 80%
of sunflower production is of the confection type (Rob Park, Personal Communication).
Worldwide, confection types are mainly grown in small quantities, mostly in gardens, for
human consumption (Lofgren 1997). The largest confection seeds are used as “in-shell”
product, to be salted and roasted. Medium sized seeds, or the “hulling size”, are seeds
that are dehulled and the kernels are roasted for snack food or used in a variety of baking
products. The remaining confection seeds that are too small for human consumption are
utilized as bird seed. This seed can be packaged purely as sunflower seed or incorporated

with other grains and oilseeds to feed wild birds and pets (Lofgren 1997).
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2.1.5 Growth Stages

The most common growth stage scale utilized for sunflowers was developed by
Schneiter and Miller (1981) (Table 2.2). This growth stage scale does not measure all
minute differences, but is adequate to make comparisons for field scientists and
producers. The main use of this scale is for differentiating between growth stages for
proper pesticide application, for breeding, and other agronomic practices (Blamey et al.
1997). This scale divides growth stages into two categories, vegetative,-and reproductive.
Vegetative stages are subdivided by the number of true leaves, while the reproductive
stages arc subdivided by the progression of anthesis and head development. For a
description of sunflower physiology, a thorough review is suggested (Connor & Hall
1997).

2.2 Sclerotinia sclerotiorum

2.2.1 Introduction

Sclerotinia sclerotiorum is the causal agent for root rot, stem rot, and head rot in
sunflower, and was originally identified on sunflower in 1861 (Gulya et al. 1997).
Sclerotinia sclerotiorum was first described as Peziza sclerotiorum by Madame M. A.
Libert in 1837 (Purdy 1979). In 1870, Funkel established the genus Sclerotinia, and
renamed the pathogen S. libertiana Funkel. This binomial was accepted until it was
demonstrated that this name was inconsistent with the International Rules of Botanical
Nomenclature, renaming . libertiana to S. sclerotiorum (Lib.) Massee (Wakefield 1924).
However, it was later found that de Bary had first used this Latin name in an eatlier

publication, producing the proper name, S. sclerotiorum (Lib.) de Bary (Purdy 1979).

18




Table 2.2. Sunflower growth stages (Schneiter and Miller 1981).

Stage

Description

VE Vegetative emergence

V{number) Vegetative stages
(i.e.) V1

V2

V3

etc.

R1 Reproductive Stage

R2

R3

R4

R5 (decimal)

(i.e.) R5.1
R5.2
R5.3
etc.

R6

R7

R8

R9

Seedling has emerged and the first frue leaf blade beyond the
cotyledons is less than 4 cm long.

These are determined by counting the number of true leaves at
least 4 cm in length beginning as V1, V2, V3, V4, etc. if senesce-
nce of the lower leaves has occurred, count leaf scars (excluding
those where the cotyledons were attached) to determine the
proper stage.

The terminal bud forms a miniature floral head rather than a cluster
of leaves. When viewed from directly above, the immature bracts
form a many-pointed star-like appearance.

The immature bud elongates 0.5 to 2.0 cm above the nearest leaf
attached to the stem. Disregard leaves attached directly to the
back of the bud.

The immature bud elongates to a distance more than 2.0 cm
above the nearest leaf.

The inflorescence begins to open. When viewed from directly
above, immature ray flowers may be visible.

This stage is the beginning of anthesis. The stage can be divided
into substages dependent upon the percentage of the head area
(disk flowers) that has completed or is in flowering. e.g. R5.3 (30%)
R5.8 (80%), etc.

Anthesis is complete and the ray flowers are wilting.

The back of the head has started to turn a pale-yellow color.

The back of the head is yellow but the bracts remain green.

The bracts become yellow and brown. This stage is regarded as
physiological maturity.
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Sclerotinia sclerotiorum belongs to the Phylum Ascomycota of the Class Discomycete, of
the Order Helotiales, and the Family Sclerotiniaceae (Ulloa & Hanlin 2000).
2.2.2 Taxonomy and Nomenclature

The differentiation between S. sclerotiorum, S. trifoliorum, and S. minor has been
under question for many years (Grogan 1979; Willetts & Wong 1980). Separating the
species has been based on morphological and physiological characteristics, such as
sclerotial size, ascus and ascospore dimensions, and host isolation (Willetts & Wong
1980). Numerous reports have conferred regarding this taxonomy separation (Jagger
1920; Whetzel 1945), while others felt that this differentiation was inadequate and that all
three fungi should be included into one species, S. sclerotiorum (Purdy 1955; Morrall et
al. 1972). Purdy (1955) found that asci and ascospore size is variable within S.
sclerotiorum, and concluded that previously distinct species were in actuality all from .
sclerotiorum. Grogan (1979) suspects that too much emphasis is placed on the host of
origin, and that many isolates may just be variations of S. sclerotiorum and not different
species. However, current studies now distinguish between the Sclerotinia species
(Hubbard et al. 1997; Halmimi et al. 1998), and variations within certain species are
differentiated by host isolation, physical and physiological characteristics, in addition to
further genetic analysis (Errampalli & Kohn 1995; Kohli & Kohn 1996).
2.2.3 Host Range

Sclerotinia sclerotiorum has been described as one of the most nonspecific,
omnivorous, successful plant pathogens (Purdy 1979). The success of S. sclerotiorum
comes from it’s non-host specific nature, contributing to the continuation of its life cycle

even when a susceptible host is not present. Purdy (1979) reported that S. sclerotiorum
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could infect 64 plant families, 225 genera, and a total of 383 plant species. This host
index was updated in 1994 to include 75 plant families, 278 genera, 408 species, and 42
subspecies; over 100 of these species are present in Canada (Boland & Hall 1994). This
list includes both Gymnospermae and Angiospermae, with the majority of hosts present
in the Dicotyledonae subclass of Angiospermae (Boland & Hall 1994). The main host
families are Solanaceae, Cruciferae, Umbelliferae, Compositae, Chenopodiaceae, and
Leguminosae (Willetts & Wong 1980). The broad host range produces limitations on
crop rotations (Boland & Hall 1994). In the past, flax (Linum usitatissimum L.) had been
regarded as a non-susceptible host crop that could be utilized as a rotational crop.
However, §. sclerotiorum has recently been reported to successfully infect flax in
Manitoba and Séskachewan (Rashid 2000), placing further strains on prairie crop
rotations. The destructive nature of S. sclerotiorum is better put into perspective when it
is stated that 26% of all plant families contain hosts that are susceptible to S. sclerotiorum
(Bailey & Bailey 1976).
2.2.4 Distribution, Prevalence, and Incidence

The broad host range of S. sclerotiorum exists in part due to the worldwide
distribution of this pathogen (Twengstrom et al. 1998), and the expectation that S.
sclerotiorum occurs in almost every country of the world (Purdy 1979). Sclerotinia
sclerotiorum can occur in numerous climates around the world, ranging from hot and dry,
to cool moist areas (Purdy 1979). Areas such as Florida have crops that are susceptible to
S. sclerotiorum, but during the warm summer months in Florida, there is little prevalence.
Cooler areas like Northern California, Nebraska, and New York are all known for their S.

sclerotiorum presence (Purdy 1979). Sclerotinia sclerotiorum is the only species of the
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genus Sclerotinia that has consistently been reported across Canada (Bardin & Huang
2001). In Southern Manitoba, environmental conditions are appropriate for S
sclerotiorum to infect a range of hosts in most growing seasons.

The prevalence and incidence of S. sclerofiorum are exiremely variable in certain
areas, and are dependant upon the environmental conditions and the frequency of host
crops (Willetts & Wong 1980). In Canada, the main susceptible crops are dry beans,
peas, lentils, soybeans, canola, and sunflower. Compiled Canadian Plant Disease Survey
data suggests the mean prevalence (presence of infected heads within a surveyed field) of
sclerotinia head rot for the last eleven years is 62.4%, with a mean head rot incidence
(number of plants infected / total number of plants) of approximately 5.0%. In 2002, a
sunflower crop survey across eight states produced a range of sclerotinia head rot
incidences of 0% in Nebraska, Colorado, Kansas, Montana, and Texas, to 4.7% in North
Dakota (Gulya 2003). These values are expected to only increase as the production of
host crops increases, further limiting crop rotation as a management tool (Miller & Fick
1997; Gulya 2003).

2.2.5 Economic Importance

To examine the economic damage caused by S. sclerotiorum, numerous factors
need fo be taken into account. Within host crops of S. sclerotiorum, direct damage to
vield and quality can occur, production losses due to the expenditures on control
measures such as fungicides (Sayler 2003b), losses due to producing less lucrative non-
host crops to avoid S. sclerotiorum infection (Purdy 1979), and finally losses during
storage and transportation to the market place (Willetts & Wong 1980). Production

losses caused by S. sclerotiorum were estimated to include $26 million annually to
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United States dry bean production, $13 million/yr in United States snap bean losses,
$24.5 million in 2000 to canola producers in North Dakota and Minnesota, 2% of the
Midwest United States soybean crop is lost annually, and United States sunflower
producers loose $15 million each year to infection caused by S. sclerotiorum (Sayler
2003b). The approximate 5% sclerotinia head rot incidence in Manitoba sunflowers
translates into an economic loss of approximately $27/ha every year. Vegetable crops
such as lettuce, celery, potato, tomato, and cabbage also exhibit drastic losses to S
sclerotiorum (Purdy 1979). These losses are extremely variable, and in some years S.
sclerotiorum infection will not occur, whereas in optimal seasons, 100% yield losses can
occur (Willetts & Wong 1980). As incidence increases (Willetts & Wong 1980), severe
losses will become more common, contributing to the increased need for resources
directed at solving S. sclerotiorum epidemics. This increased need was the reason for the
United States Congress implementation of the Sclerotinia Initiative, which was allocated
approximately $1 million in 2001 and another $496,750 in 2003 towards S. sclerotiorum
research (Anonymous 2003; Sayler 2003b).
2.2.6 Disease Cycle, Infection, and Symptomology

The life cycle of S. sclerotiorum is monocyclic, with no secondary inoculum
produced during the growing season (Agrios 1978). Nevertheless, the pathogen can
spread during the growing season from infected to healthy plants by contact (Abawi &
Grogan 1979). The life cycle of S. sclerotiorum (Figure 2.1) begins with sclerotia in the
soil or on the soil surface. A high proportion of the life-cycle of S. sclerotiorum takes
place in the form of this compact mycelial mass of sclerotia (Adams & Ayers 1979). The

fungus uses the sclerotia to withstand conditions non-conducive to germination, and
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Figure 2.1. Sclerotinia sclerotiorum life cycle in the sunflower production system.
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sclerotia have been reported to remain viable for seven years (Ben Yephet et al. 1993).
However, sclerotial viability is highly dependant upon soil and environmental
characteristics (Willetts & Wong 1980).

When conditions are appropriate, germination can occur through two distinct
mechanisms (Adams & Tate 1976). Smaller sclerotia wusually germinate
myceliogenically (Purdy 1979), which is a type of asexual hyphal germination that
protrudes from the sclerotia and infects plant tissue, usually below ground. This type of
infection produces sclerotinia root rot in sunflowers, by penetrating root tissue and
decomposing parenchymal tissue and the cortex (Gulya ef al. 1997). Sclerotinia root rot
will completely kill the plant if infection occurs at an early growth stage. Mycelia can
continue to proliferate through the soil profile infecting nearby roots. Under row crop
planting, it is common to see many plants in sequence die due to the progression of
mycelia down the row (Bailey ef al. 2003). Once roots are infected, watery-soft-rot
symptoms can be observed above the soil surface producing white mycelia and
subsequent sclerotia on the lower stem (Bailey et al. 2003). The lesion can progress up to
50 c¢cm above the soil line. Stems become brittle and produce tan-colored fibers.
Sclerotinia root rot can produce 50 to 100 sclerotia per plant (Enisz 1986), that may
remain in the stem and root tissue or fall to the soil surface.

Carpogenic germination (sexual stage) will occur if environmental conditions are
appropriate (Bardin & Huang 2001), and depends on the degree of melanization of the
sclerotia (Willetts & Wong 1980). This type of germination produces apothecia, which
are light brown, cup-shaped structures, borne on stipes that protrude from the sclerotia

(Willetts & Wong 1980; Gulya ez al. 1997). Apothecia forcefully release ascospores into
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the air which are transported by air currents. Airborne ascospores will land on above-
ground tissue and initiate infection through senesced tissue, such as disk or ray florets
(Lamarque ef al. 1985). In sunflower, ascospores can also initiate infection through
living plant tissue (Purdy 1979), such as leaf axils, petioles, stems, and the receptacle of
sunflower heads (Auger & Nome 1970). The majority of head rot infection occurs
through senescing disk florets (Lamarque ef a/. 1985).

When leaf tissues are moist for a minimum of 16 hrs (Grogan & Abawi 1974),
penetration of leaf tissue can proceed by mechanical pressure (Purdy 1979), enzyme
degradation of the cuticle and epidermis, or by the growth of mycelia through stomatal
openings (Prior & Owen 1964). 1t is also a requirement that an exogenous nutrient base
be provided (Willetts & Wong 1980), however, in sunflower senesced tissue is not
always required, and sucrose presence may aid in the infection of healthy tissue (Sedun &
Brown 1987). After appressoria formation, penetration pegs force their way through the
cuticle, and hyphal branches inflate between the cuticle and epidermal cells (Lumsden &
Dow 1973). Lumsden and Dow (1973) found that intercellular growth in bean continues
in the subcuticular area. Hyphal branches develop and progress through the host, inter
and intracellularly with lesions developing within 48 to 72 hrs.

Symptoms of sclerotinia stem and head rot occur as a water-soaked, light brown
lesion on the stem or receptacle of the head {Martens, 1988 267 /id}. The rot spreads
quickly m both directions on the stem and can completely consume the head, including
the seed, leaving only the vascular tissue intact. This produces sunflower heads with a
broom-like appearance (Gulya et al. 1997). White mycelia is also evident, and sclerotia

are produced in varying shapes and sizes. Rotted tissue, seeds and sclerotia fall to the
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ground where the sclerotia over-winter in plant tissue or on the soil surface. Two to five
times the amount of sclerotia can be produced in stem and head rot infections than
compared to root rot (Gulya et al. 1997). Tillage operations incorporate sclerotia into the
soil (Mueller et al. 2002), where they will degrade over time or germinate if conditions
are appropriate, initiating the life cycle once again.
2.2.7 Environmental Requirements and Epidemiology

Proper environmental conditions are imperative to S. sclerotiorum infection
(Willetts & Wong 1980). Every stage of the life cycle is dependant upon specific
environmental factors including temperature, humidity, leaf wetness, crop canopy
density, and soil moisture which differ for each stage of the life-cycle and type of
germination (Abawi & Grogan 1979; Bardin & Huang 2001). The most common
limiting factor for sclerotial germination is soil moisture (Coley-Smith & Cooke 1971;
Grogan & Abawi 1974; Abawi & Grogan 1975). Continuous soil moisture for at least 10
days is required for apothecial development (Abawi & Grogan 1979). The reason that
other factors like crop canopy, relative humidity, wind velocity, and temperature are
important is mainly due to their direct effects on soil moisture, and not their direct effects
on sclerotia themselves (Abawi & Grogan 1979). Temperature is most likely the next
important factor affecting apothecial production, with 11 to 15 °C the optimum
temperature range (Abawi & Grogan 1979). Nevertheless, temperature is rarely a
limiting factor in temperate regions of the world, and it is the interaction between
temperature and moisture that is the most significant parameter (Abawi & Grogan 1979).

The optimum soil moisture and temperature for S. sclerotiorum germination also favors
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host growth (Gulya et al. 1997), another reason why S. sclerotiorum is such a successful
pathogen.

Under the appropriate conditions in Arizona, apothecia have been found as early
as April 20, and will continue to germinate throughout the growing season as long as
conditions remain conducive (Abawi & Grogan 1979). When a slight decrease in
moisture tension occurs, “mature asci forcibly discharge the ascospores into the air to a
distance of more than 1 cm” (Abawi & Grogan 1979). From this height, dispersal can
take place in turbulent aboveground air layers, splashing rain, or by various insects
(Abawi & Grogan 1979; McCartney & Lacey 1992). McCartney and Lacey (1992)
report that ascospores can disperse up to 1 km, while other reports suggest several
kilometers (Brown & Butler 1936). It is possible that a single sclerotiorum may produce
2.3 x 10® ascospores (Schwartz & Steadman 1978). Under low humidity and low
temperatures, ascospores can remain viable for more than 45 days, or several months at 5
°C (Caesar & Pearson 1983).

Ascospores can cause infection within 2-3 days, however, at least 48-72 hours of
continual leaf wetness is required (Abawi et al. 1975). Relative humidity alone is not
appropriate, locations of infection need a thin layer of water present for infection (Abawi
& Grogan 1979). If the moisture is no longer present after infection has been initiated,
“lesion enlargement is stopped abruptly” (Abawi & Grogan 1979). It has also been
determined that leaf wetness during inoculum availability is the most important factor,
and that seasonal rainfall or irrigation amounts are of little consequence (Abawi &

Grogan 1975). The optimum temperature range for ascospore germination and growth is
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between 20 and 25 °C (Abawi & Grogan 1975). Sclerotia will develop within 7-10 days,
and will fall to the base of the sunflower plant with the rotted tissue and kernels.
2.2.8 Sclerotinia Head Rot Assessment

Visual ratings are used for head rot assessment and progression. Single head
ratings are recorded using a disease index of 0 to 5 (Rashid ef al. 2002), 0 = no lesion, 1 =
1% to 5% head area infected (HAI), 2 = 5% to 20% HAI, 3 = 20% to 40% HAI, 4 = 40%
to 60% HAL 5 = greater than 60% HAI. This assessment method allows for comparison
of disease incidence (number of plants infected / total number of plants) between
treatments at harvest. The disease severity index (DSI) at harvest is calculated using the
modified formula, DSI = (sum of individual plant ratings / 5 X number of plants rated) X
100) (Cober et al. 2003). This results in a DSI of 0 for treatments with all heads rated
non-infected and a DSI of 100 for treatments with all heads rated 5 on the scale described
above. The area under the disease progress curve (AUDPC) is also calculated (Shaner &
Finney 1977) as a method of assessing disease development over time. Yield of seed and
sclerotial production are also adequate measures of disease assessment, however, these
are only effective in large scale plots. Analyzing yield on single head experimental units
is extremely variable due to variation in head size.
2.3 Management of Sclerotinia sclerotiorum
2.3.1 Introduction

Control of Sclerotinia spp. has been inconsistent and uneconomical (Grogan
1979), most likely because of the wide host range and longevity of sclerotia (Gulya et al.
1997). Extensive research has progressed in S. sclerotiorum management, but only with

“moderate success” (Gulya et al. 1997). Management of S. sclerotiorum in sunflowers
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requires an integrated system of control, utilizing all available control methods (Gulya et
al. 1997), including: 1) cultural practices, such as crop rotation, plant density
management, and tillage, 2) the use of host resistance, 3) the use of chemical fungicides,
and 4) and the use of natural and introduced biological control agents.

2.3.2 Cultural Management

Crop rotation is often the first cultural management method discussed when
dealing with disease management. An optimal rotation to decrease S. sclerotiorum
incidence in sunflower would be a 5-year rotation between any two S. sclerotiorum host
crops (Gulya et al. 1997). This would include the control of susceptible weeds over this
S-year period. It was found that a 3 to 5 year rotation of non-host crops would reduce the
number of sclerotia in the soil, reducing root rot incidence (Adams & Ayers 1979). It has
also been reported that sclerotia samples collected from corn, sugar beet, and bean
rotations were comparable despite different host crop history (Steadman 1983).
Similarly, reports have shown that crop rotations were ineffective because of sclerotial
longevity in the soil (Schwartz & Steadman 1978). Proper rotation will do little to reduce
the influx of airborne ascospores (Gulya er a/. 1997). Within the proper rotational
schedule, field maps need to be developed that take into account the distance from other
host crops, and this distance should be at least 1 km (Masirevic & Gulya 1992).

Plant densities affect both mycelial germination and apothecial germination of S.
sclerotiorum (Gulya et al. 1997). Some studies have shown that plant densities have little
effect on severity of sclerotinia root rot (Holley & Nelson 1986), while other studies have
shown that increased plant populations increase the chances of plant-to-plant spread.

(Huang & Hoes 1980; Hoes & Huang 1985). Due to the appropriate conditions for
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carpogenic germination, a lower plant population will allow for greater air movement,
producing a lower relative humidity and soil moisture content, decreasing ascospore
production (Turkington & Morrall 1993). Planting date also affects S. sclerotiorum
infection in sunflower (Gulya er al. 1989; Dedio 1992), especially if planting date can be
manipulated to produce a host susceptibility period that does not coincide with prominent
ascospore release periods.

The effects of tillage on sclerotial viability, root rot incidence, apothecial
production, and stem and head rot incidence are not well understood, as many results are
contrasting (Merriman et al. 1979; Workneh & Yang 2000; Kurle et al. 2001; Gracia-
Garza et al. 2002; Mueller et al. 2002). The three main tillage practices studied are no-
tillage, minimum tillage, and deep plowing which affect sclerotial placement in the soil.
It is clear that tillage affects sclerotial placement (Subbarao et al. 1996), and that
increased microbial colonization decreases sclerotia viability (Willetts & Wong 1980),
however, the proper tillage practices to induce microbial colonization and sclerotial
degradation are still unclear. Shallow cultivation or zero-tillage will keep sclerotia in the
upper soil profile, which has been shown to increase the degradation of sclerotia (Cook et
al. 1975). Carpogenic germination is more probable within the upper 5 cm profile (Kurle
et al. 2001). Abawi and Grogan (1975) found that deep cultivation will bury sclerotia,
increasing survival, and increasing mycelial germination for root rot, while decreasing
the chance of carpogenic germination. Gulya et al. (1997) stated, that “theoretically,
shallow tillage or no-tillage in dry areas, and deep tillage in areas with high precipitation
may be effective in disrupting the two epidemiological systems in S. sclerotiorum’.

Deep plowing is often recommended for S. sclerotiorum control, but plowing to a depth
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of 25 ¢m did not affect white mold severity in Nebraska (Steadman 1983). Continuous
annual deep plowing may cause S. sclerotiorum infection every year, due to the theory
that constant deep plowing will simply recover sclerotia that were previously buried
(Subbarao et al. 1996). It is thus recommended, that deep plowing should take place after
the growth of a host crop, burying the sclerotia; followed by minimum ftillage in
subsequent non-host seasons (Purdue University Department of Botany and Plant
Pathology 2001). This practice will keep sclerotia in the deeper soil profiles where
sclerotia degradation is accelerated (Merriman et al. 1979; Imolehin & Grogan 1980b),
most likely by the degrading effects of microorganisms (Kurle et al. 2001; Gracia-Garza
et al. 2002).
2.3.3. Host Resistance

Resistance is the most effective method to controlling disease in most host-
pathogen systems (Gulya et al. 1997). Host resistance is also crucial to combating S.
sclerotiorum in sunflowers, yet no high level of resistance to S. sclerotiorum in sunflower
has been found (Gulya et al. 1997). Breeding programs have had little success due to S,
sclerotiorum resistance being governed by additive gene action (Fuller ef a/. 1984).

Utilizing the genetic variability available from wild Helianthus spp. (Seiler &
Rieseberg 1997), and incorporating this tolerance into commercial hybrids may be the
answer to finding resistance. Resistance to head rot was discovered in H. tuberosus and
H. pauciflorus (Pustovoit & Gubin 1974). Crosses between Helianthus species have
produced a range of tolerance levels to S. sclerotiorum infection (Gulya et al. 1997;
Kohler & Friedt 1999; Castano et al. 2001; Hahn 2002). Varying tolerance levels were

found in North Dakota, where 26 different Helianthus plant introductions produced
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significant levels of resistance to head rot (Gulya ef al. 1986). More recently, Hahn
(2002) found that sclerotinia head rot lesion size significantly varied between 45
sunflower hybrids.  Similarly, 85 hybrids showed significant variation between
sclerotinia stem rot lesions (Degener ef al. 1999). These hybrids contained background
germplasm incorporated from crosses with the wild species H. fuberosus, and H.
argophyllus. Hybrids with this genetic background showed satisfactory stem rot
resistance. Hybrids are regularly released that contain some level of tolerance to S.
sclerotiorum, as eight sclerotinia-tolerant germplasm lines were released in 1999 (Miller
& Gulya 1999). Sclerotinia sclerotiorum resistance is usually negatively correlated with
height, oil concentration, days to bloom and days to maturity (Tourvieille & Vear 1990;
Dedio 1992; Castano et al. 1993).

Sclerotinia sclerotiorum tolerance levels also fluctuate depending on the plant
growth stages and infected tissues (Gentzbittel e al. 1998). Hybrids with tolerance to
sclerotinia root rot did not necessarily express adequate levels of head rot tolerance
(Rashid & Dedio 1992; Rashid & Dedio 1994). Even infections on the sunflower bud
react differently than sclerotinia head rot infections (Auger & Nome 1970; Castano ef al.
1993). Although, Castano et al. (1993) stated that some hybrids have similar infections
in different plant parts. When this association between plant parts is better understood,
along with the additive nature of S. sclerotiorum resistance genes (Gentzbittel et al.
1998), hybrid resistance may successfully be incorporated into S. sclerotiorum

management strategies.
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2.3.4 Chemical Control

The chemical fungicides, benomyl, vinclozolin, and iprodione have shown
effectiveness against S. sclerotiorum, and are utilized effectively in other host-pathogen
systems (Tu 1983; Morrall et al. 1985). In sunflower, benomyl has shown effectiveness
(Auger & Nome 1970). Fungicide effectiveness against S. sclerotiorum in sunflower is
hindered due to the morphology of the crop. Head rot is mainly caused by infection of
the disk florets (Lamarque et al. 1985). To achieve control of sclerotinia head rot, the
face of the sunflower would require adequate coverage (Gulya er al. 1997). Likewise,
complete coverage of the stem, petioles, and leaves is needed to control any stem or leaf
infection but is difficult to achieve because of the large, thick canopy of sunflower. Seed
treatment has also been effective against S. sclerotiorum (Alabouvette & Louvet 1973;
Rashid & Swanson 2002), but seed treatment only protects the seed from mycelial
infection and not the root further into the growing season. Currently in Canada, no
fungicide is registered for control of S. sclerotiorum in sunflower. Even if a fungicide is
registered against S. sclerofiorum in sunflower, it may not be economical as a control
procedure because of the difficulty in application due to the morphology of sunflowers
(Mestries ef al. 1998; Gentzbittel ef al. 1998).
2.3.5 Biological Control
2.3.5.1 Introduction

Biological control is the “direct use of negative interactions — pathogenesis,
competition, antibiosis, or antagonism — to regulate the population of a pathogen or pest”
(Zadoks & Schein 1979). Biological contro] is a natural phenomenon in plant pathology,

as microorganisms are among the most sustainable means of managing plant diseases
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{(Sutton & Peng 1993). Furthermore, emphasis has been placed on biocontrol to reduce
the increasing use of pesticides (Fokkema 1993; Gerhardson 2002). Introduced
biological control organisms have not been entirely successful, since their effectiveness
depends on their suitability to the environment, and on how the species are introduced
and maintained (Stack er al. 1988). Microclimatological conditions, along with the
biochemical environment of the phylloshpere or rhizosphere directly impact the
effectiveness of the biocontrol organisms (Blakeman 1973).

Optimal biocontrol agents (BCA) are only antagonists at the appropriate moment,
which minimizes applications and the effects on other natural organisms in the cropping
system (Sutton & Peng 1993; Cook 1993). To develop a successful BCA, thorough
knowledge needs to be attained in regards to the economic feasibility, cropping system,
disease epidemiology (biology, ecology, and population dynamics of the antagonists),
and the interactions among these variables (Adams 1990; Deacon 1991; Sutton & Peng
1993). Temperatures on the leaves fluctuate along the phylloplane surface, making
colonization and survival of BCA difficult; in contrast to the rhizosphere which is a much
more stable environment for biological control (Blakeman & Fokkema 1982).

Potential BCA can be bacteria, filamentous fungi, and yeasts; applied as aqueous
suspensions, wettable powders, or dusts (Sutton & Peng 1993). Important factors to
consider are the type of BCA, the method in which the agent is applied, and the viability
and longevity of the BCA (Sutton & Peng 1993). The longevity of the BCA will affect
the biocontrol efficacy, frequency of applications, and production costs. The most

common method of application is by spraying an aqueous BCA suspension at a high
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concentration (Sutton & Peng 1993). This facilitates adequate coverage, and increases
the possibility of successful colonization of the host or target.
2.3.5.2 Biological Control Mechanisms

The active ingredient in most chemical fungicides, and the manner in which this
ingredient functions are usually well understood before chemicals are registered for
disease control (Gerhardson 2002). For biological control, an array of conceptual
theories and complex modes of action make it difficult to clearly define the mechanism of
action for different BCA (Gerhardson 2002). It is rare that a particular BCA deploys only
one type of biocontrol action (Cook 1993). Prominent mechanisms of biological control
include parasitism, nutrient competition, and antibiosis (Blakeman & Fokkema 1982).
Better understanding of the mechanisms and the organisms that employ these
mechanisms will aid in optimum application timing, application in the appropriate form,
and the appropriate concentration for application (Blakeman & Fokkema 1982).

Hyperparasites can affect plant pathogens by penetrating pathogen tissues and
producing metabolic substances to destroy pathogen propagules, or by displacing
pathogen tissues (Barnett 1963). Trichoderma spp. have restricted pathogen development
simply by hyphal interactions, such as penetration of the pathogen by Trichoderma
hyphae (Dennis & Webster 1971c). Mycoparasitism, is a form of hyperparasitism,
involving the parasitism of a fungus by another fungus, and has been found in all major
types of fungi (Lumsden 1981). Bacterial species such as Bacillus spp. and Erwinia
uredovora Dye have also been reported to parasitize the fruiting structures of cereal rusts

(Levine et al. 1936; Hevesi & Mashaal 1975).
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Plant pathogen spores, such as S. sclerotiorum ascospores, often require
exogenous nutrients for germination, mycelial growth, appressorium formation, and
lesion development (Blakeman 1971; Clark & Lorbeer 1977; Fokkema 1981). If these
nutrients or food sources were previously consumed by introduced organisms, infection
may decrease. This mechanism of biological control is referred to as nutrient
competition, defined as the “demand by two or more organisms for the same resource in
excess of the immediate supply” (Singh & Faull 1988). Bacteria and yeasts are well
suited towards nutrient competition because of their favorable surface-to-volume ratio, in
comparison to fungal pathogens (Blakeman & Fokkema 1982). This type of biocontrol
mechanism has been effective against such pathogens as Botrytis cinerea Pers.: Fr., and
Phoma betae Frank (Blakeman & Fokkema 1982). Often this nutrient depletion is due to
the limitation of amino acids, causing the inhibition of spore germination (Blakeman &
Brodie 1977).

Antibiosis is the growth inhibition of a microorganism by another, through the
production of antibiotics or toxic metabolites (Singh & Faull 1988). Filamentous fungi,
yeasts, and bacteria have all been reported to produce antibiotics in vitro (Blakeman &
Fokkema 1982). It is imperative that confusion between actual antibiosis and a simple
delay in growth caused by the pathogen does not occur, as is often the case with in vitro
inhibition zones (Fokkema 1973). To confirm that antibiotic production is the cause of
pathogen inhibition, the antibiotic must be purified and tested directly, as opposed to
introducing the living organism. This application of a cell-free culture filtrate to control
the pathogen is advantageous when the producing organism may be poorly suited for

biocontrol in certain environments (Blakeman & Fokkema 1982).
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Both Alternaria and Trichoderma species have been reported to produce
antibiotics. Trichoderma spp. were active against Gram-positive bacteria and fungi
(Lindenfelser & Ciegler 1969; Blakeman & Fokkema 1982). Trichoderma spp. have also
been identified to produce trichodermin, a sesquiterpene antibiotic effective against fungi,
in addition to peptide antibiotics, active against fungi and bacteria (Dennis & Webster
1971a; Dennis & Webster 1971b). Antibiotic producing bacteria have also been active
against both fungal and bacterial pathogens (Blakeman & Fokkema 1982). Pseudomonas
cepacia Palleroni and Holmes, has been effective in inhibiting the germination and germ
tube growth of Bipolaris maydis Shoemaker, as well as the formation of inhibition zones
in vitro (Sleesman & Leben 1976). Likewise, P. fluorescens Migula is reported to have
inhibited Phycomycetes, and the growth of P. syringae pv. Phaseolicola van Hall, by
producing antibiotic compounds (Teliz-Ortiz & Burkholder 1960; Howell & Stipanovic
1980). Spore-forming bacteria such as Bacillus subtilis Cohn have been known to
produce antifungal antibiotics, causing fungal germ tubes to swell and burst (Swinburne
et al. 1975).
2.3.5.3 Biological Control of Sclerotinia sclerotiorum

Most biocontrol research of S. sclerotiorum has focused on the control of white
mold of bean (Boland 1997), stem rot of canola (Savchuck 2002), and lettuce drop
(Budge et al. 1995), along with soil applied treatments for sclerotinia root rot in
sunflower (Bardin & Huang 2001). These BCA are most commonly in the form of
mycoparasitic fungi, and occasionally, hypovirulent strains of S. sclerotiorum, bacteria,
and insects (Bardin & Huang 2001). Steadman (1983) reported that at least 30 species of

fungi, bacteria, and insects are parasites or antagonists of Sclerotinia spp. To be effective

38



these species need to be directed at the appropriate stage of the S. sclerotiorum life cycle
that best suits the abilities of the specific BCA (Zhou & Boland 1998).

The first attempt at the biocontrol of sclerotinia root rot in the Canadian prairies
evaluated Coniothyrium minitans Campbell, Gliocladium catenulatum Gilman and
Abbott, and Trichoderma viride Pers. ex Fr., with C. minitans exhibiting the greatest
BCA potential (Huang 1980). The majority of biocontrol research on S. sclerotiorum in
sunflower has utilized C. minitans to manage sclerotinia root rot (Huang & Kozub 1991;
McLaren et al. 1994). Numerous other studies demonstrate effective parasitism of S.
sclerotiorum sclerotia using C. minitans (Ghaffar 1972; Turner & Tribe 1976; Budge &
Whipps 1991; Budge ef al. 1995; McQuilken ez al. 1997). Foliar sprays of C. minitans
have also been effective in reducing white mold of dry bean in the Canadian Prairies
(Huang & Kokko 1993).

Biological control of S. sclerotiorum sclerotia using bacteria is less common than
using fungal BCA (Willetts & Wong 1980; Bardin & Huang 2001), however, several
genera have shown antagonistic effects towards Sclerotinia spp. (Wu 1988). Bacillus
cereus Frankland and Frankland, reduced the incidence of pod rot in pea (Huang ef al.
1993). Bacillus subtilis showed inconsistent results in the management of white mold of
bean (Boland 1997). Pseudomonas cepacia and B. subtilis have reduced sclerotial
germination and improved sunflower emergence (McLoughlin et al. 1992). Other
Pseudomonas spp. such as P. fluorescens and P. putida Migula, have also been reported
to be effective biocontrol agents of S. sclerotiorum (Expert & Digat 1995).

Previous research emphasizes the use of bacteria on sclerotial degradation and

sclerotinia root rot (Expert & Digat 1995). The only report of bacteria evaluated against
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S. sclerotiorum in the phyllosphere is in bean, using B. polymyxa Mace and E. herbicola
Dye (Yuen et al. 1991). Further research is required into bacterial biocontrol on the
phylloplane, as spore-forming bacteria in particular have the morphological ability
(Emmert & Handelsman 1999) to receive close research attention as components in an
integrated S. sclerotiorum management system.

2.3.5.4. Commercialization and the Future Outlook

The critical steps in the commercialization of biological control agents are: 1)
discovering candidate agents, 2) performance testing, and 3) the scale-up for commercial
use (Cook 1993). Within these three major categories are countless procedures and
protocols, as “there are no short cuts to biological control” (Garrett 1965).

The discovery of BCA is an on-going process of screening masses of
microorganisms so that no effective agent is overlooked (Cook & Baker 1983). This
includes the actual isolation, and preliminary performance testing to identify any
potential BCA. During the discovery process, the intended strategy of biological control
needs to be determined. The main strategies include: 1) controlling the pathogen
inoculum, 2) preventing the pathogen from infecting the plant, and 3) limiting disease
development after infection (Cook & Baker 1983). As these strategies are being assessed
for their effectiveness for each BCA, formulations should also be considered, but are
often over-looked (Cook 1993). If a BCA exhibits potential during in vitro testing, but
does not conform to formulation specifications for a specified use, the agent should be
passed over (Schisler et al. 1992). Often this formulation assessment is neglected until
the performance festing stage, causing extended time and monetary effort directed to a

non-profitable identity.
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Performance testing is an assessment of efficacy in replicated experiments under
natural conditions with natural or artificial inoculation; only BCA with the greatest
potential advance to this step (Cook 1993). The scale-up process is a major step, which
requires an adequate amount of BCA biomass in the correct formulation to assess the
biocontrol potential under field production systems (Cook 1993). This scale-up
procedure is required to investigate the BCA effectiveness in combination with other
agronomic practices and in the presence of other pathogens and microorganisms.

As the “biological systems mentality” is further being accepted (Sutton & Peng
1993), so is the idea that biological control is required in an integrated management
system. Whether this biological control exists with the use of naturally occurring systems
such as suppressive soils, or with the introduction of natural organisms such as C.
minitans; it is imperative that researchers and producers take full advantage of these
natural disease management organisms. Nevertheless, it is not a simple task to find,
develop, and register an effective, economical BCA (Gerhardson 2002). In spite of many
successful experimental results (Gerhardson 2002), the scale-up cost is limiting the
production of BCA (Cook 1993). Advances in science, production of effective
formulations, and further research into the integration of BCA with other disease
management practices will demonstrate the requirement for biological control in the

future.
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3.0 Susceptibility of Confection and QOilseed Sunflowers
to Sclerotinia Head Rot (Sclerotinia sclerotiorum)

3.1 Abstract

Sclerotinia sclerotiorum (Lib.) de Bary is the causal agent of sclerotinia head rot,
an economically important discase of sunflower (Helianthus annuus L.). Host resistance
is the most efficient method to control this pathogen, though no high level of resistance
has been developed. The objectives of this study were to determine the differences in
susceptibility between selected confection (P6946, MY 9338, MY 9490, IS8048, RH2073)
and oilseed (CL 803, IS6111, P6230, 63A30, SF125, 8242NS) sunflower hybrids,
compare artificial inoculation methods for infection and disease development, and
investigate the relationship between sunflower growth stages and their susceptibility to
infection. SI125 was the most tolerant commercial hybrid under all types of head rot
moculation. RH2073, IS8048, and P6230 were the most susceptible to head rot infection
caused by natural, artificial ascospore, and ground millet infection, respectively. With
natural infection, pooled incidence, disease severity index (DSI), and the area under the
disease progress curve (AUDPC) for confection hybrids were significantly greater than
the pooled data for all oilseed hybrids. Disease incidence, DSI, and the AUDPC for
pooled confection hybrids were greater than for pooled oilseed hybrids in all cases for all
inoculum sources, except for incidence when inoculated with ground millet. All three
inoculation methods were significantly different from each other with infected ground
millet causing the greatest infection, followed by artificial ascospore inoculation. The
most susceptible flowering stage occurred when 100% of disk flowers had completed

flowering (R6.0). Growth stage susceptibility seemed to correlate with the number of
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disk florets. R7.0 was the second most susceptible stage followed by R5.9, R5.1-R5.5,
R8.0-R9.0, and the lowest infection occurred at the R4.0-R5.0 growth stage. The
information acquired from this study will benefit producers in current hybrid selection,
and in determining the application timing of future fungicides or biocontrol products for

the management of sclerotinia head rot.
3.2 Introduction

Sclerotinia sclerotiorum (Lib.) de Bary is an economically important disease that
can infect sunflower (Helianthus annuus L.) roots, stems, and heads (Bisby 1921; Purdy
1979; Gulya et al. 1997). Sclerotinia sclerotiorum infects the roots through mycelial
infection. If this infection occurs early in the life of the sunflower, 100% vyield loss will
occur. Infection via the stem and head occurs when sclerotia germinate carpogenically to
produce apothecia which disperse airborne ascospores (Miller & Fick 1997). Yield and
quality loss due to ascospore infection also depends on the stage of plant growth at the
time of infection (Gulya ef al. 1997). Canadian Plant Disease Survey data reveals that
the mean head rot prevalence (presence of infected heads within a surveyed field) in
Manitoba for the last eleven years was 62.4%, with a mean incidence (number of plants
infected / total number of plants) of approximately 5.0%. The mean sunflower yield over
the same period is 1,416 lbs/ac, with a mean price of 14.8 cents/Ib (Rob Park, Personal
Communication). With only a 5.0% yield loss (incidence), these values translate into an
average loss of approximately $27/ha every year. These losses will significantly
accumulate over time for large production systems, especially in seasons when

prevalence can reach 100% (Rashid & Platford 1993).
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Reductions in yield and quality of sunflower are not easily managed due to the
limited number of management protocols in comparison to other sclerotinia host systems
which utilize fungicides effectively (Twengstrom ef al. 1998). The main control method
utilized in sunflower production is the practice of managing infield inoculum (Hoes &
Huang 1985). Crop rofation is an adequate method of reducing primary inoculum
(Gracia-Garza et al. 2002), however, with today’s large production area of host crops
such as canola, beans, and peas, rotations are becoming less effective in reducing the
overall inoculum (Miller & Fick 1997; Gulya 2003). Tillage is also an adequate method
of reducing infield inoculum, resulting in decreased ascospore production (Merriman et
al. 1979). Infield practices do little in regards to ascospore influx from neighboring fields
which can be the main source of head rot infection (Gulya et al. 1989), justifying the
recommendation to plant sunflower at least 1 km away from a previously Sclerotinia-
infected field (Gulya er al. 1997). Other host production systems rely on fungicides as an
effective source of protection to incoming ascospore infection (Gulya ef al. 1997).
Chemical control of S. sclerotiorum in sunflower is complex because roots, stems, leaves
and the head are all susceptible to infection. Furthermore, chemical fungicides are
difficult to apply in large scale sunflower production (Peres & Regnault 1985), and
currently none are registered for control of sclerotinia head rot in Canada.

Studies have indicated that host resistance is appropriate to solving .
sclerotiorum infection in sunflower (Gentzbittel ef al. 1998; Hahn 2002). A potential key
to breeding for this resistance is utilizing the genetic variability available from wild
Helianthus spp. (Seiler & Rieseberg 1997). Resistance to head rot was discovered in H.

tuberosus Dumort and H. pauciflorus Dumort (Pustovoit & Gubin 1974). Crosses
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between Helianthus species have produced a range of tolerance levels to S. sclerotiorum
infection (Gulya et al. 1997; Kohler & Friedt 1999; Castano et al. 2001; Hahn 2002).
Hahn (2002) showed the variation in head rot infection of 45 sunflower inbred lines.
Cultivar HA850 demonstrated a low head rot rating of 3.0 on a scale of 1.0 to 8.0, while
hybrids such as PLH2, HA300, and TUB-1789 all showed significantly higher infections
of 6.2. Castano et al. (2001) demonstrated “continuous variation in resistance” to head
rot between two inbred lines and their progenies. Disease incidence varied by four-fold
in some cases when comparing parental lines to F, progeny. Similarly, resistance to
sclerotinia head rot was significant in 26 sunflower lines in North Dakota (Gulya et al.
1986). Nonetheless, producers have no commercial hybrids available that provide a high
level of resistance to sclerotinia head rot,

Susceptibility to sclerotinia head rot also varies between different sunflower
growth stages (Auger & Nome 1970; Kondo et al. 1988). Limited data is available on the
most susceptible growth stage in sunflower to sclerotinia head rot infection. Canadian
Plant Disease Survey reports provide examples where incidence and severity of head rot
drastically increase from ratings in August to ratings in late September within the same
field (Rashid & Platford 2000; Rashid ef a/. 2001; Rashid et al. 2003). These increases in
incidence and severity are most likely due to favorable weather conditions for disease
development during the last month of the growing season. Additionally, heads that are
infected in late July, August, and September, will all be visible before harvest, thus
producing higher ratings towards the end of the growing season. Kondo et al. (1988)
indicated “as the flowering time was delayed, incidence of head rot decreased”.

However, Auger and Nome (1970) showed the bud stage to be the most susceptible in
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both field and greenhouse studies. Due to the previous contrasting research, the most
susceptible growth stage to head rot is still unclear.

The objective of this study was to determine the differences in the level of
tolerance between selected confection and oilseed sunflower hybrids. The general
perception is that oilseed hybrids are more tolerant to head rot than confection hybrids,
but no high level of resistance is available. Determining the most tolerant current hybrids
and sunflower types would be beneficial to producers during hybrid selection and to seed
companies during genetic evaluation and crossing. Comparing artificial inoculation
methods for infection is equally important, as an economically efficient, high level of
infection is required to effectively compare treatments. The information gained from
determining the most appropriate artificial inoculation method will benefit future head rot
research by inducing adequate levels of disease, for an appropriate cost. Identifying the
most susceptible growth stage in sunflower to sclerotinia head rot is the next objective of
this research. Knowledge into growth stage susceptibility in sunflower would benefit
producers in managing head rot by directing proper chemical or biological control
application timing. Knowing the most susceptible growth stage could also impact
cultural practices such as seeding date, separating the most susceptible growth stage from
prominent ascospore release periods.

3.3 Materials and Methods
3.3.1 Agronomics
3.3.1.1 Hybrid Comparison Experiment
The hybrid comparison experiments were located at the Agriculture and Agri-

food Research Station in Morden, Manitoba, in 2001 and 2002, on a Hochfeld, fine sandy
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loam, (well drained, orthic black, Chernozem). In 2001, only the confection type, P6946
(Pioneer®, Chatham, ON, Canada), and the oilseed type, CL 803 (Cloutier Agra Seeds
Inc., Winnipeg, MB, Canada) were compared in a preliminary study of head rot
susceptibility. In 2002, the experiment contained five oilseed hybrids, IS6111 (Interstate
Seed Company, West Fargo ND, U.S.A.), P6230 and 63A30 (Pioncer®, Chatham, ON,
Canada), SF125 and 8242NS (Mycogen Seeds, Indianapolis, IN, U.S.A.); and the
following confection hybrids, P6946 (Pioncer®, Chatham, ON, Canada), MY9338 and
MY9490 (Mycogen Seeds, Indianapolis, IN, U.S.A.), IS8048 (Interstate Seed Company,
West Fargo, ND, U.S.A)), and RH2073 (Harvest States Sunflower, Grandin, ND,
U.S.A.). A single treatment consisted of ten individually tagged plants within a 3 m row
(17-22 plants), replicated in 4 blocks in a randomized complete block design. The
spacing between treatments was 75 cm, with a border row separating each variety. The
experiments were machine planted on May 15, 2001 and May 16, 2002,
3.3.1.2 Growth Stage Susceptibility Experiment

The growth stage susceptibility experiment was conducted using the hybrid
Hysun 311 (Interstate Seed Company, West Fargo, ND, U.S.A.) in the greenhouse at the
University of Manitoba, Department of Plant Science, Winnipeg, Manitoba, Canada, in
2002. Single sunflower seeds were planted in 210 mm x 210 mm pots (Listo Products
Ltd., Vancouver, BC, Canada) containing a soil mixture consisting of two parts black top
soil (Cheetham Soil Supplies Co Ltd., Winnipeg, MB, Canada), 2 parts washed concrete
sand (Lafarge North America Inc., Winnipeg, MB, Canada) and 1 part sunshine peat
moss (Sun Gro Horticulture Canada Ltd., Bellevue, WA, U.S.A.). Pots containing one

sunflower comprised an experimental unit and ten pots were combined together randomly
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to form a single treatment. The treatments in this experiment were the stage of flowering
at the time of S. sclerotiorum ascospore inoculation. Ten sunflower seeds (one treatment)
were stagger-planted every five days to produce this range of growth stages. Six
different planting dates produced an acceptable range of growth stages to study the
growth stage susceptibility. With limited greenhouse spacing, replications were produced
on three consecutive occasions.
3.3.2 Artificial Inoculum Preparation

Ascospores were used as the primary source of inoculum in the 2002 hybrid
comparison experiment, and in the growth stage susceptibility experiment. The
ascospores were acquired from Dr. Mike Boosalis (University of Nebraska, Lincoln, NE).
Ascospores were generated using a modification to the protocol described by (Lefol ef al.
1998). Ascospores were recovered using the methods of (Hunter e al. 1982), by
brushing and rinsing the ascospores off the filter paper with distilled H,0. Tween 20
(polyoxyethylene (20) sorbitan monlaurate, Mallinckrodt OR®, Paris, KY) was added as
a surfactant to the spore suspension (10pl per liter) and vortexed at a medium-high rate
for 45 seconds to disperse aggregated spores. Ascospores were then enumerated and
their concenfration adjusted with distilled water to a spore concentration of
approximately 6.25 x 10* ascospores/ml using a hemacytometer. The appropriate volume
of spore solution was transferred to a 1% sucrose solution contained in an E-Z Sprayer
Vaporizer (Continental Industries, Brampton, ON). The E-Z Sprayer was set to a vapor
pattern which produced a volume of 0.8 ml per single spray. This produced a spore

concentration of 5.0 x 10* ascospores per single spray of the E-Z Sprayer.
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The second source of inoculum used in the hybrid comparison trial was S.
sclerotiorum-infected pearl millet seed (Pennisetum glaucum (L.) R. Br.). The pearl
millet seed was autoclaved twice and amended with PDA plugs infected with S.
sclerotiorum to cause mycelium infection of the pearl millet seed. This dried mycelial
delivery mechanism could then be directly inserted into the receptacle of the head
(utilized only in the 2001 preliminary study), or ground to a grainy dust using a Thomas-
Wiley Laboratory Mill (Thomas Scientific, Swedesboro, NJ, U.S.A.), and lightly
sprinkled on the face and receptacle of the sunflower heads.

3.3.3 Inoculation
3.3.3.1 Hybrid Comparison Experiment

Treatments composing the preliminary hybrid comparison experiment in 2001
were inoculated on August 16, 2001, by inserting infected millet directly into a wound
induced with forceps, at the growth stage of R5.1-R5.5 (10% - 50% of all disk flowers
have completed flowering) (Schneiter & Miller 1981). The hybrid comparison
experiment in 2002 contained 10 different hybrids that were inoculated at the same
growth stage, R5.1-R5.5. Hybrid variation in flowering resulted in multiple inoculation
dates. On August Sth, 2002, IS6111, P6230, 8242NS, and P6946 were inoculaied. The
three inoculated treatments consisted of: 1) a non-inoculated control that was monitored
for levels of natural ascospore infection, 2) an artificial inoculation with 5.0 x 10*
ascospores on the face and receptacle of each experimental unit, and 3) an artificial
inoculation of sprinkled ground infected pearl millet seed. Prior to infected millet
sprinkling, each head was misted with 3 ml of double distilled H,0 on the face and

receptacle to induce adhesion of the ground millet to the head. Following artificial
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inoculation, heads were covered for 72 hrs with 10 Ibs Poly plastic bags (Unisource,
Winnipeg, MB, Canada), enclosed with 63 x 1.5 mm Premium Rubber Bands (Staples,
Inc., Westborough, MA, U.S.A.). Prior to bag closure, the interior of each bag was
misted with 4.0 ml of distilled water to induce infection. On August 12”’, 2002, SF125,
63A30, and RH2073 were inoculated. The last inoculation date occurred on August 16‘}’,
2002, when MY9338, IS8048, and MY 9490 were inoculated.
3.3.3.2 Growth Stage Susceptibility Experiment

Treatments in the growth stage susceptibility experiment in the greenhouse were
artificially inoculated only with ascospores. Ascospore inoculation was similar to the
field inoculation, however, a spore concentration of only 1.5 x 10* ascospores on the face
of each sunflower head was applied, followed by enclosing each head for 72 hrs with
misted plastic bags. Inoculation for the first replication took place on July 30, 2002. The
first planting date produced an inoculation stage of R8.0-R9.0 (back of the head is
yellow) (Schneiter & Miller 1981), representing treatment one. R7.0 (back of the head
has started to turn a pale yellow color), R6.0 {flowering is complete and the ray flowers
are wilting), R5.9 (90% of disk flowers have completed flowering), R5.1-R5.5 (10-50%
of disk flowers have completed flowering), and R4.0-R5.0 (inflorescence begins to open),
represented treatments 2, 3, 4, 5, and 6, respectively. Ascospore inoculation for the
second and third replications took place on January 17, 2003, and March 10, 2003,
respectively, in the same manner as replication one.
3.3.4 Disease Assessment

Visual ratings were used for treatment comparison to assess the susceptibility of

each hybrid and each inoculation stage. Visual rating began on the date of inoculation
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and continued every seven days for the hybrid comparison experiment and the first
replication of the growth stage susceptibility experiment. Visual ratings took place at
five-day intervals for the second and third replications of the growth stage susceptibility
experiment. Single head ratings were recorded using a disease index of 0 to 5 (Rashid et
al. 2002), 0 =no lesion, 1 = 1% to 5% head area infected (HAI), 2 = 5% to 20% HAI, 3 =
20% to 40% HAIL 4 = 40% to 60% HAI, 5 = greater than 60% HAI. This assessment
method allowed comparison of disease incidence (number of plants infected / total
number of plants) at harvest. The disease severity index (DSI) at harvest was calculated
for each treatment using the modified formula, DSI = (sum of individual plant ratings / 5
X number of plants rated) X 100) (Cober ef al. 2003). This results in a DSI of 0 for
treatments with all heads rated non-infected and a DSI of 100 for treatments with all
heads rated 5 on the scale described above. The area under the disease progress curve
(AUDPC) was also calculated (Shaner & Finney 1977) using the DSI values. Analyses
of variance (ANOVA) and a mean separation test (Fisher’s Least Significant Difference)
were performed at P = 0.05, using the Analyst procedure of SAS (SAS Institute, Cary,
NC).

3.4 Results

3.4.1 Hybrid Comparison

Disease incidence, DSI, and AUDPC, were higher for the confection hybrid,
P6946 (Table 3.1) than for the oil hybrid CL803, yet the only significant difference
between the two hybrids was in the AUDPC values for the 2001 preliminary study. In
2002, head rot incidence under natural infection ranged from 0 to 15.0% (Table 3.2). The

confection hybrid, RH2073 had the highest incidence, DSI, and AUDPC in comparison
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Table 3.1. Mean disease incidence, disease severity index (DSI), and area under the disease
progress curve (AUDPC) for a hybrid comparison experiment at Morden, Manitoba, in 2001,

Hybrid Disease Incidence (%) DSl AUDPC
Millet Mycelial Infection
P6946 (Confection) 75.0a 75.0a 1515.1a
CL 803 (Qil) 55.0a 58.3a 904.1b
LSD P =0.05 39.0 43.7 551.6

Note: No natural infection was observed in this experiment at Morden, in 2001.
Letters denote significance for Fisher's LSD value (P = 0.05)
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Table 3.2. Mean disease incidence, disease severity index (DSI), and area under the disease progress curve (AUDPC) for 10 hybrids
analyzed separately for the three inoculum sources at Morden, Manitoba, Canada, in 2002.

Natural Ascospore Infection Artificial Ascospore Infection Ground Millet Mycelial Infection
Hybrid Incidence (%) DSI  AUDPC Incidence (%) DSI AUDPC Incidence (%) DSI AUDPC
Qilseed
1S6111 0.0b 0.0b 0.0b 40.0abe 38.0c 577.5bc 85.0ab 80.5abcd 1251.3ab
P6230 10.0ab 9.5ab 72.6ab 67.5a 66.5ab 1212.8a 97.5a 94.0a 1522.5a
SF125 0.0b 0.0b 0.0b 27.5¢ 27.0c 346.5¢ 47.5¢ 46.0e 532.0f
63A30 2.5b 25b 17.5b 52.5abe 46.5abc 544.3bc 75.0abc 67.5bcd  684.3ef
8242NS 2.5b 2.0b 14.0b 40.0abe 39.5bc  523.3bc 92.5a 85.5ab  1181.3bc
Oilseed Mean 3.0 28 2038 455 43.5 640.9 79.5 747 1034.3
Confection
P6946 2.5b 2.5b 17.5b 50.0abc 49.5abc 667.9bc 60.0bc 65.0d 814.6def
MY9338 7.5ab 7.5ab 61.3ab 37.5bc 39.2¢ 614.1bc 80.0ab 77.8abcd 1073.3bed
158048 5.0ab 5.0ab 35.0ab 62.5ab 73.8a 1338.0a 87.5ab 84.1abc  1220.9abc
MY9490 10.0ab 9.5ab 74.4ab 42.5abc 40.6bc  759.1bc 80.0ab 87.0a 1351.0ab
RH2073 15.0a 15.0a 126.9a 42.5abce 42.5hb¢  779.5b 60.0bc 66.5¢cd 910.6cde
Confection Mean 8.0 79 63.0 47.0 49.1 831.7 73.5 76.1 10741
Hybrid Mean 55 54 419 46.3 46.3 736.3 76.5 75.4 1054.2
LSD P =0.05 11.90 11.7 99.8 28.9 27.3 421.0 28.2 18.5 327.0

Letters denote significance for Fisher's LSD value (P = 0.05)
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to all other hybrids under natural infection. The oilseed hybrids IS6111, SF125, 63A30,
8242NS, and the confection hybrid P6946 all had an incidence, DSI, and AUDPC,
significantly lower than RH2073.

Artificial ascospore inoculation produced disease incidences ranging from 27.5%
to 67.5%, a DSI range of 27.0 to 73.8, and an AUDPC range of 346.5 to 1338.0. P6230
produced the most infected heads while SF125 and MY9338 produced a significantly
lower number of infected heads. The confectionery hybrid 1S8048 had the highest DSI of
73.8 followed by P6230 with a DST of 66.5. SF125 had the lowest DSI among the ten
hybrids, significantly lower than IS8048 and P6230. When comparing the AUDPC,
IS8048 had the highest AUDPC and all hybrids were significantly lower, except P6230.

Ground millet infection caused significantly higher head rot values under all three
indexes, compared to natural and artificial ascospore infections; however, similar trends
among the hybrids were produced with this mode of inoculation. Disease incidence
ranged from 47.5% for SF125 to 97.5% for P6230. SF125 had significantly lower DSI
than all other hybrids. Similarly, the AUDPC for SF125 was significantly lower than ail
other hybrids except 63A30 and P6946.

3.4.2 Susceptibility of Sunflower Types

Under all three inoculation treatments, pooled data for all confection hybrids
produced greater indexes of head rot than the pooled data for all oilseed hybrids, except
when comparing incidence under ground millet infection (Table 3.3). Under natural
levels of infection, significant differences between oilseed and confection hybrids were
produced for all three indexes. The same trend was expressed under artificial ascospore

inoculation with no significant differences between confection and oilseed hybrids.

54




Table 3.3. Mean disease incidence, disease severity index (DSI), and area under the disease progress
curve (AUDPC) for sunflower type with three inoculum sources, Morden, Manitoba, in 2002.

Sunflower Type Incidence (%) DSl AUDPC
Natural Ascospore Infection
Oilseed 3.0b 2.8b 20.8b
Confectionery 8.0a 7.9a 63.0a
LSD P =0.05 4.4 43 35.6
Artificial Ascospore Infection
Oilseed 45.5a 43.5a 640.9a
Confectionery 47.0a 49.1a 831.7a
LSD P =0.05 15.8 16.2 298.1
Ground Millet Mycelial Infection
Oilseed 79.5a 74.7a 1034.3a
Confectionery 73.5a 76.1a 1074.1a
LSD P = 0.05 16.9 12.9 285.3

Letters denote significance for Fisher's LSD value (P = 0.05)
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Disease incidence under ground millet inoculation was actually greater in oilseeds,
however not significantly different. The disease severity index and AUDPC were non-
significantly greater for the pooled confection hybrids.
3.4.3 Inoculation Effectiveness

In 2002, the level of natural infection averaged across all hybrids was 5.5%
(Table 3.4). Artificial ascospore infection was significantly greater than natural infection
under all three indexes. Both natural and artificial ascospore infection were significantly
lower than infection caused by ground millet. Disease incidence was 40.8, and 71.0
percentage poinis greater for the artificial ascospore and ground millet inoculation in
comparison to natural infection. Similarly, DSI and AUDPC values were significantly
different between all the three inoculation methods with ground millet producing the
highest DSI and AUDPC values followed by artificial ascospore inoculation.
3.4.4 Growth Stage Susceptibility

Growth stages R6.0 and R7.0 had the highest head rot incidence of 73.3% (Table
3.5). The R5.1-R5.5 flowering stage was the next most susceptible growth stage with
head rot incidence of 63.3%. The 90% flowering stage (R5.9) expressed a lower head rot
incidence of 60.0%. Sunflowers that were nearly mature (R8.0-R9.0) by the time of
ascospore application had an incidence of 46.7%, and the lowest incidence (16.7%)
occurred when artificial inoculation with ascospores took place as the inflorescence
began to open (R4.0-R5.0). Similar trends were produced when comparing the DSI data
to the incidence data. Growth stage susceptibility followed a similar order with the R6.0
flowering stage having the greatest DSI followed by R7.0, R5.1-R5.5, R5.9, R8.0-R9.0,

and the lowest DSI at R4.0-R5.0. Again, only the R4.0-R5.0 growth stage was
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Table 3.4. Mean disease incidence, disease severity index (DSI), and area under the disease
progress curve (AUDPC) for inoculum sources at Morden, Manitoba, in 2002.

Inoculum Source Incidence (%) DSl AUDPC
Natural Ascospore Infection 5.5¢ 5.4c 41.9¢
Artificial Ascospore Infection 46.3b 46.3b 736.3b
Ground Millet Mycelial Infection 76.5a 75.4a 1054.2a
LSD P=0.05 7.6 6.6 114.0

Letters denote significance for Fisher's LSD value (P = 0.05)
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Table 3.5. Mean disease incidence, disease severity index (DSI), and area under the disease
progress curve (AUDPC) for growth stage susceptibility experiments, Winnipeg, Manitoba, 2002.

Inoculation Stage Incidence (%) DSI AUDPC
R8.0 - R9.0 (Maturity) 46.7ab 53.8ab 1316.4ab
R7.0 (Back of the head yellow) 73.3a 73.3a 1706.7ab
R6.0 (100% Flowering) 73.3a 75.9a 1859.8a
R5.9 (90% Flowering) 60.0ab 61.9ab 1417.6ab
R5.1 - R5.5 (10-50% Flowering) 63.3ab 63.3ab 1355.0ab
R4.0 - R5.0 (Inflorescence begins to open) 16.7b 21.0b 416.7b
LSD P =0.05 51.6 50.3 1362.2

Letters denote significance for Fisher's LSD value (P = 0.05)
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significantly different from the R6.0 and R7.0, with all other growth stages non-
significantly different from each other.

A difference in the growth stage susceptibility order was established when
comparing the treatments by the AUDPC. The R5.9 stage had a higher AUDPC than the
early-flowering stage (R5.1-R5.5). All other growth stages remained in the identical
susceptibility order, and only the R4.0-R5.0 growth stage was significantly different from

the 100% flowering stage (R6.0).
3.5 Discussion

This study was carried out with six oilseed and five confection hybrids available
to sunflower producers in Manitoba. The results clearly suggest and confirm previous
studies (Gulya 1985; Gulya et al. 1989; Rashid & Dedio 1992; Dedio 1992; Castano et
al. 1993; Gulya et al. 1997; Degener et al. 1998; Kohler & Friedt 1999; Degener et al.
1999; Miller & Gulya 1999; Hahn 2002; Draper & Ruden 2002), that there is a
significant range in tolerance to S. sclerotiorum infection in current sunflower hybrids.
Continual assessment of current hybrids is required as varieties are selected primarily
upon agronomic characteristics, while comparison of sclerotinia head rot tolerance levels
needs exposure. Yields were not compared, as agronomic traits were not the objective of
this study, but if a decrease in head rot susceptibility is an indicator of higher yield and
enhanced quality (Gulya et al. 1989; Dedio 1992; Sadras et al. 2000; Mercau et al. 2001),
current commercial hybrids with partial tolerance/resistance may prove beneficial to
growers, and useful to breeders for further improvement in resistance to sclerotinia head

rot.
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One clear observation for all inoculum sources was that the oilseed hybrid SF125
was the most tolerant cultivar. When comparing the AUDPC, SF125 had significantly
lower head rot levels than three hybrids under artificial ascospore infection, and seven
hybrids under ground millet infection. Comparison under natural ascospore infection
produced only one significant difference in incidence, however, no head rot occurred in
SF125 plots, while P6230, MY9490, and RH2073 produced head rot incidences of 10,
10, and 15 %, respectively.

In a similar study, Castano et al. (1993) demonstrated that the genotype SD
exhibited a high level of resistance to all inoculum sources and tests. The genotypes CD,
SN, SD, SP, among others, also exhibited no symptoms under natural infection, while
GH, CC40, and 2603 expressed significantly higher infections (Castano et al. 1993).

The ranking of the hybrids and severity of head rot differed depending on the
inoculation method, a similar trend to what has been previously shown (Castano et al.
1993). In the present study, hybrids such as P6230 and MY9490 were consistently highly
susceptible under all three inoculum sources. Artificial ascospore infection caused the
confection hybrid IS8048 to have the highest AUDPC values, significantly higher than all
other hybrids except the oilseed P6230, which also had an AUDPC significantly greater
than all other hybrids. Ground millet infection caused P6230 to have the highest AUDPC
values, significantly higher than all hybrids except for IS6111, MY9490 and IS8048.
Under natural infection, hybrid rankings were similar with RH2073, MY 9490, and P6230
exhibiting the highest susceptibility.

The purpose of the sunflower type comparison was to determine if any differences

in tolerance exist between oilseed and confection hybrids. The general understanding is
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that confection hybrids are less tolerant than oilseed hybrids to most diseases (Gulya
2003). Consistently, as a group confection hybrids had higher values for all three
indexes, with all three-inoculation methods, except when comparing disease incidence
under ground millet infection. Individually not all confection hybrids were more
susceptible than all oilseed hybrids. In a related study, pooled data from oilseed hybrids
produced a head rot incidence of 28.4% in comparison with an incidence of 41.4% in
pooled data from confection hybrids (Van Becelaere & Miller 2003). Opposite results
were reported from a field survey by Gulya (2003), where 394 oilseed fields had a higher
incidence of head rot than the 78 confection fields surveyed, though these results were
not produced under controlled experimental conditions. In the same survey, incidence of
sclerotinia mid-stalk rot was higher in confection hybrids than in oilsced types (Gulya
2003), demonsirating how tolerance to sclerotinia can vary depending on the plant tissue
and location of infection (Castano ef al. 1993). Genetic differences between oilseed and
confection hybrids and their impact on head rot susceptibility have not been documented.
This comparison of phenotypic differences in oilseed and confection susceptibility will
benefit producers in sunflower type selection, and breeders in directing future
incorporation of oilseed tolerance into confection hybrids.

Numerous inoculation techniques have been utilized in studying sclerotinia head
rot (Castano ef al. 1993). Natural ascospore infection is the most realistic type of
infection for researching head rot. Nevertheless, natural infection levels are often
unreliable to allow effective comparison between hybrids or specific treatments. Castano
et al. (1993) suggested artificial inoculation to counteract the unpredictable levels of

natural infection.  Attificial ascospore infection simulates natural infection well,
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however, ascospore production is timely and a labor intensive process, while infected
ground millet is as effective but less time consuming in preparing the inoculum. Ground
millet inoculation does have its disadvantages; differences in head morphology among
sunflower hybrids make it difficult to apply and retain equal amounts of ground millet to
each head. The use of surfactants was suggested to help the adhesion of ground millet to
the sunflower heads (Rashid & Seiler 2003). Covering the heads with plastic bags
following inoculation was an effective method to induce infection. However, Rashid and
Seiler (2003) demonstrated that plastic bags were the least effective in comparison to
paper and pollination bags, and that paper bags provided the most favorable conditions
for infection and disease development. The effectiveness of ground millet inoculation is
sufficient to clearly compare head rot incidence, DSI, and the AUDPC between hybrids,
which were all significantly greater than the index values under natural or artificial
ascospore infections. These results are similar to those reported by Rashid and Seiler
(2003), where ground millet infection was also the most effective followed by ascospore
inoculation, with minimal infection under natural infection. A comprehensive breeding
program should incorporate numerous inoculum sources and inoculation techniques in
testing hybrids for tolerance (Castano et al. 1993).

Growth stage susceptibility information is a valuable tool to sunflower producers
and researchers. Data explaining the relationship between sunflower growth stages and
their susceptibility levels is conflicting. Auger and Nome (1970) reported that the most
susceptible sunflower stage to ascospore attack was the bud stage (R4.0) followed by the
fertilized flowering stage (R6.0). However, infection during early flowering (R5.1-R5.5)

and after 100% flowering (R6.0) was minimal. Dedio (1992) showed significant
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correlation between head rot incidence and sunflower bloom or maturity. Gulya (1989),
demonstrated a significant correlation between head rot percentage and R5.5 bloom date,
indicating that the later the 50% bloom date of a particular hybrid, the lower the percent
head rot. Kondo et al. (1988) found similar results with greater infections occurring at
earlier growth stages, while opposite results were reported by Castano et al. (1993). The
effect of rainfall from the Gulya (1989) data, contributes to the possibility that decreased
head rot could be due to disease escape and not resistance. Rashid and Seiler (2003)
demonstrated that disease inoculations were more effective at mid-flowering and late
flowering than at carly flowering in wild sunflower species. The data from the present
greenhouse study suggests that the most susceptible stage is when 100% of disk flowers
have completed flowering (R6.0), since ascospores cause head rot through infection of
senescing disk florets (Lamarque et a/. 1985; Kondo ef al. 1988). A higher number of
senescing disk florets may increase the opportunity for ascospore infection, the reason
why the R7.0 stage had a similar infection level to the R6.0 flowering stage. Following
the R7.0 stage, disk florets tend to be removed by physiological processes and
environmental conditions. This loss of senescing florets is the reason why head rot
infection decreases as the plant matures, and perhaps the reason why the 90% flowering
stage (R5.9) and the early flowering stage (R5.1-R5.5) have greater susceptibility levels
than at maturity (R9.0). The only growth stage that is significantly lower than the R6.0
and R7.0 growth stage is the R4.0-R5.0 growth stage. This low susceptibility level is due
to undeveloped floral tissue which is not yet conducive to head rot infection. This data
emphasizes the destructive nature of this disease (Gulya ef al. 1989), due to the fact that

the sunflower heads are susceptible for a period of several weeks, giving the pathogen a
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prolonged opportunity for infection. S. selerotiorum infection in canola has an infection
period with greater constraints, due to the fact that sclerotinia stem rot infection requires
senescing petals (ephemeral existence) as an exogenous food source (Purdy 1958). If the
100% flowering stage in sunflower can be protected with potential fungicides or
biocontrol products, or if bloom stage can be manipulated to avoid prominent ascospore
release periods, either by adjusting cultivar selection or planting date, infection may

decrease, maintaining seed yield and quality.
3.6 Conclusions

The data produced from this study can directly aid producers and researchers in
head rot management and research. If appropriate hybrids are grown to decrease the
incidence of head rot, this will not only impact the current sunflower crop, but also
decrease inoculum for subsequent host crops, such as canola and a range of bean types.
A connection between head rot tolerance and sunflower type was exhibited under natural
infection, validating the present hypothesis that in general oilseed hybrids are more
tolerant than confection hybrids. Inoculation data has confirmed previous techniques,
proving that infected ground millet is an effective and inexpensive inoculation source.

Growth stage susceptibility data will be instrumental if a foliar fungicide or
biological control agent is registered for control of sclerotinia head rot. The knowledge
that head rot risk is high from early flowering to maturity further emphasizes the
importance of multiple control applications that have been effective in the past (Kondo et
al. 1988; Hagan et al. 1994; Jones 1995). Knowledge that the 100% flowering stage is
the most susceptible flowering stage will aid in the timing of a single application of a

control product during seasons not conducive to long-term ascospore release. Host
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resistance may be the answer to controlling sclerotinia head rot in sunflowers, but until
resistant hybrids are developed, knowledge of hybrid reactions and the epidemiology of

S. sclerotiorum will lead to the improved management of sclerotinia head rot.
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4.0 Management of Sclerotinia Head Rot
(Sclerotinia sclerotiorum) in Sunflower

4.1 Abstract

Sclerotinia head rot (Sclerotinia sclerotiorum (Lib.) de Bary) in sunflower
(Helianthus annuus L.) is a devastating pathogen affecting yield and seed quality.
Present management practices to control head rot are limited. Research into biological
control products, used in concert with existing chemical fungicides offers diversified
control options for the sunflower industry. Two bacterial biological control agents
(BCA), Pseudomonas chlororaphis (strain PA-23), and P. corrugata (strain 41), along
with a new fungicide BAS 510 F (2-chloro-N-(4,-chloro-biphenyl-2-yl)nicotinamide),
were assessed for their efficacy in foliar applications, and as Sclerofinia-inoculum
coatings to control sunflower head rot under field conditions. In 2001 and 2002, field
trials were conducted at Morden with two inoculation stages, and at Carman with one
inoculation stage under a misting system. Products were tested against natural ascospore
infection and artificial inoculation with S. sclerotiorum infected pearl millet seed
(Pennisetum glaucum (L.} R. Br.). Natural ascospore infection was minimal, while
artificial ascospore inoculation ensured adequate infection in the control plants, allowing
for accurate treatment comparisons. BCA produced promising results under natural
infection pressure, totally eliminating head rot incidence in 2001 at Carman. Artificial
inoculation significantly increased sclerotinia head rot incidence over natural infection
for both years and both locations. Coating the S. sclerotinia inoculum with strain PA-23
and strain 41 significantly reduced the area under the disease progress curve (AUDPC) in

both trials at Morden in 2001 and 2002. All three products reduced the AUDPC in every
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trial when applied to sunflower heads prior to artificial inoculation with Sclerotinia-
infected millet. Control of sclerotinia head rot was more efficient when management
products were applied at the R6.0 flowering stage. Strain PA-23 was more effective as a

BCA, and the experimental fungicide, BAS 510 F, was more successful than both BCA.
4.2 Introduction

Sclerotinia head rot, caused by the fungus Selerotinia sclerotiorum (Lib.) de Bary,
is a destructive disease that infects sunflower (Helianthus annuus 1.) under favorable
environmental conditions (Rashid 1993). Incidence and severity of head rot are variable
in the Red River Valley depending on seasonal conditions (Gulya et al. 1997). An
increase in S. sclerotiorum over the years can be attributed to the increased production of
hosts, such as canola, dry beans, soybeans, peas, and sunflowers (Gulya 2003). From
1987 until 1991, no survey of sclerotinia head rot was recorded in Manitoba (Rashid &
Platford 1992). Ten years later the prevalence of head rot in Manitoba was 60% of fields
surveyed in 1997 (Rashid & Platford 1998), 15% in 1998 (Rashid & Platford 1999), 70%
in 1999 (Rashid & Platford 2000), 65% in 2000 (Rashid et al. 2001), 33% in 2001
(Rashid et a/. 2002), and 93% in 2002 (Rashid ef al. 2003).

Sclerotinia sclerotiorum management in sunflower production is limited in
comparison with other crops such as canola and dry beans that use chemical fungicides
effectively to control S. sclerotiorum. No chemical fungicide is presently registered for
control of head rot in sunflowers due to the lack of research on the effectiveness of
fungicides, and for economic reasons (Mestries et al. 1998). Commercial sunflower
hybrids lack a high level of resistance to S. sclerotiorum (Kohler & Friedt 1999).

Nonetheless, research on resistance is progressing with the use of wild Helianthus species
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as potential sources of resistance genes (Seiler 1992). Breeding for resistance is
economical, but time-consuming because of the additive nature of sclerotinia resistance
genes (Mestries ef al. 1998). Immediate research targeted at developing effective
alternative control measures for head rot management is required.

Bacterial biological control is the direct use of negative interactions caused by the
bacteria to control a pathogen or pest population (Zadoks & Schein 1979). This
mechanisms was seen as a possible alternative or an additional tool in managing
sclerotinia head rot (Rashid & Dedio 1992). Numerous biocontrol agents (BCA) have
been researched over the years to achieve a better understanding of their effects on S.
sclerotiorum (McLaren et al. 1994; Budge ef al. 1995; McQuilken et al. 1997; Boland
1997, Zhou & Boland 1998). Pseudomonas species have been used to manage different
forms of S. sclerotiorum infection in sunflower (Expert & Digat 1995). The majority of
biological control research within the sunflower production system has focused on
soilborne pathogens, and the segment of a pathogen life-cycle within the rhizosphere
(Inbar et al. 1996; Li et al. 2002). This method of management will decrease the initial
imoculum in a particular field, but will not decrease the influx of S. sclerotiorum
ascospores from neighboring fields. For this reason, it is required that a foliar treatment
be applied to protect the sunflower heads from ascospore infection. Bacteria have been
identified and demonstrated significant inhibitory effects on S. sclerotiorum mycelia in
vitro. Two bacteria, P. chlororaphis (strain PA-23) and P. corrugata (strain 41), were
previously isolated by serial dilution from soybean and canola fields, respectively, in
Southern Manitoba. Both bacteria produced significant reduction in mycelial growth and

exhibited biological control in a canola cropping system (Savchuck 2002). The success
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of any potential control strategy requires efficacy data from commercial field trials with
high disease severity (Perello ef al. 2003).

The objective of this rescarch was to compare the efficacy and assess two
previously effective Pseudomonas species against S. sclerotiorum, Pseudomonas
chlororaphis strain PA-23 and P. corrugata strain 41, along with a new experimental
fungicide, BAS 510 F (2-chloro-N-(4,-chloro-biphenyl-2-yl)nicotinamide), BASF
Corporation, Mount Olive, NJ, U.S.A.), for their reduction of sclerotinia head rot
incidence, severity, and disease progression (AUDPC) under natural and artificial
infections. Two treatment application techniques will be compared, including a foliar
spray application and an S. sclerotiorum inoculum coating, along with two application
timings, early (R5.1-R5.5) and late (R6.0). By incorporating two treatment application
timings, the proper treatment application time will be developed. The use of a misting
system to induce infection and increase BCA longevity will also be investigated.
Overall, this information will provide incite into the BCA and chemical efficacy, proper
application timing, and the effects of a misting system, that will aid in head rot

management and future head rot research.
4.3 Materials and Methods

4.3.1 Agronomics

Two field experiments were conducted at the Agriculture and Agri-Food Canada
Research Station in Morden, MB, and one experiment at the University of Manitoba,
Carman Research Station, Carman, MB, in 2001 and 2002. The soil at the Morden site is
a Hochfeld, fine sandy loam (well-drained, Orthic black Chernozem), while the soil at the

Carman site is a Denham Loam, (Lacustrian loamy clay). The Morden site contained two
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side-by-side trials representing two different inoculation stages (early-flowering stage,
R5.1-R5.5, and late-flowering stage, R6.0). The Carman site differed from Morden in
that it had an overhead misting system programmed to mist water five minutes every
hour, beginning the day of product application and continuing for 14 days. Misting was
carried out to create favorable conditions for a high incidence of disease and to increase
the longevity of the BCA. All Morden trial locations were prepared with conventional
tillage and a spring fertilizer application of 68 kg of 26-13-0 of N-P-K product. The
Carman location was also prepared with conventional tillage, but with no fertilizer
application (soil nutrient status was adequate). The sunflower hybrid Hysun 311
(Interstate Seed Company, West Fargo, ND, U.S.A.) was used in all trials to prevent any
varietal variability. A single treatment consisted of ten randomly tagged (2.5 cm x 25 cm
tags, C. Frensch Ltd., Beamsville, ON, Canada) plants (chosen from 17-22 plants) within
a 3 m row, with four replications in a randomized complete block design. The spacing
between treatments was 75 cm (standard sunflower production spacing). The trials were
planted on May 15, 2001 and May 22, 2002 at Morden, and on June 4, 2001 and May 24,
2002 at Carman.
4.3.2 Biocontrol Agent Production

Pseudomonas chlororaphis (strain PA-23) and P. corrugata (strain 41) were
retrieved from -80°C storage, and cultured onto Luria Bertani agar (LBA, 15.0 g agar,
technical (Difco Laboratories, Detroit, Mich., U.S.A.), 10.0 g tryptone peptone
(Becton/Dickinson, Sparks, MD, U.S.A.), 5.0 g yeast extract (SIGMA, St. Louis, MO.,
U.S.A.), and 5.0 g NaCl). After 48 hours of growth on LBA, a loop of bacteria was

transferred to LB broth (same formulation as LBA, without 15.0 g of agar technical) and
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cultured for 16 hours, at 28°C, shaking at 160 rpm. The bacteria culture concentrations
were adjusted to log 8 cfu/ml by correlating with OD values from a standard curve
generated for each bacterial strain. The bacterial solution was diluted in a potassium
phosphate buffer solution (Fisher Scientific, Fair Lawn, NJ, U.S.A.) with Tween 20 (ICI
Americas, Inc., SIGMA, St Louis, MO., U.S.A.) as a surfactant,
4.3.3 Pathogen Inoculum Production

A natural influx of ascospores was relied upon as a source of inoculum, though
natural infection is highly variable and dependant on the environmental conditions. In
2001 and 2002, Sclerotinia-infected millet seed (Pennisetum glaucum (L.) R. Br.) was
used to supplement natural inoculum. The millet seed was autoclaved twice (120°C for
25 min) in closed containers under aseptic conditions, then amended with potato dextrose
agar (Becton/Dickinson, Sparks, MD, U.S.A.) plugs infected with S. sclerotiorum (14
days at room temperature) to cause mycelium infection of the millet seed. Infected millet
was directly inserted into the receptacle of the sunflower head.
4.3.4 Biocontrol Agent and Fungicide Application

Two experiments were located at the Morden site in both 2001 and 2002. The
purpose of the double timing was to obtain information on the appropriate application
time fo achieve the greatest head rot management. The Morden 1 experiment was carried
out with the intent of applying the BCA and fungicide at an early flowering stage R5.1 —
R5.5 (10% - 50% of disk flowers have completed flowering) (Schneiter & Miller 1981),
while the Morden 2 experiment was intended to mimic a control application at the growth
stage R6.0 (disk flowering is complete and ray flowers are wilting). Treatment

application occurred July 30, 2001, and August 1%, 2002 for the Morden 1 experiment;
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August 7, 2001 and August 13, 2002 for the Morden 2 trial; and August 14, 2001 and
August 1%, 2002 for the Carman trial.

The two bacterial isolates and fungicide treatments were applied using an EZ-
Sprayer Vaporizer (Continental Industries, Brampton, ON), set to a vapor pattern which
produced a volume of 0.8 ml per single spray. A single spray of 0.8 ml was applied to
both the face and the receptacle of each sunflower head that was naturally and artificially
inoculated. This application ensured complete product coverage of each experimental
unit.

Three additional treatments consisted of coating the Sclerotinia-infected millet
with the bacteria or fungicide before insertion into the receptacle. This was accomplished
by dipping the Sclerotinia-infected millet seed into the bacterial or fungicide solution,
then mserting the coated inoculum in the sunflower head.

4.3.5 Pathogen Inoculation

Artificial inoculation with infected millet was carried out by puncturing the back
of the sunflower head with sterile forceps, then placing the infected-millet seed in the
wound. The wound was then closed and sealed with reinforced clear adhesive tape (3M,
3M Highland™ 897 Tape, London, Ontario) to provide favorable conditions for
infection. Artificial inoculation for the coated inoculum treatments occurred at the time
of coating the inoculum with the bacteria or fungicide. Artificial inoculation for the
foliar treatments took place 24 hrs following bacteria or fungicide application. This
provided time for the bacteria to colonize the sunflower head or inoculum prior to

infection.

72



4.3.6 Disease Assessment

Visual rating took place to assess disease levels. Visual rating commenced the
day of treatment application and continued every seven days until harvest. Single head
ratings were recorded using a disease index of 0 to 5 (Rashid et a/. 2002), 0 = no lesion, 1
= 1% to 5% head area infected (HAI), 2 = 5% to 20% HAI 3 = 20% to 40% HAIL 4 =
40% to 60% HAIL 5 = greater than 60% HAIL This assessment method allowed
comparison of disease incidence (number of plants infected / total number of plants) at
harvest. Disease severity index (DSI) at harvest was calculated for each treatment using
the modified formula, DSI = ((sum of individual plant ratings / 5 X number of plants
rated) X 100) (Cober ef al. 2003). This results in a DSI of 0 for plots in which all heads
were rated non-infected and a DSI of 100 for plots in which all heads were rated 5 on the
scale described above. The area under the disease progress curve (AUDPC) was also
calculated (Shaner & Finney 1977) using the DSI values. Analyses of variance
(ANOVA) and a mean separation test (Fisher’s Least Significant Difference) were

performed at P = 0.05, using the Analyst procedure of SAS (SAS Institute, Cary, NC).
4.4 Results

4.4.1 Natural Sclerotinia Head Rot Infection

In 2001, the incidences of natural sclerotinia head rot were 7.5%, 15.0%, and
3.3% at Morden 1, Morden 2, and Carman, respectively (Tables 4.1, 4.2, and 4.3). PA-23
application had little effect on incidence and DSI, but reduced the AUDPC from 404.1 in
the non-inoculated control, to 127.1 at Morden 1 in 2001 (Table 4.1 and Figure 4.1A).
The same trend was expressed for strain 41 at Morden 1 in 2001. Both bacteria reduced

incidence, DSI, and AUDPC at Morden 2 in 2001 (Table 4.2 and Figure 4.2A). Strain 41
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Table 4.1. Mean disease incidence, disease severity index (DS), and area under the disease progress curve
(AUDPC) for the early-flowering (R5.1-R5.5) inoculation experiment at Morden, Manitoba, in 2001 and 2002.

MORDEN1
2001 2002

Treatment Incidence (%) DSI AUDPC Incidence (%) DSl AUDPC
Natural Infection 7.5 17.5 404 .1 12.5 12.5 120.8
Foliar PA-23 7.5 18.1 127.1 17.5 14.5 134.8
Foliar Strain 41 15.0 17.3 237.9 20.0 20.0 150.5
Foliar BAS510 F NA NA NA 20.0 19.0 196.0
Avrtificial Infection (Millet) 57.5 71.5 21143 97.5 97.5 3204.3
PA-23 Coated Millet 35.0* 41.9* 1237.9* 90.0 89.0 2604.0*
Strain 41 Coated Millet 47.5 56.9 1477.6* 90.0 90.0 2842.0*
BAS 510 F Coated Millet NA NA NA 85.0 85.0 2308.8*
Foliar PA-23 + Millet 52.5 66.8 1855.2 95.0 95.0 2852.5*
Foliar Strain 41 + Millet 40.0 41.6" 1110.5* 97.5 97.0 2925.6
Foliar BAS 510 F + Millet NA NA NA 87.5 100.0 3021.7
LSD P =0.05 19.9 29.4 465.6 17.4 12.6 332.0

* Significant LSD value in comparison with appropriate control
Disease incidence and DS| ratings were recorded at sunflower maturity
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Table 4.2. Mean disease incidence, disease severity index (DSI), and area under the disease progress curve
(AUDPC) for the late-flowering (R6.0) inoculation experiment at Morden 2, Manitoba, in 2001 and 2002.

MORDEN 2
2001 2002

Treatment Incidence (%) DSI AUDPC Incidence (%) DSI AUDPC
Natural Infection 15.0 16.1 293.5 30.0 30.0 262.5
Foliar PA-23 7.5 58 35.0 225 225 211.8
Foliar Strain 41 2.5 25 8.8 27.5 275 250.3
Foliar BAS 510 F NA NA NA 20.0 18.5 197.8
Artificial Infection (Millet) 90.0 92.2 2218.2 90.0 90.0 1711.5
PA-23 Coated Millet 75.0 74.5 1380.8* 67.5* 66.0* 1298.5*
Strain 41 Coated Millet 55.0" 58.9* 1547 .4* 77.5 76.5 1359.8*
BAS 510 F Coated Millet NA NA NA 52.2* 52.5% 698.3*
Foliar PA-23 + Millet 77.5 92,5 2211.2 95.0 93.5 1496.3
Foliar Strain 41 + Millet 85.0 89.4 2056.8 85.0 83.5 1478.8*
Foliar BAS 510 F + Millet NA NA NA 72.5 72.5 1135.8*
LSD P =0.05 26.0 26.9 475.9 18.1 18.1 229.8

* Significant LSD value in comparison with appropriate control
Disease incidence and DSI ratings were recorded at sunflower maturity
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Table 4.3. Mean disease incidence, disease severity index (DSI), and area under the disease progress curve
(AUDPC) for the early-flowering (R5.1-R5.5) inoculation experiment at Carman, Manitoba, in 2001 and 2002.

CARMAN
2001 2002

Treatment Incidence (%) DSI AUDPC Incidence (%) DSl AUDPC
Natural Infection 3.3 3.3 63.0 15.0 15.0 126.0
Foliar PA-23 0.0 0.0 0.0 12.5 12,5 110.3
Foliar Strain 41 0.0 0.0 0.0 5.0 53 134.0
Foliar BAS 510 F NA NA NA 5.0 4.5* 54.3
Artificial Infection (Millet) 80.0 85.0 2257.5 100.0 100.0 3241.0
PA-23 Coated Millet 73.3 75.6 2000.7 95.0 95.0 31527
Strain 41 Coated Millet 80.0 80.0 1935.5 g97.5 97.5 3081.8
BAS 510 F Coated Millet NA NA NA 80.0* 79.5* 2108.8*
Foliar PA-23 + Millet 83.3 83.3 2102.3 100.0 100.0 3178.0
Foliar Strain 41 + Millet 80.0 78.7 2137.3 100.0 100.0 32375
Foliar BAS 510 F + Millet NA NA NA 100.0 100.0 3024.0*
LSD P =0.05 18.0 16.7 551.3 10.1 10.1 203.6

* Significant LSD value in comparison with appropriate control
Disease incidence and DSl ratings were recorded at sunflower maturity
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Figure 4.1A-D. Disease progress curves for the spread of Sclerotinia sclerotiorum head rot at Morden 1, Manitoba, Canada.
Disease severity Index (DSI) values are means of four replications from the early-flowering stage (R5.1-R5.5). A) 2001,
natural infection. B) 2001, artificial infection. C) 2002, natural infection. D) 2002, artificial infection. Italicized letters denote
significance for the AUDPC.
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Figure 4.2A-D. Disease progress curves for the spread of Sclerotinia sclerotiorum head rot at Morden 2, Manitoba, Canada.
Disease severity Index (DSI) values are means of four replications from the late-flowering stage (R6.0). A) 2001 natural
infection. B) 2001 artificial infection. C) 2002, natural infection. D) 2002, artificial infection. Italicized letters denote
significance for the AUDPC.
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seemed to be more effective when applied at this late-flowering stage at Morden 2 in
2001. PA-23 and strain 41 provided complete control of natural sclerotinia head rot,
reducing the incidence, DSI, and AUDPC to zero at Carman in 2001 (Table 4.3).

In 2002, natural sclerotinia head rot levels increased to 12.5%, 30.0%, and 15.0%,
at Morden 1, Morden 2, and Carman, respectively. The treatments at Morden 1 increased
head rot in all cases, with BAS 510 F producing the greatest increase (Table 4.1 and
Figure 4.1C). Results from the Morden 2 trial showed a non-significant reduction in
incidence, DS, and AUDPC for all three products (Table 4.2 and Figure 4.2C). BAS 510
F provided the best control in this case, reducing incidence by 10%, DSIby 11.5 %, and
the AUDPC by 64.7. In the Carman trial in 2002, treatments reduced incidence, DSI, and
AUDPC, except for strain 41 which did not reduce the AUDPC in comparison to the
conirol (Table 4.3). BAS 510 F provided the largest sclerotinia head rot reduction,
significantly reducing DSI from 15.0 % to 4.5 %.

4.4.2 Artificial Sclerotinia Head Rot Infection

Inserting the Sclerotinia-infected millet into the receptacle of the sunflower head
significantly increased incidence, DSI, and the AUDPC in comparison to natural
infection in all six trials (Tables 4.1, 4.2, and 4.3). Artificial inoculation resulted in
incidences of 57.5%, 90.0%, and 80.0% at Morden 1, Morden 2, and Carman,
respectively in 2001. Levels were even greater in 2002, where Morden 1, Morden 2, and
Carman artificial infection levels were 97.5%, 90.0%, and 100.0%, respectively (Tables
4.1, 4.2, and 4.3). These infection levels were significantly greater than the natural

infection levels of 12.5%, 30%, and 15% at Morden 1, Morden 2, and Carman
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respectively in 2002, and provided suitable conditions to study the effectiveness of strain
PA-23, strain 41, and BAS 510 F.
4.4.3 Bacterial and Fungicide Coated Sclerotinia sclerotiorum Inoculum

In 2001, both bacterial coatings significantly reduced the AUDPC at Morden 1
(Table 4.1 and Figure 1B), but only PA-23 was effective in significantly reducing
incidence by 22.5% and DSI by 29.6%. Strain 41 was effective in significantly reducing
incidence by 35.0%, DSI by 33.3%, and the AUDPC by 670.8 units at the late-flowering
period (Morden 2) in 2001 (Table 4.2 and Figure 4.2B). No significant differences were
observed between the control and the coated inoculum with either bacterial strain in 2001
at Carman (Table 4.3).

In 2002, reductions in incidence, DSI, and the AUDPC were obtained with PA-
23, strain 41, and BAS 510 F at Morden 1 (Table 4.1 and Figure 4.1D). All three
treatments resulted in significant reductions in the AUDPC, with BAS 510 F producing
the greatest reduction to 2308.8 units, from 3204.3 units in the inoculated control.
Results from Morden 2 showed significant reductions in incidence, DSI, and the AUDPC
for PA-23 and BAS 510 F (Table 4.2 and Figure 4.2D), but significant reductions only in
the AUDPC for strain 41. Results at Carman in 2002 showed less effect than the
treatments at the Morden trials, though all three treatments reduced sclerotinia head rot
under all three indexes (Table 4.3). BAS 510 F was the only treatment that showed
significant reductions in incidence, DSI, and the AUDPC in Carman in 2002.
4.4.4 Foliar Control of Artificially Induced Head rot

Application of the BCA or fungicide followed 24 hours later by insertion of the

Sclerotinia-infected millet was not as effective in reducing head rot as coating the
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inoculum with the control products. In 2001 at Morden 1, foliar applications of PA-23
and strain 41 decreased incidence, DSI, and the AUDPC (Table 4.1 and Figure 4.1B).
Strain 41 was the most effective, significantly reducing DSI and the AUDPC by 29.8%
and 1003.8 units, respectively. Seed and sclerotia yicld results were analyzed for this
treatment (data not shown), as it was the most effective. Seed yield did increase and
sclerotia yield decreased in comparison to the conirol; however, results were not
significant (£ = 0.05). The head size variation in this single-head inoculation system was
too large to efficiently compare seed and sclerotia yield, so no further yields were
analyzed. In 2001, results from Morden 2 and Carman produced only minimal variations
in sclerotinia head rot when PA-23 and strain 41 were foliar-applied compared to the
control (Tables 4.2 and 4.3).

In 2002, PA-23 seemed to be the most effective at reducing head rot for the early
application in Morden, significantly reducing the AUDPC down to 2852.5 units (Table
4.1 and Figure 4.1D). Strain 41 and BAS 510 F significantly reduced the AUDPC in the
Morden 2 trial (R6.0 application) in 2002 (Table 4.2 and Figure 4.2D), but only BAS 510
F had a significant reduction in the AUDPC at Carman in 2002 (Table 4.3).

4.4.5 Application Timing

Under natural infection, both bacterial isolates resulted in greater reductions in
head rot incidence, DSI, and AUDPC when applied at the late-flowering stage (Morden
2) in 2001, compared with application at the earlier-flowering stage (Morden 1) (Table
4.1A and 4.2A). Both bacteria worked well as an inoculum coating in 2001, but PA-23

seemed to provide more control at the early-flowering stage, and strain 41 at the late-
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flowering stage. In terms of foliar control under artificial inoculation, head rot
management was greatest when strain 41 was applied at the R5.1-R5.5 stage (Morden 1).

Under natural infection in 2002, control with all three products was more efficient
when applied at the R6.0 stage (Morden 2). Both bacterial isolates were effective in
reducing the AUDPC as an inoculum coating at early-flowering (R5.1-R5.5), but greater
reductions in the AUDPC occurred at the late-flowering stage (R6.0). Similar results
were obtained from BAS 510 F coated inoculum, where highly significant reductions in
incidence, DSI, and the AUDPC were observed when applied at the R6.0 stage.
4.4.6 Effects of a Misting System

Biological control of sclerotinia head rot under the influence of a misting system
was reduced in comparison to the biocontrol effectiveness where no misting system was
present. The misting system provided optimum conditions for S sclerotiorum
development, reducing the biocontrol effectiveness. In 2001 and 2002, PA-23 and strain
41 were more effective at the Morden location without misting, compared to the Carman
location that was misted. BAS 510 F performed well under the infection-inducing
conditions provided by the misting system (Table 4.3). The misting system did not
increase the incidence of natural infection in either scason, but the misting system
provided favorable conditions for severe artificial epidemics, especially in 2002. Under

such severe epidemics, the BCA were not effective in controlling sclerotinia head rot.
4.5 Discussion

Biological control of sclerotinia head rot was demonstrated in 2001 and 2002, at
Morden and Carman. Under natural infection, PA-23 slowed the progression of the

disease in all trials except at Morden 1 in 2002. Results were similar for strain 41,

82



causing a reduction in the AUDPC in 2001 at Morden 1, Morden 2, and Carman, and in
2002 at Morden 2. As a foliar spray under natural infection conditions, PA-23 was equal
or better than strain 41 in five of the six trials. As an inoculum coating, PA-23 was more
effective than strain 41 in four of the six trials. This variation in effectiveness between
PA-23 and strain 41 is normally expected, as the biocontrol activity of Pseudomonas
species depends on the antifungal metabolites released by different species and strains
(Pedras et al. 2003). In a former study, in vitro inhibition of Sclerotinia homoeocarpa
(Bennet) with strains of P. aeruginosa (Schroeter) Migula varied by a factor of two,
depending on the Pseudomonas isolate that was applied (Viji ef al. 2003). Fluorescent
pseudomonad strains had i# vitro inhibition zones ranging from 14 mm to 41 mm when
tested for their efficacy against Fusarium oxysporum f. sp. ciceris (Vidhyasekaran &
Muthamilan 1995). It has been suggested that a combination application of more than
one BCA can increase pathogen control and decrease the variability of effectiveness
(Guetsky et al. 2001; Krauss & Soberanis 2002; de Boer et al. 2003). However,
preliminary greenhouse data (data not shown) suggests that the combination of P.
cholororaphis (strain PA-23) and P. corrugata (strain 41) was actually less effective in
controlling sclerotinia head rot, most likely due to similar ecological requirements
(Guetsky et al. 2001). 1t is likely that frequent applications of the BCA would further
slow the progression of disease (Blakeman & Fokkema 1982; Krauss & Soberanis 2002),
and should be the direction of further research. PA-23 slowed the progression of
sclerotinia head rot more consistently, and expressed greater potential biocontrol ability

than strain 41. Repeated applications of PA-23 may produce cumulative positive results
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in an effective integrated management system, as demonstrated in controlling S.
sclerotiorum in canola (Savchuk and Fernando Unpublished Data).

As a foliar application at Morden 2 and Carman, BAS 510 F provided better
control than both BCA under both inoculation methods, and as an inoculum coating in
2002. As an inoculum coating, BAS 510 F was significantly better than the BCA in all
experiments, except in the early-flowering stage at Morden in 2002 (Tables 4.1, 4.2, and
4.3). However, both foliar-applied biocontrol agents were more effective than BAS 510
F in reducing natural and artificial sclerotinia head rot DSI and the AUDPC at Morden 1
in 2002 (Figures 4.1C and 4.1D). Pseudomonas specics have previously demonstrated
equal or more effective control than registered fungicides in the control of cotton seedling
damping-off (Zaki ef al. 1998). Nonetheless, BAS 510 F exhibits the ability to combat
sclerotinia head rot more effectively than strain PA-23 and strain 41 when disease levels
were high. Other fungicides have also demonstrated this ability to consistently control
disease when environmental conditions become increasingly conducive (Boland 1997).
BAS 510 F may be effective against sclerotinia head rot due to its ability to inhibit spore
germination, germ tube growth, and appressoria formation (BASF Corporation 2002).

Biocontrol effectiveness is often affected by the variable and complex
environmental factors within the field (Kim & Misaghi 2003), the longevity of the
specific bacteria (Vidhyasekaran & Muthamilan 1995), and the microclimatological
conditions on the plant surface (Blakeman & Fokkema 1982). The intent of the misting
system was to enhance the microclimate to induce bacterial colonization of the head.
However, it has been stated that this alteration of the climate is not achievable or practical

under field conditions (Blakeman & Fokkema 1982). The environmental variations
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provided by the misting system altered the conditions for BCA effectiveness, and
provided optimum conditions for sclerotinia head rot development. Neither BCA
significantly reduced disease pressure under either inoculation or application technique
under misting conditions. Boland (1997) has shown similar results of BCA efficiency
decreasing when conditions for disease were conducive.

Time of fungicide and BCA application is crucial for effective disease control
(Cooper 1989; Goulds & Fitt 1990). Under artificial inoculation, foliar application of
PA-23 seemed to provide better control than strain 41 at three of the four trials when
applications took place at the early-flowering stage (R5.1-R5.5). For the R6.0 application
timing (late-flowering stage), strain 41 appeared to provide the greatest control in both
years.

One of the most prominent research problems in plant pathology is the low
occurrence of disease when higher levels are required to achieve consistent results when
testing different treatments (Neya & Le Normand 1998; Carsten et al. 2000). Minimal
natural head rot infection occurred in all experiments. The effectiveness of the BCA and
BAS 510 F is still unclear under these inconsistent sclerotinia head rot levels. With low
natural sclerotinia head rot levels likely to occur, it was the intent of this study to provide
an inoculum source that would not fail under any environmental conditions. The infected
millet insertion method is an effective strategy to ensure high incidence of head rot. The
conditions provided by the insertion of mycelia directly into the receptacle of the head
were extreme, and exemplified sufficient conditions for observing BCA and fungicide
efficacy. Incidence levels in the inoculated controls increased in 2001 by 50, 75, and

76% at Morden 1, Morden 2, and Carman, respectively when compared with the non-
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inoculated controls. In 2002, incidence levels increased by 85, 60, and 85 percentage
points at Morden 1, Morden 2, and Carman, respectively when compared with the non-
inoculated controls. These significant increases in sclerotinia head rot incidence
produced disease levels where sclerotinia head rot management could adequately be
studied, as elevated levels are vital (Neya & Le Normand 1998). Only in the Carman
2002 experiment were significant reductions produced under natural infections, likely
due to the increased levels of head rot favored by the misting system.

The AUDPC proves to be the best index to compare PA-23, strain 41, and BAS
510 F because of the manner in which sclerotinia head rot symptoms occur and affect
yield and quality. If sclerotinia head rot progression can be delayed as the seed develops,
infected seed and yield losses may be minimized. Fewer differences were noted when
comparing treatments in regard to their incidence and DSI, because these results were
observed only once during the final rating prior to harvest. By the final rating, disease
symptoms within BCA or fungicide treatments may have progressed to similar levels as
the control. However, disease incidence and DSI do not express how sclerotinia head rot
progressed over time (Gawande & Patil 2003). Since the AUDPC is a reliable parameter
to rank host resistance and the effectiveness of fungicides (Wagonner 1986) it was the

main comparison method utilized in this study.
4.6 Conclusions

Incidence, DSI, and the AUDPC were significantly reduced in experiments when
strain PA-23, strain 41, and BAS 510 F were applied. Strain PA-23 was the most
effective biocontrol agent, and treatment application at the R6.0 flowering stage was the

most efficient at reducing sclerotinia head rot. These reductions will translate into
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consistent levels of yield and seed quality, along with a decrease in the quantity of S.
sclerotiorum sclerotial production, over large acreage production. Foliar management of
sclerotinia head rot with either biological or chemical agents will have a positive impact
on the yield and the quality of sunflowers, in an industry which faces higher quality

restraints and an increasing prevalence of sclerotinia epidemics.
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5.0 The Effects of Time and Burial Depth on Viability and Bacterial
Colonization of Sclerotia of Sclerotinia sclerotiorum

5.1 Abstract

The effects of tillage on the primary inoculum of Sclerotinia sclerotiorum (Lib.)
de Bary are not well understood. This research was conducted without the disturbance of
tillage, by placing sclerotia at different depths within the soil. The purpose was to study
sclerotial viability over time and between depths, to identify bacteria colonizing and
degrading the sclerotia, and determine whether these bacteria may be utilized as
biological control agents. Correlation analysis indicated that a significant negative
relationship existed between sclerotial viability and elapsed burial time (R = -0.68, P <
0.0001), in addition to a significant negative relationship between sclerotial viability and
depth of burial (R’ = -0.58, P < 0.0001). After twelve months, sclerotia on the soil
surface had the highest viability (57.5%), followed by the 5 cm depth (12.5%) and only
2.5% of sclerotia remained viable when placed at the 10 cm depth. A significant negative
relationship between sclerotial viability and bacterial populations also existed (R’ = -0.60,
P <0.0001). Bacterial populations were highest at the 10 cm depth, and decreased as soil
depth decreased (R’ = 0.49, P < 0.0001). The 12-month sampling date was the only
analysis where bacterial populations were the lowest (4.9 logl10 cfu/ml/sclerotia) at the 10
cm depth and increased as depth decreased. This trend was produced because sclerotial
remnants were minimal after one year, leaving little sclerotial mass to be colonized.
Bacterial colonization of sclerotia was also significantly correlated with elapsed burial
time (R’ = 0.56, P < 0.0001). Two hundred and sixty-eight bacteria were isolated from

sclerotia, 29 of which were strongly antagonistic to S. sclerotiorum mycelial growth.
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Bacillus spp., namely strains of B. amyloliquefaciens and B. licheniformis were effective
inhibitory bacteria, producing over 80% in vitro mycelial inhibition. The biodiversity of
the nhibitory bacteria was also analyzed for the 0, 5, and 10 cm depths over time.
Inhibitory bacterial biodiversity was minimal within the 0 em depths, and within all
depths sampled at three months. All burial depths within the six and nine month
sampling period produced bacterial diversities that were distinct from each other.
Determining the effect of depth, time, and bacterial population levels on sclerotial
degradation will direct tillage practices to disperse sclerotia to soil locations for the

appropriate length of time, to achieve optimal sclerotial degradation.
5.2 Introduction

Sclerotinia sclerotiorum (Lib.) de Bary is a devastating pathogen affecting yield
and product quality of a vast number of susceptible hosts. §. sclerotiorum is one of the
most nonspecific and successful of plant pathogens (Purdy 1979) with a host range of
over 408 species, 100 of which are present in Canada (Boland & Hall 1994). Purdy
(1979) also reported that S. sclerotiorum is the causal agent of more than sixty different
diseases, including, stem rot, stalk rot, head rot, pod rot, and wilt. This broad range of
diseases covers the globe and occurs in almost every country of the world from the cool,
moist regions to the hot, dry areas (Purdy 1979), but normally in temperate regions
(Reichert 1958).

Sclerotinia sclerotiorum is the cause of drastic economic loss in numerous crops
worldwide. Reported losses include, $26 million annually to United States dry bean
production, $13 million annually in U.S. snap bean losses, $24.5 million in losses to

North Dakota and Minnesota canola producers in 2000, 2% of the Midwest U.S. soybean
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crop is lost every year, approximately $15 million in U.S. sunflower production is lost
each year, in addition to the supplementary cost of fungicide applications to control this
pathogen (Sayler 2003b). Yield and quality are not only affected in the field but also
during transportation to market (Willetts & Wong 1980). Further economic losses can
occur due to planting less lucrative non-host crops to avoid S. sclerotiorum infection
(Purdy 1979). However, variation in crop loss is high, as incidence depends on
environmental and crop canopy factors (Willetts & Wong 1980; Bardin & Huang 2001).

Sclerotinia sclerotiorum can cause disease through two distinct mechanisms,
either germinating carpogenically to produce airborne ascospores or myceliogenically to
infect roots of hosts such as sunflowers and carrots (Bardin & Huang 2001). These two
modes of action cause infection of plants through a range of tissues including, sunflower
heads (Huang 1983), canola stems and leaves (Gugel & Morrall 1986), pea pods (Huang
& Kokko 1992), tubers of Jerusalem artichoke (Laberge & Sackston 1987), and alfalfa
blossoms (Gossen & Platford 1999). In addition to the physiological mechanisms of
disease spread, S. sclerotiorum can spread between diseased and healthy plants that come
in contact (Huang & Hoes 1980), by transportation of infected pollen grains (Stelfox et
al. 1978), and through infected seed lots (Mueller ef al. 1999).

Biological control of §. sclerotiorum has received significant attention over the
last few decades (Bardin & Huang 2001), because of the ineffectiveness of other
management practices and the reliance on chemical fungicides. Registered biocontrol
products such as Intercept (Prophyta Biologischer Planzenschutz, Malchow, Germany)
seem effective in decreasing in-field inoculum (Sayler 2003a). The active ingredient in

Intercept is Coniothyrium minitans Campbell, a naturally-occurring fungus that can
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decrease the germination of sclerotia. Imperative to the effectiveness of Intercept is a
light tillage operation following Intercept application. The purpose of the light tillage is
to incorporate C. minitans into the soil to induce colonization. However, light tillage
alone, such as mulch tillage, has actually increased the density of sclerotia in the soil
surface and increased apothecial formation (Mueller ef al. 2002). Conversely, Mueller et
al. (2002) showed that deep plowing decreases sclerotinia infection, apothecial formation,
and the density of sclerotia in the soil. This decrease in infection is mainly due to the
burial of sclerotia deeper in the soil, which decreases sclerotia germination because of the
inappropriate germination conditions deeper in the soil profile. However, previous
studies have reported plowing is not effective in reducing disease caused by sclerotinia
stem rot i soybean (Kurle ef a/. 2001). Similarly, no-till has been suggested as more
effective than tillage because no-till soils have higher microbial activity causing sclerotial
degradation (Workneh & Yang 2000). Keeping the sclerotia in the upper soil profile has
been shown to increase sclerotial degradation (Cook ef al. 1975).

Soil characteristics and microbial activity are instrumental in the degradation of S.
sclerotiorum sclerotia. Positive correlation has been exhibited by the colonization of
sclerotia (Sclerotinia rolfsii Saccardo) with Gliocladium virens Miller et al., and a
decrease in sclerotial germination (Papavizas & Collins 1990). Sclerotia of S. rolfsii have
also been antagonized by Trichoderma harzianum Rifai hyphae, which colonized the
sclerotial surface and actually penetrated the rind (Benhamou & Chet 1996). Likewise,
Talaromyces flavus (Kloecker) Stolk and Samson application decreased the germination
of microsclerotia of Verticillium dahliae Klebahn from 84% to 17% in only 14 days, in

comparison to the control where germination was only reduced to 74% (Fahima et al.
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1992). Similarly, an isolate of Trichoderma hamatum, TMCS-3, also reduced the
viability of S. sclerotiorum sclerotia (Gracia Garza ef al. 1997). Limited research has
progressed in bacterial effects on sclerotia of S. sclerotiorum, however, bacterial
colonization has been reported to negatively correlate (R’ = -0.84) with Rhizoctonia
solani Kuhn sclerotial germination (Gupta et al. 1995). Further knowledge is required on
the effects of bacterial colonization of sclerotia of S. sclerotiorum, as the majority of
previous biocontrol research has concentrated on fungal antagonists (Oedjijono et al.
1993).

The objectives of this study were: 1) to determine the effects of sclerotia
placement at different depths within the soil over time, isolating the effect of depth and
time on sclerotial germination by omitting any soil disturbance caused by tillage; 2) to
establish the relationship between sclerotial germination and bacterial colonization of
sclerotia, and determine whether the bacterial populations interact with burial depth and
time; 3) isolate bacterial populations and assess their in vitro inhibition of S. sclerotiorum
mycelial growth; and 4) analyze the inhibitory bacterial population biodiversity. It is
imperative that the effects of depth and time on sclerotial viability and bacterial
colonization are better understood so that proper tillage practices can be implemented to
increase sclerotia degradation. Previous natural and introduced biological control agents
have shown effectiveness against sclerotia, however, greater efficacy is required. For
this reason, new biocontrol agents need to be discovered and assessed for their ability to
inhibit S. sclerotiorum. Understanding the bacterial biodiversity at different locations
within the soil will aid in directing management practices to place sclerotia at locations

that contain the greatest inhibitory populations.
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5.3 Materials and Methods

5.3.1 Sclerotia Burial

On October 1, 2001 sclerotia were collected from a sunflower field just North of
Sanford, Manitoba, Canada. All sclerotia were collected from a localized area
(20 m x 20 m) within the field from sunflower basal stalk rot infections. Single uniform-
shaped sclerotia that averaged 10 mm x 6 mm in size, weighing approximately 0.05 g
each, were placed in ten separate compartments (5 cm x 5 cm) within mesh bags made
from nylon window screening (Windsor Plywood, Winnipeg, MB, Canada). The trial
was inifiated on October 23, 2001, at the Department of Plant Science Field Station
(Blacklake Silty Clay), on the University of Manitoba Fort Gary Campus, Winnipeg,
Manitoba. The trial was designed as a repeated measures randomized complete block
design, with burial depth representing the main plots and harvest date representing the
sub-plots. The trial contained four replications. Sclerotia placed on the soil surface (0
cmy), 5, and 10 cm, were the three burial depths. For the 0 cm depth, sclerotia packets
were pinned down to the soil so that environmental conditions would not relocate the
mesh bags. Sclerotia that were buried at the 5 and 10 cm depths were placed in level
excavations and covered with the soil profile that was initially extracted. Within each
main plot, four mesh bags were placed, each containing ten separately packaged sclerotia,
representing the four sampling dates: three months (Time 1, January 23, 2002), six
months (Time 2, April 23, 2002), nine months (Time 3, July 23, 2002), and twelve
months (Time 4, October 23, 2002). An initial sampling analysis (Time 0) took place on
a representative sample of collected sclerotia directly from the host. On the appropriate

sampling date, the mesh bags containing ten separate sclerotia were recovered from the 0,
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5, and 10 cm depths for 4 replications. The mesh bags collected on each sampling date
were placed separately in 10 Ibs poly plastic bags (Unisource, Winnipeg, MB, Canada)
and placed at 4°C for approximately 2 weeks until analysis could take place,
5.3.2 Sclerotial Germination

Sclerotia from all sampling periods were analyzed for their percent germination.
Percent germination was defined as the number of sclerotia that germinated
myceliogenically divided by the total number of sclerotia samipled for each treatment (n =
40). Each sclerotium was cut in two with a scalpel so that one half of the sclerotium
could be tested for viability and the other half was stored in 1.5 ml polypropylene micro
cenirifuge tubes (Fisher Scientific, Ottawa, ON, Canada) for isolation and identification
of colonizing bacteria. The sclerotia halves analyzed for germination were surface
sterilized with store brand bleach having an initial concentration of 4.0% NaQOC], diluted
in distilled water to a concentration of 1.0% NaOCl1 for 3 minutes. Sclerotia were
allowed to air dry and plated on potato dextrose agar until S. sclerotiorum mycelial
growth was present (PDA, Beckton/Dickinson, Sparks, MD, U.S.A.). Sclerotinia
sclerotiorum mycelial growth was the indicator of germination. Subsequent sclerotial
and apothecial formation were not measured, as viable sclerotia did not consistently form
new sclerotia or apothecia (Abawi & Grogan 1979).
5.3.3 Bacterial Colonization

The sclerotia halves for bacterial analysis were sonicated (Branson Ulirasonic
cleaner™, Branson Cleaning Equipment Company, Shelton, Conn, U.S.A)) for 20
seconds in a sterile distilled water solution. Viable sclerotia were analyzed together, and

sclerotia that did not germinate were analyzed separately. Serial dilutions were prepared
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using standard dilution plating techniques, and bacteria were plated on half nutrient agar
(11.5 g Nutrient Agar and 10.0 g Agar Technical (Becton/Dickinson, Sparks, MA,
U.S.A.), amended with Nyastatin (Sigma Chemical CO., St. Louis, MO, U.S.A.).
Bacterial colonies were enumerated after 72 hours, counting plates with 20-200 colonies
and determining the colony forming units (cfu) per ml. The average colony count per
sclerotia is reported (n = 40).
5.3.4 Biological Control Assessment

Visually distinct bacteria were isolated from the dilution plates onto Luria Bertani
agar (LBA, 15.0 g agar, technical (Difco Laboratories, Detroit, Mich., U.S.A.), 10.0 g
tryptone peptone (Becton/Dickinson, Sparks, MA, U.S.A.), 5.0 g yeast extract (Sigma
Chemical CO., St. Louis, MO., U.S.A.), 5.0 g NaCl) and assessed for purity through
morphological characteristics, then stored in LB broth amended with 20% glycerol at
-80°C. All isolated bacterial were plated for percent inhibition of S. sclerotiorum
mycelium growth on 30% Tryptic Soy Broth/70% Potato Dextrose Broth (TS/PD, 9 g
Tryptic Soy Broth, 16.8 g Potato Dextrose Broth, and 17.0 g Agar Technical
(Becton/Dickinson, Sparks, MA, U.S.A.) and PDA, in a similar manner as previously
described (Wood 1951; Fernando & Pierson III 1999; Savchuck 2002). A loop of
bacteria removed from a 24-hour sub-culture was placed in LB broth on an incubator
shaker at 28°C for 16 hours at 160 rpm. Five micro liters of the bacterial suspension was
pipetted onto both TSA/PDA and PDA in 15x100 mm petri plates at four equidistant
points near the periphery of the plate. Bacteria were allowed to grow for 24 hours at
room temperature. Mycelial plugs, 5 mm in diameter, were taken from the actively

growing margin of S. sclerotiorum cultures and placed into the center of each bacterial
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plate, and incubated for 14 days. Sclerotinia sclerotiorum cultures for in vitro biocontrol
assessment trials were produced from the same sclerotia collection that was buried in the
field. Measurements of radial mycelial growth were recorded at 48 hrs (mycelial growth
had reached the circumference of the plate in the control, 80mm), and after 14 days. The
percentage mycelial inhibition was calculated with the formula 100 x (RI — R2)/R1
where R1 is the maximum radius of growth (80 mm) and R2 is the radius directly
opposite the bacterial cultures (Fernando & Pierson IIT 1999). Only the 14-day
assessment will be reported in this study, as it best represents the in vitro biological
control activity of each bacterium. Each bacterium was replicated three times for the
mitial plate inhibition assays. Any bacterial isolate that produced greater than 40%
mycelial inhibition in the initial screening was repeated in ten replications.

Bacterial isolates that produced over 40% mycelial inhibition were also assessed
for volatile production (Fernando & Linderman 1994). Bacteria were streaked onto one
half of a divided plate containing Tryptic Soy Agar (TSA, 30.0 g TSA and 10.0 g Agar
Technical (Becton/Dickinson, Sparks, MA, U.S.A), and then scaled with parafilm®
(Fisher Scientific, Nepean, ON, Canada). After 72 hrs of incubation at room temperature,
S mm plugs of 8. sclerotiorum mycelial cultures were placed on the other half of the plate
containing PDA, and the plates re-sealed. After 48 hours, mycelial growth had reached
the furthest circumference of the plate (80 mm) in the control (no bacteria on the TSA
half). Measurements of mycelial growth were recorded in a similar fashion as described
in the previous mycelial inhibition study. Three replications were used for the initial
screening of volatile production, and each bacterium producing volatiles that inhibited

mycelial growth was replicated ten times.
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5.3.5 Bacterial 1dentification

All inhibitory bacteria were identified using standard gram stain techniques
followed by the use of the Biolog® Microstation, utilizing the Biolog Microlog™ 3,
Version 4.2 software (Microlog, Hayward, CA, U.S.A.)). Each inhibitory bacterium
isolated was identified once and repeated if confirmation was necessary (see appendix).
5.3.6 Data Analysis

Experiments were analyzed using analysis of variance (ANOVA) and a mean
separation test (Fisher’s Least Significant Difference) was performed at P = 0.05, using
the Analyst procedure of SAS, Version 8.1 (SAS Institute, Cary, NC, U.S.A.).
Correlation coefficients using Pearson’s Rank Correlation were determined using the
Descriptive procedure of SAS. Population biodiversity for the inhibitory bacteria using
bacterial identities was compared for each sampling date and depth using the NTSY Spe,
Numerical Taxonomy System, Version 2.1 software (Exeter Software, Setauket, NY,
U.S.A.). The genetic distance between treatments was determined using the bacterial
identity presence or absence for each sampling date and depth. This genetic distance
between treatments was utilized to produce the dendogram using SAHN clustering and a

UPGMA clustering method.

5.4 Results

5.4.1 Sclerotial Germination

Sclerotial germination analysis for time zero was accomplished using sclerotia
collected directly from sunflower, the reason why there is no distinction between depths.
The mean germination from the initial sclerotia collection is 80% (Figure 5.1). After

three months in the field, viability of sclerotia increased for all three depths. Viability
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Figure §.1. Viability of sclerotia buried at 0, 5, and 10 ¢cm depths, sampled at 3, 6, 9, and

12 months, at Winnipeg, Manitoba, Canada, from 2001 to 2002. Initial viability for

time 0 was 80.0%. Letters denote significance for Fisher’s LSD value of 14.3

(P = 0.05).
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for the 0 and 5 cm depths both significantly increased to 100%, while viability at the 10
cm depth non-significantly increased to 85%. At three months, a significant difference
was expressed between the 0 and 5 cm depths compared to the 10 cm depth. After six
months on the soil surface, viability did not show a significant change from the 3-month
sampling date. After six months at 5 cm within the soil, viability significantly decreased,
while viability significantly decreased to 40% at the 10 cm depth. All three burial depths
were significantly different from each other after remaining in the field for six months.
At nine months, sclerotial viability on the soil surface was still greater than the initial
viability (80.0%), and did not decrease significantly from the six-month sampling period.
From the six to nine month sampling period, significant decreases in viability for the 5
and 10 cm depths occurred to 32.5 and 22.5%, respectively. After nine months in the
field, surface sclerotial viability was significantly different from the sclerotial viability at
the 5 and 10 cm depths, however, the sclerotial viability at the 5 and 10 cm depths were
not significantly different from each other. After 12 months in the field, sclerotial
viability significantly decreased to 57.5, 12.5, and 2.5% for the 0, 5, and 10 cm depths
respectively. All germination data was significantly different after 12 months, in
comparison to any previous sampling period. A significant negative relationship existed
between sclerotial viability and sampling time (R’ = -0.68, P < 0.0001), and between
sclerotial viability and burial depth (R = -0.58, P < 0.0001) (Table 5. 1).
5.4.2 Bacterial Colonization

No distinction between burial depths was made for time 0 when comparing
bacterial populations. The initial bacterial population was 3.98 logl0 (cfu/ml/sclerotia)

(Figure 5.2). After three months in the field, the bacterial populations on sclerotia at the
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Table 5.1. Correlation coefficients of Pearson's Rank Correlation for sclerotial

germination and bacterial colonization levels from a sclerotial burial study at Winnipeg,
Manitoba, Canada, from 2001 to 2002.

Variable
Variable Sclerotial Germination Bacteria Colonization Levels
Time -0.68 0.56
Depth -0.58 0.49

Bacteria Colenization Levels -0.60 -
All correlation coefficients shown are significant at P < 0.0001.
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Figure 5.2. Bacterial populations colonizing sclerotia buried at 0, 5, and 10 ¢cm, sampled
at 3, 6, 9, and 12 months, from Winnipeg, Manitoba, Canada, from 2001 to 2002.
Initial bacterial populations for time 0 were 3.98 log10 (cfu/ml/sclerotia)

Letters denote significance for Fisher’s LSD value of 0.8454 (P = 0.05).
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soil surface significantly decreased to 2.7 logl0 (cfu/ml/sclerotia), while the bacterial
populations on sclerotia at the 5 and 10 cm depths were not significantly different from
each other. After six months in the field, all bacterial populations significantly increased
in comparison to samples from the same depth from the previous sampling period.
Bacterial populations were 4.1, 5.2, and 5.7 logl0 (cfu/ml/sclerotia) for the surface, 5,
and 10 cm depths, respectively. Again, the surface sclerotia bacterial populations were
significantly lower than the populations at the 5 and 10 ¢cm depths. The 9-month
sampling period produced bacterial populations within the same depth not significantly
greater than the 6-month sampling period. Bacterial populations at 5 and 10 cm were not
significantly different from each other but were significantly higher than the surface
sclerotia bacterial populations. At the 12-month sampling, bacterial populations from the
5 and 10 cm depth decreased in comparison to the nine-month sampling period. Bacterial
populations decreased to 5.2 and 5.0 logl10 (cfu/ml/sclerotia) for the 5 and 10 ¢cm depths,
respectively, while the surface bacterial populations increased to 5.3 logl0
(cfu/ml/sclerotia). A reverse trend in bacterial populations occurred at the 12-month
sampling period. The surface sclerotia had the greatest bacterial populations, followed by
the 5 and 10 cm depth, however, the bacterial populations were not significantly different
among the three depths. Bacterial populations were significantly correlated with time (R’
=0.56, P < 0.0001) and depth (R* = 0.49, P < 0.0001) (Table 5.1).
5.4.3 Bacterial Isolation

Over the one-year sampling period, 268 morphologically different bacterial
isolates were collected. Twenty-nine isolates were inhibitory in vitro to mycelial growth

of §. sclerotiorum (Table 5.2). Of those 29 isolates, there were only 15 different bacterial
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species. However, different strains of the same species often produced differing mycelial
growth inhibition results. Bacillus amyloliquefaciens strain 2033, caused the greatest in
vitro inhibition on TSA/PDA, reducing S. sclerotiorum mycelial growth by 77.3%
(Figure 5.3). This was significantly more inhibition than all other bacterial isolates
except B. amyloliquefaciens strain 268, which produced 73.8% muycelial inhibition on
TSA/PDA. Four out of the top seven inhibitory bacteria on TSA/PDA were B.
amyloliquefaciens isolates. Other bacteria that were effective on TSA/PDA were
Staphylococcus sciuri strain 3055, Bacillus licheniformis strain 266, and Mannheimia
haemolytica strain 230, which reduced mycelial growth by 72.6, 72.5, and 71.9
percentage points respectively. Sixteen isolates on TSA/PDA were more effective than
the overall mean of all 29 bacteria.

Inhibition tests on PDA produced similar results, with isolates of B.
amyloliquefaciens again producing four of the top seven in vitro inhibition results. The
most effective bacteria on PDA was B. licheniformis strain 223, which caused 88.5%
inhibition (Figure 5.4), significantly greater than all other isolates. However, on
TSA/PDA, strain 223 only caused 53.3% mycelial inhibition. Sixteen isolates were more
effective in reducing mycelial germination than the overall mean of all 29 isolates on
PDA, however, some of the 16 effective isolates differed from the 16 isolates effective on
TSA/PDA. Kocuria rosea strain 41, B. cereus/thuringiensis strain 54, and B.
amyloliquefaciens strain 4078, had extremely low inhibition of S. sclerotiorum mycelial
growth on PDA, but were effective on TSA/PDA media. Twenty-two of the 29 bacteria
were more effective at reducing S. sclerotiorum mycelial growth on PDA than on

TSA/PDA.
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Table 5.2. Twenty-nine inhibitory bacteria to Sclerotinia sclerotiorum isolated from sunflower, 0, 5, and 10 cm depths
at0, 3, 6, 9, and 12 months in Winnipeg, Manitoba, Canada, from 2001 to 2002.

Inhibition (%) Volatile Inhibition (%)

Strain Location (cm) Time (months) Identity TS/PD PDA TSA/PDA
73 Host 0 Hafnia alvei 59.4 52.6 0.0
54 5 3 Bacillus cereus/thuringiensis 46.6 0.0 0.0
29 10 3 Bacillus amyloliquefaciens 62.1 54.9 0.0
41 10 3 Kocuria rosea 42.9 2.8 0.0
67 10 3 Staphylococcus lentus 62.5 72.0 0.0
207 0 6 Brevibacterium otitidis 52.5 71.4 6.0
240 0 6 Bacillus subtilis 68.4 78.1 0.0
2031 0 6 Bacillus subtifis 66.2 66.5 0.0
2033 0 6 Bacillus amyloliquefaciens 77.3 78.5 0.0
223 5 6 Bacillus licheniformis 53.3 88.5 0.0
248 5 6 Bacillus amyloliquefaciens 72.4 79.5 0.0
2056 5 6 Pseudomonas corrugata 50.0 56.9 286
226 10 6 Bacillus amyloliquefaciens 54.4 67.6 0.0
230 10 6 Mannheimia haemolytica 71.9 73.9 0.0
265 10 6 Bacillus amyloliquefaciens 71.7 82.6 0.0
266 10 6 Bacillus licheniformis 72.5 74.1 0.0
268 10 6 Bacillus amyloliquefaciens 73.8 76.4 0.0
2090 10 6 Baciflus subtilis 65.0 70.6 0.0
3055 10 9 Staphylococcus sciuri 72.6 76.3 0.0
3057 10 9 Bacillus subtilis 65.6 78.2 0.0
3060 10 9 Staphylococcus sciuri 50.4 63.6 0.0
3073 10 9 Pseudornonas corrugata 56.0 49.8 35.8
3008 10* 9 Pseudomonas fluorescens 319 47.3 17.8
3020 10" 9 Macrococcus equipercicus 56.9 55.9 0.0
30398 10" 9 Bacillus licheniformis 16.3 56.0 0.0
3045 10* 9 Staphylococcus aureus ss aureus 10.2 376 0.0
4076 10 12 Bacillus licheniformis 50.0 57.7 0.0
4078 10 12 Bacillus amyloliquefaciens 65.1 0.0 0.0
4079 10 12 Bacillus mycoides 47.6 55.5 43.2
Mean 56.8 59.5 43
LSD P = 0.05 4.5 33 3.7

* Similar morphological strains also found at 0 cm for strains 3008 and 3020, and at 5 cm for 3020, 3039, and 3045.
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Figure 5.3. Sclerotinia sclerotiorum mycelial inhibition of 77.3% by Bacillus
amyloliguefaciens strain 2033 on TSA/PDA.
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Figure 5.4. Sclerotinia sclerotiorum mycelial inhibition of 88.5% by Bacillus
licheniformis strain 233 on PDA.
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Only four of the 29 bacterial isolates caused reduced mycelial growth when tested
for volatile production. All four bacteria produced S. sclerotiorum mycelial growth
inhibition that was significantly different from each other isolate. B. mycoides sirain
4079 produced the greatest volatile inhibition (43.2%) (Figure 5.5), followed by
Pseudomonas corrugata strain 3073 (35.8%), P. corrugata strain 2056 (28.6%), and P.
Sfluorescens strain 3008 (17.8%).

5.4.4. Inhibitory Bacterial Population Diversity

The sclerotia burial treatments were compared by analyzing the presence or
absence of the inhibitory bacteria in each treatment. The inhibitory bacteria isolated from
the initial analysis (0 months) were similar to inhibitory bacteria isolated from the 0, 5,
and 10 cm depths at 3 months, the 0 cm depth at 9 months and the 0 and 5 cm depth at 12
months in the field (Figure 5.6). This similarity is due to the fact that few inhibitory
bacteria were isolated from these treatments. The inhibitory bacterial populations
isolated from 10 cm at nine months, 5 ¢cm at six months, 10 ¢cm at six months, and 10 cm
at twelve months in the soil were all distinct from all other bacterial populations isolated
from other sampling treatments. Inhibitory bacteria isolated from the surface at six
months, and from 5 cm at nine months, were similar to each other, however, these two
treatments produced inhibitory populations that were distinct from all other treatments.

All depths within the 3-month sampling period produced inhibitory populations
similar to each other and the initial sampling period. All 0 cm inhibitory populations
were similar fo each other, except the 0 cm depth at six months. months. All inhibitory

populations were distinct when sampled at six and nine months in the field (Figure 5.6).
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Figure 5.5. Sclerotinia sclerotiorim mycelial inhibition (43.2%) caused by volatile
products from Bacillus mycoides strain 4079,
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Figure 5.6. Inhibitory bacterial population diversity analysis for the 0, 5, and 10 cm depths, sampled at 0, 3, 6, 9, and 12

months, from Winnipeg, Manitoba, Canada, from 2001 to 2002. Each isolation depth and time composed a treatment and the
13 treatments were compared by the presence of the bacterial identities isolated from within each treatment.
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5.5 Discussion

Sclerotial viability was the lowest for all sampling dates at the 10 cm depth,
followed by the 5 cm depth, while the sclerotia that were placed on the soil surface had
the highest viability for all sampling treatments. Sclerotial germination increased early in
the winter when sclerotia are exposed to seasonal temperatures, similar to results found in
Beltsville, MD (Adams 1975). As the temperatures begin to increase in the spring, along
with the activity of soil microorganisms, sclerotial germination begins to decrease, just as
mycelial viability decreases when temperatures increase (Huang & Kozub 1993).
Merriman (1976) reported that sclerotia viability for sclerotia remaining on the soil
surface is the least affected, perhaps due to the low bacterial colonization. Huang and
Kozub (1993) reported similar results when examining the survival of S. sclerotiorum
mycelium, and stated that buried mycelia have low viability, possibly because of the
microorganisms in the soil. However, Cook et al. (1975) stated that sclerotia remaining
in the upper soil profile degrade rapidly in comparison to sclerotia deeper in the soil
profile. Imolehin and Grogan (1980) recovered S. minor sclerotia from 0, 5, 10, and 20
cm, finding similar results in regards to depth, but no viable sclerotia were found in the
soil after 3 months. Kurle et al. (2001) also indicated that sclerotia viability decreased
with increasing depth under chisel plow and no-tillage cultivation systems. Kurle et al.
(2001) stated that sclerotia within the upper 5 cm soil profile will carpogenically
germinate. Depths greater than 5 cm would not be conducive to carpogenic germination.

The sclerotial viability results were negatively correlated with the bacterial
populations colonizing the sclerotia (R’ = -0.60, P < 0.0001). The 10 cm depth produced

the highest bacterial populations, while the lowest sclerotial viability was also found at
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these sampling depths. Sclerotia placed on the soil surface consistently had the lowest
bacterial colonization levels and greatest viability for each sampling date, probably due to
periodic drying (Kurle et al. 2001). Only after 12 months did bacterial populations
change, when sclerotia on the soil surface had the greatest bacterial colonization followed
by the 5 and 10 cm depths. This inversion in bacterial colonization is due to partially or
completely degraded sclerotia at the 5 and 10 cm depths. Sclerotial remnants were even
difficult to locate in the mesh bag compartments at the depths of 5 and 10 cm. Kurle et
al. (2001) indicated that germination was “sharply reduced” at 10-20 cm, but conceded
that these results were produced by a low number of sclerotia found at this depth. Our
results suggest that the reason a low number of sclerotia were found at this depth is not
due to the fact that less sclerotia were located in this depth, but due to the high Ievel of
sclerotial degradation. Other factors affect the viability of sclerotia at different depths
over time, such as, soil type and pH (Merriman 1976), tillage (Kurle ef al. 2001),
moisture (Moore 1949; Hao et al. 2003), humidity (Huang & Kozub 1993), temperature
(Workneh & Yang 2000), gases (Imolehin & Grogan 1980a), fungal populations (Hoes &
Huang 1975; Imolehin & Grogan 1980b), sclerotia size and shape (Hoes & Huang 1975;
Hao et al. 2003), and sclerotia source (Merriman 1976). Nonetheless, it is important to
recognize the impact that bacteria have contributed to sclerotial degradation in this
experiment (R® = -0.60, P <0.0001). Kurle et al. (2001) also suggests that reduced
sclerotia viability in chisel plow and moldboard plow tillage may be due to increased
parasitism, in contrast to the findings of Gracia-Garza et al. (2002), who indicated no-till
may increase microbial activity, thus increasing degradation of sclerotia. No-tillage has

been shown to impact physical and chemical soil factors, affecting microorganisms that
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decompose organic material (Lafond & Derksen 1996), further supporting the principle
that tillage affecting sclerotial location, will in turn affect sclerotial viability.

Out of 268 bacteria, twenty-nine provided positive inhibition to S. sclerotiorum
mycelial growth. Of the 29 inhibitory bacteria, 24 were gram-positive, 17 of which were
spore-forming bacteria. The morphological ability of these spore-forming bacteria, and
the previous industrial uses of these speices, supports their potential biocontrol success
(Emmert & Handelsman 1999). Fifteen distinct bacterial species were present within the
29 isolates, with Bacillus spp. the most effective at inhibiting S. sclerotiorum mycelial
growth. The Bacillus spp identified have potential for commercialization since B.
thuringiensis (Bt) comprises 90% of the bio-insecticides market (Emmert & Handelsman
1999). Strains of B. amyloliquefaciens, B. licheniformis, and B. subtilis all provided over
70% inhibition on either TSA/PDA or PDA. Bacillus amyloliquefaciens has been
reported to be effective on Botrytis cinerea Pers. Fr. in tomato (Mari et al. 1996), and
against anthracnose (Colletotrichum dematium (Pers. Fr.) Grove) on mulberry leaves
(Yoshida et al. 2001). Likewise, B. licheniformis has been effective against Pyrenophora
tritici-repentis (Died.) Drechs. in wheat (Mehdizadegan & Gough 1987), and
Pyrenophora teres Drechs. of barley (Scharen & Bryan 1981). Bacillus subtilis was
reported to be effective against Fusarium, Rhizoctonia, and Sclerotinia pathogens, as well
as stimulating plant growth (Turner & Backman 1991; Kondoh et al. 2000; Estevez de
Jensen et al. 2002).  Bacillus mycoides also provided positive inhibition of S
sclerotiorum mycelial growth, mostly due to volatile production in this study. Similarly,
on strawberry leaves, B. mycoides was effective against Botrytis cinerea, and volatile

production was also detected (Guetsky et al. 2002).
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The bacteria with the greatest biocontrol potential were isolated from sclerotia
that were in the soil or on the soil surface for six months. Effective biocontrol bacteria on
PDA were also isolated from sclerotia sampled at nine months. Thirteen of the 29
inhibitory bacteria were isolated from the 6-month sampling date, followed by eight
bacteria from the 9-month sampling date. Sclerotia in the field for three and twelve
months had few inhibitory bacteria colonizing the sclerotia, with six of the seven bacteria
from these two sampling dates isolated from the 10 cm depth. Twenty of the 29
inhibitory bacteria were isolated from the 10 cm depth, which had the highest bacterial
population for all sampling dates, except, after twelve months when sclerotia were
heavily degraded. Only seven inhibitory bacteria were isolated from the 5 cm depth,
followed closely by six bacteria from the surface. Only one inhibitory bacterium was
directly isolated from sclerotia retrieved from sunflower (time 0). Plants influence the
biodiversity of bacteria in soils (Dunfield & Germida 2001), due to the release of amino
acids, sugars and root exudates (Rovira 1956a), which impact the types of bacteria
present at depths in the rhizosphere (Rovira 1956b). If root exudates can affect the
bacterial biodiversity in this way, it may explain the bacterial biodiversity between
sclerotial depths within the soil.

Inhibitory bacterial population biodiversity was evident between different
treatments in this study. Bacterial content was similar for all 0 cm depths, except for the
6-month analysis. This exception at 0 cm was most likely due to the spring conditions of
the sampling period, causing greater bacterial populations. Two 5 cm sampling dates that
were similar were the 3 and 12-month sampling dates, due to no isolation of inhibitory

bacteria from either of these dates. All 10 cm sampling dates were dissimilar from each
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other, as over 66% of the bacteria were isolated from the 10 cm depth. Distinction in
time was also clear when comparing the biodiversity of inhibitory bacteria. All depths
within the 6-month sampling date as well as the 9-month sampling date contained

inhibitory bacterial populations that were distinct.
5.6 Conclusions

The results in this study indicate that sclerotial longevity is negatively correlated
with time of burial and depth within the field. Sclerotial longevity is often over-
estimated, but a high percentage of sclerotia can remain viable if located on the soil
surface. Decreasing sclerotial viability is one strategy of managing S. sclerotiorum, and
it is evident that bacterial populations play a significant role in sclerotia degradation. The
proper tillage practices to delay germination and increase the time for bacterial
colonization will decrease S. sclerotiorum infection. Further research needs to determine
exactly what these proper tillage practices will consist of.

This is the first study to compare inhibitory bacteria populations between depths,
over time, and their effect on sclerotial germination. Further study into bacterial
biological control will be beneficial in understanding the longevity of sclerotia in the soil,
as the majority of previous research has concentrated on fungal antagonists. The isolated
bioconfrol agents can be investigated for their effectiveness against primary inoculum as
soil applied treatments, along with analysis of their effectiveness as foliar treatments.
Soil cover of sclerotia, promoting bacterial growth, will lead to increased sclerotial
degradation. However, tillage needs to be manipulated so subsequent soil disruption does
not simply recover previously buried sclerotia. With this information on sclerotial

germination and bacterial colonization, known tillage effects can be properly
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implemented and integrated with bacterial biocontrol agents, to limit the economic loss

due to S. sclerotiorum.
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6.0 GENERAL DISCUSSION AND CONCLUSIONS

Sclerotinia sclerotiorum (Lib.) de Bary infects over 400 plant species, and is
economically devastating to numerous agricultural crops including sunflower. Research
on S. sclerotiorum has occurred for well over a century, and although significant
advances have taken place, a high level of control has not been achieved. It was the
objective of this research to further investigate several facets of S. sclerotiorum
management, with the intent of improving sclerotinia head rot management in sunflower.
Host resistance, biological, chemical, and cultural control mechanisms were all
investigated to elucidate further information that could be incorporated and combined
with existing management practices. An integrated approach is required to reduce the
economical loss caused by S. sclerotiorum, as this pathogen will most likely never be
controlled by one mechanism alone.

Host resistance is the most economical method of disease control due to its simple
deployment (Chapter 3). Unfortunately, no high level of resistance has been found. New
sunflower hybrids are registered each year for their superior agronomic characteristics,
such as yield, oil content, maturity, and height. However, these new hybrids also need to
be assessed for their tolerance to S. sclerotiorum. The phenotypic reaction data verifies
previous impressions, that in general oilseeds are more tolerant to sclerotinia head rot
than confection sunflowers. With in depth phenotypic information, breeders may benefit
by utilizing germplasm from tolerant oilseed hybrids and incorporating it with the
agronomic and market traits of other sunflower hybrids.

The growth stage susceptibility to sclerotinia head rot in sunflowers was also

investigated. Determining that the most susceptible stage to sclerotinia head rot is the
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100% flowering stage will benefit researchers and producers in the future if a biological
or chemical control product is registered. Discovering that sunflowers are highly
susceptible to sclerotinia head rot from early flowering to maturity may lead to multiple
applications of potential biological or chemical control treatments.

The emphasis of this thesis was on biological control, both natural (Chapter 5)
and introduced (Chapter 4). Obviously, natural microorganism activity in the soil is not
sufficient to degrade sclerotia at a rate in which germination will cease. Nonetheless, it is
clear that natural sclerotial degradation does occur in the soil. By isolating beneficial
organisms, and re-introducing them back into the rhizosphere, sclerotial degradation may
increase. Bacillus spp. were isolated that produced over 80% inhibition of mycelial
growth, and appear as excellent biocontrol candidates for reintroduction into the field.
The reintroduction of isolated biocontrol agents from sclerotia was not investigated in
this study, and should be the aim of future research on sclerotial degradation. This
research should include direct assessment of bacteria effectiveness on reducing sclerotial
germination, using in vitro studies that coat viable sclerotia with the appropriate
concentrations of each bacterium. Formulations will need to be assessed along with the
colonization potential and longevity of the bacteria. Any bacteria from the 29 inhibitory
bacteria isolated that can be properly formulated, remain viable for an extended period of
time, and most importantly reduce sclerotial germination, should progress to in-field
performance testing. Clearly this research is a long-term project, but the initial biocontrol
agent discovery has been accomplished.

Introduction of bacteria to the phylloplane to protect against S. sclerotiorum

infection was the second biological control strategy utilized in this thesis (Chapter 4).
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The purpose of this section was to assess Pseudomonas chlororaphis (strain PA-23), and
P. corrugata (strain 41), for their ability to manage natural and induced S. sclerotiorum
infection. Testing the performance in vivo is the second step in the process of biological
control commercialization. Literature warns not to progress to performance testing too
quickly, without fully assessing the biocontrol agents potential and all formulation
combinations. In our study, bacterial formulations were not explored prior to
performance testing. Results for the foliar biological control were variable; in the
Morden 1 experiment in 2001, the area under the disease progress curve (AUDPC) was
reduced by almost 50% with the foliar application of strain 41 under millet inoculation.
In other experiments, effectiveness was minimal with the same strain. This variation in
efficacy is because of numerous factors like, temperature, moisture, and humidity and
their effects on bacterial longevity. With in depth formulation research prior to
performance testing in the field, this variation in efficacy may be reduced. The results
produced from this biocontrol performance experiment were not conclusive, indicating
that neither bacterium should progress to the scale-up procedure. Future research should
assess the potential of these bacteria under several different formulations and application
procedures, determining the full extent of their applicability.

Chemical control is effective against S. sclerotiorum in other host crops such as
canola and beans. Chemical control is utilized as the main method of control in these
cropping systems, and is incorporated efficiently with other management strategies. The
intent of incorporating a chemical fungicide into the head rot assessment experiment was
to compare the effectiveness of an experimental chemical fungicide, BAS 510 F, to the

effectiveness of the biological control bacteria. In all but one trial, BAS 510 F
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outperformed both Pseudonionas spp., demonstrating the effectiveness of this fungicide.
BAS 510 F was more effective when applied at the 100% flowering stage (R6.0), in
comparison to application during early flowering (R5.1-R5.5). Whether this chemical
control would be economical for the producer, or achieve similar results under natural
production systems is a question that requires further research.

Cultural control is one of the most important protocols in an integrated disease
management system, with tillage representing a major component of this system. The
effects of tillage on the viability of sclerotia and incidence of S. sclerotiorum infection
are not fully understood. In depth research has progressed under all types of tillage, but
results are often contrasting within the same tillage system. The intent of this study was
to omit this variation of tillage and isolate the effect of depth and time on the survival of
sclerotia and bacterial colonization.

It is clear that the elapsed time in the soil (R = -0.68, P < 0.0001) and depth of
burial (R =-0.58, P < 0.0001) were both negatively correlated with sclerotia viability. It
is also evident that time and depth affect bacterial colonization which negatively
correlates with sclerotial viability (R? = -0.60, P < 0.0001). Previous reports have stated
that sclerotia near the soil surface degrade at a higher rate than sclerotia deeper in the soil
profile. Under the soil and environmental conditions at this experimental site, burying
sclerotia deeper in the soil profile will decrease sclerotial viability at a much greater rate
than if sclerotia remain on the soil surface. Bacterial colonization of sclerotia plays a
significant role in their degradation. Tillage effects on sclerotial placement should be

studied over a simulation period of several years to better understand what tillage
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practices will increase sclerotial degradation. With this information, producers could
manage S. sclerotiorum inoculum effectively with current agronomic practices.

Four S. sclerotiorum management techniques were researched in this thesis. On
their own, none provided complete control of S. sclerotiorum. However, if combined, it
is possible that infection would decrease further, maintaining yield and seed quality.
There i1s no doubt that an integration of management techniques will aid in S
sclerotiorum control until complete resistance is discovered. The research that has been
conducted in this thesis will provide greater incite into the integration of these modified

management techniques.
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Appendix 1. Biolog Microl.o

Progran - Biolog MicroLog3 4.20
Save To File : CABiolog420M\Rob.D4C
Unsestricted Access? :Yes

Read Time : May 06 2003 10:41
Parent File :

Plate Number 212

Incubation Time D624

Sample Number 73

Strain Type  GN-ALL

Strain Number :

Strain Name : Hainia alvel

Other T

Data nput Mode ‘Manual

Number +/b/- Reactions :67/21/69

Database To Search : Microl.og

: CABIOLOG$20\Databases\GNEO1.KID

3 Intubitory Bacterial Identification Data

Plale Type: GN2

‘Data Base(s) Searched
Key 1 <X>: posilive; <X:: mismalched positive; X: negalive; X+: mismatched negalive
. {X}: bordeddine; -X: tess than AT well

Coflor 1 2 3 4 5 6 i 8 g 10 i1 12

A. - - - 0 - - - - - - -

B - nooon 0 - " - - - - - -

C - - - . - - . - - N . -

D - n - - - -0 - - n 6 @

E - SRR B B - - - - - )

F - - - - - - - o v < - -

G - - - - - " @ e - -

H - <+> <> <> - {1} - {n {1 - - -

=> Species |D: Hafnia alvei <=
Species PROB _ Siv DIST TYPE

=>1} Hafnia alvei 92 079 224 GMN-ENT

Z )} Riemerella anatipestifer 4 0.03 332 GN-NENT OXl+

3 ) Proteus myxofaciens 2 002 355 GNENT

4 ) Salmonella gp 1 {choleraesuis) 1 0.01 3.87 GN-ENT

5 ) Provideacia rettigeri Q .00 418 GN-ENT

6 )} Shewanella putrefaciens A Q 0.00 4.23  GNNENT OX1+
.7 )} Xenorhabdus nematophila g 0.00 450 GNENT

8 ) Aeromonas veroniifsobria DNA group 8 0 0.00 4.54 GN-NENT OXi+

9 ) -Pseudomonas flucrescens biotype C 0 0.00 470 GN-NENT

0 0.00 477 GN-NENT OXl+

10 ) Empedobacler brevis
Cther )

. Pant Time = May 06 2(}6'3 10:42

" Page 1of 1 pages
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Program
Save To File
Unrestricted Access?
Read Time
Parent File
Plate Number
tncubation Time
Sample Number
Stain Type
Straia Number
Strain Name
Qther
"Data tnput Mode
590/750 Fillers Used
~ Threshotd Mode

Number +/b/- Reactions

Database To Search
Data Base{s) Searched

. Biolog Microlog3 4.20
- CABiolog4 20\Rob.B4C
:Yes

: May 02 2003 10:14

: Original Data Record
o7

: 16-24

o 54

CGP-ALL

: Bacillus cereus/thuringiensis

: Reader

:6f5

: Automatic: Color: 59/120
36114146

: Microlog

: CABIOLOG42(M\Databases\GPEG1.KID

Plate Type: GP2

1 <X>: positive; <X-: mismatchéd posilive;” X:negative; X+ mismatched negative

Key -
) {X): bordedine;” -X: fess than A1 well
Color__ 1 2 3 4 5 6 7 8 .9 0 11 12
A 6 18 {69} <525> 49+ 62 <35> 6+ {92} <384> {64) - 3
8 {87y 1 23 <140> <326> -7 58 -3 H 44 <593 0
C 7 22 <468> <242> 18 {105} 26 = 37 29 42 <432> 24
D <460- 11 <193> <193> 18 10 { 96} 0 6 -1 20 {76}
E 11 <615 {96} -7 29 [ 80) <159> 24 56 39 32 <s502>
F 22 {108} <282> 12 <313> <422> 52 58 <641> @ 28 {75}
G 1+ <310> <619> <T01> <478> <349> <372> 55 -<866> -8 {82} <455>
H <792> <515> <375> <672> <774> <561> <423> <513> (85 47 {73} <326>
=> Spedies 1D: Bacillus cereusfhuringiensis <=
Species PROB SIM___ DIST TYPE
=>1} Baciius cereus/thuringiensis - 84 069 415 GPRODSB
2 ) Slaphylococous delphini 5 003 514 GP-COCCAT+
3 ) Staphylococcus aureus ss aureus 1 0.00 5.83 GP-COCCAT+
4 ) Staphylococous xylosus 0 000 695 GP.COCCAT+
§ } Staphyloceccus chromogenes G 000  7.09 GP-COCCAT+
6 } Staphylococeus sdiur 0 000 7.89 GP-COCCAT+
7 ) Bacillus mycoides ¢ 000 851 GP-RODSB
8§ ) Siaphylococcus muscae 0 0.00 8.94 GP-COCCAT+
9 } Staphylococcus inteamedius 0 600 934  GP-COCCAT+
10 ) Staphylococcus lutrae 0 000 984 GP-COCCAT+
Other ) '

Print Time = May 62 2003 10:16

VPége 10of 1 pages
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Program . Biolog Microl.og3 4.20
Save To File 1 C:ABiologd2(\Rob.D4C
Unrestricted Access? :Yes

Read Time - May 06 2003 10:52
Parent File * Original Data Record
Pilate Number 113

Incubation Time s 16-24

Sampte Number t29

Strain Type I GP-ALL

Strain Number .

Strain Name : Bacillus amyloliquefaciens
Cther A

Data Input Mode : Manual

Number +b/- Reactions :35/23138

Database To Search * Microlog

Data Base(s} Searched

: CABIOLOG420\Databases\GPE0 1.KID

Plate Type: GP2

1 <X>: positive; <X-: mismatched posilive; X: negalive; X+:

_ Priat Time = May 06 2003 10:54

Page 1of1 pages

Key mismalched negative
{X¥: bordedine; -X: less than AT well
Color 1 2 3 4 . 5 6 7 8 9 .10 11 12
A - - ST nwoon - w - B
B - - <+> <+> <> - <+- T - <#> { <+> -
C - - <> <> <> <> {f} - - - <> <>
D <+> - | <#> <> <#- - {[} [I} - <+> - <>
£ - @ e - - - -0
F 0 - DA B s | (R
G - 1 <+> -+ <+> <+> - ) {f} n N <+>
H <¥> <+> <+> <> <+> - - - - - - <>
=> Spediés 10: Bacillus amyloliquefaciens <=
Species PROB SIM DIST TYPE
=>1} Badillus amyloliquefadiens 91 063 462 GP-ROD SB
2 } - Badillus licheniformis 6 004 553 GP-RODSB
3 ) WMicrobacterium maritypicum 2 0.01 591 GP-ROD
4 ) Staphylococcus lentus 0 000 647 GP-COCCAT+
§ )} Badillus megaterum o 0.00 682 GP-ROD SB
6 } Staphylococcus sciusi ss rodenatium a 0.00 6.86 GP-COC CAT+
7 ') Staphylococcus sciud 0 0.00 748 GP-COC CAT+
8 } Bacillus sublilis{ATCC 6633) 0 0.00 7.55 GP-RQD SB
9 ) Microbacterium testaceum i Q.00 7.88 GP-ROD
- 10 ) Microbacterium spp. (CDC.A-4) 0 0.60 7.93 GP-ROD
Other )
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Program : Biolog Microlog3 4.20

Save To File : C\Biolog420\Rob.D4C

Unresfricted Access? I Yes

Read Time :May 21 2003 16:39

Parent File : Original Dala Record

Piate Number 134

incubation Time 46

Sample Number t41 Plate Type: GP2

Strain Type | : GP-ALL

Strain Number :

Strain Name ~ : Kocuria rosea

Other . H

Data Input Mode : Manqal

Number +/b/- Reactions 142423131

Database To Search ~ :Microlog '

Data Base(s) Searched : CABIOLOG420\Databases\GPE0H .KID

Key : 1 <X>: positive; <X-: mismatched positive; X: negalive; X+: mismatched negative
%) bordeding; -X: less than A1 well . ‘

Color 1 2 3 4 5 6 7 8 9 10 - 11 12

A - S < <> <+> - <> <+> <> - - -

B [I} - - <+> ) <+> - <4+> - <+> - <+> <i> <+>

C <> - <+> <+> <+> <+> {n <> n <+- -

D <+> - <4> <> <> - {,f} - - - <$> N <E>

E - <t>  <#x - 0 <> ) " ® . o <t>

F - - <t> - <+> -+ <+> <4> <> { - -

G 0 - 3 I <+> <> <> <+> - 0 <#-

H <> @B W <> @@ - - I -

=> Species ID: Kocuria rosea <= .
Species PROB° SIM DIST TYPE

=>1) Kocuria rosea - 100 0.75 3.81 GP-COC CAT+
2} Cellulosimicrobium celivfans -0 0.00 1006 GP-ROD CAT+
3 } Asthrobacter histidinoloverans 0 0.00 1071 GP-RODCAT+
4 )} Microbacterum spp. (COC.A4) ¢ Q.00 10.7? GP-ROD

5 )} Asnhrobacter iticis ' 0 0.00 10.88 GP-RODCAT+
6 ) Badillus megaterium 0 000 1155 GP-RODSB

7 ) Staphylococcus adellae 0 0.00 1157 GP-COC CAT+
8 } Gordonia rubropertinctus ¢ 000 1179 GP-RODCAT+
9 } Rhodococcus rhodochrous Q 0.60 i1.83 GP-ROD CAT#+
10 } Dermacoccus nishinomiyaensis 0 0.00 12.30 GP-COC CAT+
Other ) '

Print Time = May 21 2003 16:40 Page 1 of 1 pages
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Print Time = May 03 2003 10:32

Page 10f1 pageé

Program : Biclog Miaologd 4.20
Save To File - C\Biolog4 2(WRob.D4C
Unresfricted Access? :Yes
Read Time r May 03 2003 10:31
Parent File : Original Data Record
Piate Number -8
Incubation Time S 16-24
Sample Number S 67 Plate Type: GP2
Strain Type : GP-ALL
Strain Number :
Strain Name : Slaphylococcus lentus
Other . H ’ :
Dala Input Mode : Manual
Number +bf- Reactions 146120730
Database To Search : MicroLog )
Data Base(s) Searched : CABIOLOG420\Databases\GP601 KID
Key 1 <X>: posilive;  <X-: mismaiched posilive; X: negative; X+#: mismatched negative
. . {X}: bocdedine; -X: less than A1 weell
“Color 1 2 3 4 5 & 7 8 9 10 11 12

A - - - <+> <> - <+> in HH <> <+> <+>
B - - <t <+> <¥> - <#> - <> <E> <+> in

.G - - <+> <#> <+> <> {1} -+ - - <4> L <o
D <> - <> <+> <> . <> <+> - <> - <>
4 - <> R - woon 6 w0
F - - { - <4> <> - <> - <+> <+> <> <+>
G - -+ { {n <t <+ - {} { { <4 <+>
H <> <+ <+> <¥> <+> (f} N i - - - <F>

=> Species {0: Staphyfococcus lentus <=
Spedies PROB _SIM . DIST TYPE

=>1} Staphylococcus lentus 99 .0.56 6.76  GP-COC CAT+
2 }  Staphylococous sciuri 1 0.01 8.24 GP-COC CAT+
3 )} Badilius licheniformis o 0.00 916 GP-R0ODSB
4 ) Bacillus amyloliquefaciens ] 000 - 945 GP-RODSSG
§ ) Badillus subfilis ' 0 000  10.15 GP-RODSB
6 ) Siaphylococcus pulvererifvitulinus 0 0.00 11.00 GP-COC CAT+
7 ) Adhrobacter woluwensis 0 000 11.13 GP-ROD CAT+
8 )} Rhodococcus chodochrous 0 0.00 i1.44 GP-ROD CAT+
9 ) Badilius psychrosaccharolyticus 0 000 1194 GP-ROD SR
10} Staphylococcus sciud ss rodentivm L)) Q.00 1229 GP-COC CAT+

144



Data Base(s) Searched

Program : Biotog MicroLogd 4.20
Save To File - C\Biologd20\Rob.D4C
Unrestricted Access? :Yes
Read Time : May 03 2003 10:44
Parent File : Original Data Record
Plate Nurmmber :9
Incubation Time 1 16-24
Sample Number 1207
Strain Type S GP-ALL
Strain Number :
Strain Name : Brevibacterium ofitidis
Cther . :
‘Data Input Mode : Mantal

- Number +b/- Reactions 61124711
Database To Search - Microl.og

| CABIOLOGA20\Databases\GP601.KID

+<X>: positive; <X-: mismatched positive;

Plate Type: GP2

mismatched negative

Print Time = May 03 2003 10:45

Page 1 of 1.pages

Key X negative; X+:
{4 borderiine; -X: tess than A1 well

Color 1 2 3 4 5 5 7 8 g9 10 11 12

A - - <+> <% <$> - <+> <+> <4> <+> <t+> <+>

B {n i} <t- <E> L <> - - - <4> - - <> <+>

C - - <E> <t> <+> <> <+ <+> <+> <+> <> <+>
-0 <+> N <+> <+> <> - {f} <> n '(f} {n ] <>

E - <4 <t> - <> L} {}] <+> {} tn ([}' <>

F [44] 1 <+> HA {f} <'+> <+> {} <> <E> <> <+>

G {]} <+> <+> <+> <E> <+> (f} <£> <4> <£ <+> <>

H <> <> <> T <> <+> <4 { <+> <> " {1} {n

=> Spedies 1D: Brevibactedum ofitidis <=
Spedies ' ) PROB_SiIM DIST TYPE

=>1) Brevibacterium otitidis 100 072 426 GP-ROD CAT+
2 )} Gordonia mibropertinctus e 0.00 7.29 'GP-ROD CAT+
3 ) Cormebaderium nitiiophilus G 0.00 - 8.48 GP-RODCAT+
4 )} Brevibacterium mcbrellned 4] Q.00 9.00 GPAROD CAT+
5 ) Badillus amyloliquefaciens Q .00 951 GP-RODSB

6 ) Deinocoocus grandis Q 0.00 993 GP-COC CAT+
7 } Tsukamurella inchonensis 0 0.00 10.04 GP-ROD CAT+
8 ) Rhodococous ausiralis it Q.00 19.25 GP-ROD CAT+
8 ) Microbacterium temegens o 000 1048 GP-ROD

10 ) Demmacoccus nishinomiyaensis 0 0.00 10.57 GP-COC CAT+
Other }
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Program
Save To File
Unrestricted Access?
Read Time
Parent File
Plale Number
' incubation Time
Sample Number
Strain Type
Strain Number
Strain Name
Other .
Data Input Mode
“ Number +/b/- Reactions
- Database To Search
Data Base(s) Searched

: Biolog Microlog3 4.20
: C\Biolog420\Robh.D4C
I Yes

* May 06 2003 10:59

: Original Data Record
14

1 16-24

1 240

I GP-ALL

: Badillus subtilis

- :Manual
128710758
: Microlog
1 GABIOLOGA420WDatabases\GPE0 LKID

Plate Type: GP2

1 <X>: positive; <X-: mismatched positive; X negative; X+:

mismatched negative

Print Time = May 06 2003 10:59

Page 1 of 1 pages

Key
{X}: borderline; -X: less than A1 well
Color 1 . 2 3 4 5 6 7 g 9 10 11 12
A - - - <+> - - -+ - - <+> - -
B - - {1 <+> <> - 1}] - <+> - <4> -
. C - - <> -+ <+> <> - - - - <> <+>
D <+> - <+> <> - - {n {} - <4> - <+>
[ - <+> <> - - - - - - - - -
F - - i - -+ <+> {} - <E> - 43 -
G - - {} <3> - <+> <> - . <> - i <4>
H [14] - <> <+> <+> - - - - - - -
=> Species 1D: Bacillus subtilis <=
Spedes - PROB  SIM DIST TYPE
=>1} Bacillus subtilis 56 0.75 331 GPRODSB
2 ) Bacillus amyldliquefaciens 4 0.03 442 GP-RODSB
3 } Staphylococous lentus g 060 652 GP-COC CAT+
4 } Staphylococcus sciuri ss rodentium 0 0.00 6.61 GP-COC CAT+
§ ) Bacillus megaterium Q Q.00 678 GP-RODSB
6.} Staphy!omcws pulvererifvitulinus Q 0.00 6.96 GP-COC CAT+
7 ) Staphylococcus sciud [} 0.00 7.37 GPCOCCAT+
8 ) Bacillus subtifis(ATCC 6633) L] 0.00 7.67 GP-RODSB
9 } Staphylococcus aretiae Q ¢.00 7.68 GP-COC CAT+
10 ) Badillus licheniformis 0 0.60 7.70  GP-ROD SB
Other)
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Program
Save To Fite )
Unrestricted Access?

: Biolog Micrat0g3 4.20
: C:\Biolog420\Rab.D4C
:Yes

© PrntTi

Read Time T May 97 2003 10:15
Parent File : Original Data Record
Plate Number 19
incubation Time 1624
Sample Number 12031 Plate Type: GP2
Strain Type s GP-ALL
Strain Number :
Strain Name ~Badillus subtifis
Other s '
Data Input Mode : Manuai
Number +/b/- Reactions 12818160
Database To Seaich : Microt.og
Data Base(s) Searched - CABICLOG420WDatabases\GPE01.KID
Key 1 <X>: positive; <X-: mismaiched posilive; X: negative; X+: mismatched negative
{G: borderline; -X: less than A1 well

Color 1 - 2 3 4 5 6 7 3 9 10 i1 12
A - - - <> - - -+ - - <> - -
8 - - <4> <+> <> - 1{}] - <> - <> -
C - - <+> -+ <> <#> - - - - <4> <>
D I - <+> <+> - - <> i - <¥> - <>
E - <+> <> - <4- - - - - - - -
F - z - - -+ <> - - <t> - - -
G - Hi <+> - {1} <+> - - 1 - - <>
H {1 - <+> <4> <> - - - - - - ]

=> Species {0: Bacillus sublifis <=

Species PROB _ SIM DIST TYPE-
=>1} Badillus subtilis 100 0.72 423 GP-RODSB
2 ) Bacillus amylofiquefaciens g 0.00 624 GP-RODSB
3 } Bacillus megaterium ¢] 0.00 879 GP-RODSB
4 )} Slaphylococcus sciwi ss rodentium 0 000 681 GPCOCCAT+
5 } Macrococcus equipercicus o 0.00 7.16  GP-COC CAT+
6 ) Microbaclerium saperdae 0 0.00 717 GP-ROD
7 )} Staphylococcus pulvererifvitulinus 0 0.00 7.38 GP-COCCAT+
8 } Staphylococcus lentus 0 0.00 760 GP-COCCAT+
9 ) Bacillus licheniformis ¢ 0.00 770 GP-RODSB
10 ) - Macrococcus bovicus o 0.00 8.04 GP-COCCAT+
Other )
me = May 07 2003 10:16 Page 1 of 1 pages
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Program

Save To File
Unresticled Access?
Read Time

Parent File

: Biolog Microbog3 4.20
: CABiolog420\Rob.04C
:Yes

:May 07 2003 10:21

- Original Data Record

Piate Number © 20
Incubation Time :16-24
Sample Number 12033 Plate Type: GP2
Strain Type I GP-ALL
Strain Number ;o
Strala Name : Bacillus amyloliquefaciens
Other :
Data Input Made : Reader
590/750 Fillers Used :6/5
Threshotd Mode - Automatic: Color: 55/153
Number +b/- Reactions 13618752 '
Database To Search : Microlog
Data Base(s) Searched : CABIOLOG420\Databases\GP601.KID
Key 1 <X>: posilive; <X-: mismatched positive; X negalive; X+: mismatched negative
{X): bordertine; -X: less than AT weli
Color 1. 2 3 4 5 6 7 8 9 10 11 12
A 0 5 1+ <493 13 5 4+ 51+ 18 <35> { 79} <173>
B 17 -1 <224> <332> <403> 4 <204~ -4 <337> {75} <399> 6
C 3 2 <331> {149} < 340> <31%> 23 1i 7 2 < 231> <317>
D <202> -4  <393> <335> <250- -1 39 {142 1 <3t7> 4 <450>
£ -1 < 443> <267> 11 8 1 -2 5 19 -7 7 29
F 4 9 {102} 5 {82 <227> {124) 5 <456> {124y o0
G 3 <302> <232> 5+ < 190> <305> -1 12 <282> -3 18 < 343>
H <209> <279> <359> <277> <419> -8 0 8 -1 -3 -1 < 420>
=> Spedcies 1D: Badillus amyloliquefaciens <=
Spedies , ‘ PROB_SIM_ DIST TYPE
=>1) Bacillus amyfoliquefaciens a7 0.55 6.70 GP-RODSB
2. ) Staphylococcus lentus 2 .01 797 GP-COCCAT+
3 ) Staphylococcus sciud 1 0.00 829 GP-COCCAT+
4} Bacillus sublilis{ATCC 6633} ¢} 0.00 9.04 GP-RODSB
5 )  Bacillus ticheniformis 0 000 937 GP-RODSB
6 ) Microbactedum testaceumn 0 0.00 948 GP-ROD
7 }  Staphylococcus sciuri ss rodentium g Q.00 9.78 GP-COC CAT+
8 } Microbacterium méﬁtypicum 0 0.00 10.70 GP-RQD
9 )} Badillus subtilis 0 000 1070 GP-RODSB
10-) Bacillus pumilus 0 . 000 11.60 GP-ROD SB
Other}

Print Time = May 07 2003 10:22

Page 1 of 1 pages ~
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Program

Save To File
Unrestricted Access?
Read Time
Parént File
Plate Number
incobation Time
Sample Number
Strain Type
Strain Number
Strain Name
Other

Data lnput Mode

MNumber +/b/- Reactions -

Database To Search
‘Data Base(s) Searched

: Biolog MicroLogd 4.20
: C\Biotogd 20\Rob.D4C
:Yes

: May 03 2003 10:55

: Original Data Record

: 16

1 16-24

1223

: GP-ALL

: Badillus licheniformis

: Manugal

54119123

: Microlog

: CABIOLOG420\Databases\GPE0 1.KID

Plate Type: GP2

> <X>: positive; <X mismatched positive: X negative; X+:

O &~ ;b wN

Key mismatched negative
{4 bordedine; -X: less than AT well :
Color 1 2 3 4 5 6 - 7 8 9 10 11 12
A - { { <¥+> <#> - <> <t {1} <4> <> <>
B - - <+> < > <+> - ([} - <t> <> <1> <+>
G {1} - <> [ <> <\;> { - - - <4> <t>
D <+> - <+> <+> <t> - <> {} - <E> {} <+>
E {n <+> <> - {n N - - i i <E- <+> <¥>
F <4- { i - <> <> { - <4> <$> <> <#-
G - <+> <> < > <i> <> - <4> <$> <+- <4> <>
H <+> <+> <+> <+> <+> - - {Q {]} - {[} <+>
=> Species 1{): Badillus licheniformis <= .
Spedies ) PROB_SIM - DIST TYPE
>1} Bacillus licheniformis 100 0.58 - 647 GP-RODSB
} . Badillus amyloliquefaciens I 0.00 866 GP-RODSB
) Staphylococeous tentus Q 0.00 1263 GP-COC CAT+
}  Bacillus sublitis i 0.00 1332 GP-RODSB
) " Badillus megaterium g 000 1344 GP-RODSB
) Staphylococcus pulvererifvitutinus 0 0.00 13.56 GP-COC CAT+
} . Adhrobacter woluwensis [¢] 0.00 1421 GP-ROD CAT+
] Staphylococcus sciuri 0 0.00 14.26 GP-COC CAT+
] Brevibaclerium ofitidis 0 000 1486 GP-ROD CAT+
10 )} Gordonia rubropertinclus 0 0.06 -14.87 GP-ROD CAT+
Other }

Print Time = May 03 2003 10:56

Page 1 of 1 pages
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Program : Biolog Microlog3 4.20

O L~ D0 & wh

Save To File : C:\Biologd20¥WRob.D4C
Unrestricted Access? :Yes
Read Time : May 06 2003 11:06
Parent File : Original Dala Record
Plale Number 115
Incubation Time :16-24
Sample Number 1248 Plate Type: GP2
Strain Type T GP-ALL
‘Strain Number :
Strain Name : Baciltus amylotiquefaciens
Other o Co
Dala Input Mode " :Manual
~ Number +/bf- Reactions - 137413746
Database To Search : Micralog
Data Base(s),_Seardied : CABIOLOG420\Databases\GPE01 . KID
Key ’ . <X>: positive; <X-: mismalched positive; X: negative; X+: mismatched negaiive
- £0: bordesfine; -X: less thar A1 well
Color 1 2 3 4 5 3] 7 1] 9 10 11 - 12
A - - -+ <+> - - -+ <+> <+> <+> - -+
B8 - - <> <#> <+> - " - <> " <> -
. C - - <4 <E> <4 <4> - - - - <E> <>
- D <#> - <> <$> {n - {{} {f} - <> - <+>
| = - <+> <+> - - - - {n - - - -
F - - <> - {} <> {h - <> - {n [
G - <> <4+> {1 <+> <F> - {n <+> - i <>
H <+> <> <> <4> <> - - - - - - <>
=> Species |D: Bacillus amyloliqueladiens <=
Spedies PROB SIM DIST _TYPE
=>1) Bacillus amyloliquefaciens 100 0.74 >3.86_ GP-ROD 5B
}  Bacillus licheniformis g Q.00 6.66 GP-RCODSB '
} Staphylococcus sciuri 0 Q.00 740 GP-COCCAT+
}  Staphylococcus lentus o 0.00 7.85 GP-COCCAT+
} Badillus subtilis 0 0.00 8.24 GP-RODSB
¥ Microbacterium testaceum 0 000 830 GP-ROD
) Staphylococcus sciuri ss rodentium ¢ 0.00 851 GP-COCCAT+
}  Badiflus subtilis{ATCC 6633} 0 0.00 8.97 GP-RODSB
}  Bacillus pumilus 0 0.00 10.00 GP-ROD SB
10 )} Bacilius megaterium 0 000 1032 GP-RODSB
bmer)
Print Time = May 06 2003.11:08 S Page 1 of 1 pages
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Program

: Biolog MicroLog3 4.20

Worksheel Fite : C:\Biologd420\R0GB . W4C
Save To File : CABiclog420\Rob.D4C
Unrestricled Access? :Yes .
Read Time - May 01 2603 09:35
Parent File : Original Data Record
Plate Number :3
incubation Time :16-24
Sample Number 1 2056
Strain Type I GN-ALL
Strain Number :
Strain Name : Pseudomonas comugata
Other SR )

_Data Input Mode : Reader
590/750 Filters Used 1615

" Threshold Mode : Automatic: Color: 93/178
Number +b/- Reactions 15718131
Database To Search : Microlog

Plate Type: GN2

Data Base(s) Searched : CABIOLOG420\Databases\GNG01 KID

Key . : <X>: positive; <X-: mismalched positive;  X: negative; X+: mismatched negative
’ {X}: bordedine; -X:less than A1 well : .

Calor 1 2 3. 4 5 6 .7 8 9 - 10 11 2
A Q 17 89 {145} <344> <316> 5 <301> 26 - <G680> <379> 7

8 43 <413> 67 <593> 42 . <487> <337> 7 A5 - 82 <434> <406>
C 49 {110} <269> 14 - 74 <445 <399> <411> 21 19 < 263> <318>
D <486> <712> <B16> < 242> <365> 26+ <478 < 354> < 274> < 197> <450> 6

£ <414> 68 {158} <542> {151} <481> <515 7+ {162} <709> 6 <506>
F <345> <400> 31 <316> <456> <400> <404> <481> <568> <674> 32 <323
G <247> {149) <315> {126} 48 <d405> <479> <21- <327> <247> <210> <376>
H <382> <572> <314> 8 -2 85  <223> {167} <29%> 90 13 14

=> Spedies [D: Pseudomonas conugata <=

Species . PROB St DIST TYPE
=>1} Pseudomonas corugata 89 0.64 431  GN-NENT Oxi+
2.) Pseudomonas marginalis . 10 Q.07 506 GN-NENT OXi+
3 ) Pseudomonas synxanitha 0 0.00 6.10  GN-NENT OX1+
4 } Pseudomonas fluorescens biotype F 0 0.00 6.28 GN-NENT
5 ) Pseudomonas fluorescens biotype A 0 0.00 6.34 GN-NENT
6 ) Pseudomonas fluorescens 0 0.00  7.44 GN-NENT
7 } Pseudemonas chiororaphis {fluor. biotype D) ¢} 0.00 8.00 GN-NENT OXi+
8§ } Pseudomonas aurantiaca 0 000 817 GN-NENTOXI+
9 } Pseudomonas syringae pv papulans 0 0.00 10.52 GN-NENT
10 )} Pseudomonas syringae pv primulae 0 0.00 10.58 GN-NENT OXi-

Print Time = May 01 2003 09:35

Page 1 of 1 pages
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Frogram

Save To Fite
Unrestricted Access?
Read Time

Parent File

Plate Number

: Biolog MicrelLogl 4.20
- CBiofogd 20\Rob.D4C
T Yes

: May 03 2003 11:07

: Griginal Data Record
o1

Other }-

Print Time = May 03 2003 11:07

Page 1 of 1 pages

incubation Time 11624

Sample Number 1226 Plate Type: GP2

Strain Type T GP-ALL

Strain Number :

Strain Name : Bacillus amyloliquefaciens

Other :

Data lnput Mode : Manual

Number +b/- Reactions 131124141

Database To Search : Microlog

Data Base(s) Searched : CABIOLOG420\Databases\GPE01.KID

Key : <X>: positive; <X-: mismatched positive; X negative; X+: mismalched negative

- {X): bordedine; -X:less than A1 well i

Color 1 2 3 4 5 6 7 8 9 10 . 11 12

A - - -+ <> - - n <> <> <> i) ]

8 - - e <i> <#> - 1] - <+> - <> -

C {n - <+> {n <+> <+> - - - - <¥> <>
‘D - <+> - <+> <> B - { ! - <¥> - <>

E - <#> _<E> . - - - 3] {} - - -

F - - ] - B <> " {f} - <> - i {f}

G - 1 n @ (' <+ - " { U i <>

H <> <+> <+> <> <4> - - - - - - <>

=> Species H): Bacillus amylaliquefaciens <=
Species PRCOB SIM DIST TYPE

=>1} Badillus amyloliquefaciens 100 0.89 162 GP-ROD SB

2 ) Staphylococeus sciud ss rodentium Li] 0.00 4.03 GP-COC CAT+
3 )} Bacillus subtilis [¢] . 0.00 4.16 GP-ROD SB

4 } Staphylococcus lentus ¢} 0.00 496 GP-COCCAT+
§ -}  Badillus sublilis{ATCC 6633) 4] 0.00 567 GP-ROD SB

6 } Bacillus ficheniformis 0 0.00 6.20 GP-ROD SB

7 ) Staphylocaccus sciud 0 0.00 6.26 GP-COCCAT+
8 ) Microbacterum maritypicum 0 0.00 6.55 GP-ROD

9 )} Staphylococcus arlettae 9 000 686 GP-COCCAT+
10 ) Microbacterium saperdae g 000 7.04 GP-ROD
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Print Time = May 02 2003 10:06

Program : Biolog Microlog3 4.20
Save To File - CABiologa20\Rch. D4C
Uneestricted Access? :Yes
Read Time > May 02 2603 10:05
Parent File : Original Data Record
Plate Number :hH
Incubation Time t16-24
Sample Number 1230 Plate Type: GN2
Strain Type D GN-ALL
Strain Number :
Strain Name : Mannheimia haemolytica
Otfier :
Data Input Mode : Manual

~Number +/b/- Reactions c18/1417864
Database To Search : Mimﬂog .
Data Base(s) Searched : CABIOLOG420\Databases\GNG01.KID
Key : <X>: positive; <X-: mismatched positive; X negative; X+: mismalched negative

{: borderine; -X: iess than A1 well '
Color 1 2 3 4 5 6 7 8 g 10 11 12
A - - <+> - - - - -+ - - - <>
B . - <> - " <> <> - - - <+> <> <>
C - - <> <#> - <> <> <+> {} - <+> -
D - - - -+ - - <¥- - - - - -
E - - -4 - - - - - - - - z
Fi 0w - - SR S R S S S B -
G - . - - SR ¢ T ) B/ B - -
H - <> <4> <> - - - - {" [44] - -
=> Speéies [B: Mannheimia haemolytica <=
Species B PROB_SIM DIST TYPE

=>1} Mannheimia haemolytica 82 0.58 452 GN-MENT OXi+
2} Pasteurella multocida ss multocida 7 0.05 535 GN-NENT OXt+
3 ) Enlerobacter oacae 3 002 562 GNENT
4 } Pasteurella trehalosi 3 0.02 571 GN-NENT OXI+
5 ) Sematia odorifera 1 0.01 6.02 GN-ENT

"6} Yessinia bercovien 1 0.1 6056 GN-ENT
7 ) Rahnella aquatitis 1 Q.01 611 GN-ENT
8 ) Actinobacillus hominis 1 0.01 6.12  GN-FAS OXi+
9 ) Vibrio diazotrophicus i 0.00 6.21  GN-NENT OXi+
10 } Kiuyvera ascorbata 1 0.00 - 624 GN-ENT
Other)

Page 1 of 1 pages
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Frogram . Biolog Microlog3 4.20

Save To File : C:\Biolog420\Rcb.D4C

Unresticled Access? S Yes

Read Tine : May 06 2003 11:16

Parent File : Original Data Record

Plate Number 116

Incubation Tune 0 16-24

Sample Humber 1 265 Plate Type: GP2

Strain Type : GP-ALL

Strain Number :

Straia Name : Bacilius aznyléiiquefadens

Other :

Data input Mode T Manual

Number +/bi- Reactions 131442753

Database To Search : Microlog

Data Base(s) Searched - CABIOLOG420\Databases\GPE0 1. KID

Key : <X>: positive; <X-: mismaltched positive; x: negative; X+ mismatched negative

{£X3: borderline; -X: less than At well

Color 1 2 3 4 5 6 7 8 g9 _ 1o 1% 12

A - - -+ <> - - -+ <4> . <#> - "

8 - - <> <+> <t> - {7} - <+> - <> -

C - - <+> i} <+> <> - - - - <> <>

D <+> - <+> <> - - {} {n - CXE> N <>

E - <+> <#> - {1} - - - L - - -

£ - - 0 - 0 <> < 0 - -
G - -t <> -+ [6}] <t> - - - - - <$>

H <4> <+> <t> <> <+> - - - - - - <F>>

=> Species ID: Badillus amyloliquefadiens <=

Species ) ____PROB._ SIM___ DIST TYPE
=>1} Bacillus amylctiquefaciens 98 Q7 4.09 GP-RODSB
2} Badilius subtilis i 0.01 558 GP-RODSB
3 ) “Baciltus sublilis(tATCC 6633} 1 0.01 567 GP-RODSB
4 )y Microbacterdum saperdae 0 .00 7.13 GPROD
5 ) Siaphylecoccus sciun ss rodentium ¢ 0.00 7.37 GP-COC CAT+
6 ) Badillus licheniformis 0. 0.00 8.49 GP-RODSB
7 } Cellilomonas hominis (COC.A-3} 0 0.060 867 GP-RODCGAT+
8 } Staphylococcus lentus 0 000 872 GP-COCCAT+
9 } Exiguobacterium acetylicum Q G.00 8.84 GP-RODCAT+
10 ) Cellulosimicrobium celiulans ¢l 0.00 9.13 GP-RODCAT+
Other ) '
Print Time = May 06 2003 11:29 : Page 1 of 1 pages
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Program : Biolog MicrolLogd 4.20
Save To File : CABiolog420WReb. D4C
Unrestricted Access? :Yes

Read Time : May 07 2003 16:04
Parenl File : Original Data Record

Plate Nurtber 17

Incubatica Time s 16-24

Sample Number - 266 Piate Type: GP2
Straia Type :GP-ALL

Strain Number : -

Strain Name : Bacillus licheniformis

Other -

Data Input Mode : Manual

Number #/b/- Reactions 7114745

Database To Search : Microlog

Dala Base(s) Searched

1 CABIOLOG420\Databases\GPE01.KID

Print Time = May 07 2003 10:04

Page 10of 1 pages

Key 1 <X>: positive; <X-: misralched positive; X negative; X+: mismatched negative
{X}: bordedine; --X: less than A1 well

Color 1 2 3 4 5 3] i 8 9 10 11 12

A - -+ { <+> i} - <t - - <+> - <¥-

8 - - {7 <> <> - 1! - <> <> <> -

C - . Tt -t <> <> - - - - <> <+>

D {} - <> <t> {} - {n i - <i7 - <+>

E ~# <+> <t> - - {} - - - - -

F - - <+> - <+> <> {n {7} <+> i N in

G <t> <4 - % <> <#> - - <+> - <+> <+>

H <4 <+> <F> <> <4 - - - - - - <4D>

=> Species ID: Bacillus licheniformis <=
Spedies PROB_SIM DiST_TYPE

=>1} Bacillus licheniformis 96 0.66 472 GP-RCD SB

2 ) SBacdilius amyloliquefaciens 4 002 581 GP-RODSB

3 )} Badllus subliis{ATCC 6633) 0 0.60 697 GP-ROD SB

4 } Staphylococcus sciur 0 0.00 7.85 GP-COCCAT+
5 } Badillus subiilis 0 0.00 8.64 GP-RODSB

6 ) Staphylococcus sdusi ss rodentium 0 0.00 9.11  GP-COC CAT+
7 ) Microbacterium spp. (CDC.A4) 0 0.00 9.84 GP-ROD

8 } Staphylococcus lentus 0 0.00 1006 GP-COC CAT+
9 ) Bacillus pumilas [ 0.00 18.00 GP-ROD SB
-10 ) Microbacterium testaceum 4] 13¢10) 10.65 GP-ROD
Other )
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Pregram : Biclog MicrotLog3 4.20

Save Fo File : CABiolog420\Rob.14C

Unresticted Access? s Yes

Read Time :May 07 2003 10:09

Parent File : Onginal Data Record

Plate Number 118

incubation Time :16-24

Sample Number 1268 Plate Type: GPZ

Strain Type 1 GP-ALL

Strain Number :

Strain Name * Bacillus amyloliquefaciens

Ctier, :

Data Input Mode : Reader

5901750 Filters Used (615

Threshold Mode : Automatic: Color: 53/145

Number 4t/ Reactions 137724135

Database To Search : Microt.og

Dala Base(s} Searched - C:ABIOLOG420\Databases\GP60 1.KID

Key 1 <X>: posilive; <X-: mismatched positive; X: negative; X+: mismatched negative
£X}: borderline; -X: less than A1 well »

Color 1 2 3 4 5- 6 7 8 g 10 H 12

A 0 1 15+ <364> { 74) -16 { 78y {140} {64} <269> 28 { 95}

B 16 1 {89 <253> <331> 6 <209- 12 <299> {107} <319> 28

C 0 10 <359> {133} <254> <373> { 65} -3 4 - 13 < 331> <310>

D <349> -8 < 388> <369> { 99} 36 {70} - {82 29 7 <33> A7 < 320>

E 27 < 378> <334> 22 {118}y { 67} -3 {97} {56} -6 {91} {68)

F { 56} 38 <181> -2 (125} <323> <151> -12  .<290> (114} <159> {133}

G 2 <277> <239> 38+ - <197> <304> -3 {74} <232> {119} <213- <326>

H <300> <228> <339> <369> <398> 4 15 39 26 29 44 < 340>

=> Species ID: Badiflus amyloliquefaciens <=

Print Time = May 07 2003 10:09

Spedies PROB SIM DIST TYPE -

=>1} Badillus amyloliquefaciens 100 Q.71 431 GP-ROD SB

2 )} Badillus licheniformis Q0 0.00 6.33 GP-ROD SB

3 ) Staphytococcus leatus 0 0.00 6.60 GP-COC CAT+

4 )} Bacillus megatenum 0 0.60 732 GP-RODSB

5 } Microbacterium testaceum g 0.00 742 GP-ROD

6 ) Staphylococcus sciurd 0 Q.00 7.45 GP-COCCAT+
‘7 } Badillus sublilis 0 000 820 GP-RODSB

8 ) Staphylococcus pulvererifvitulinus 0 0.00 823 GP-COCCAT+

3 )} Staphylococcus pasteuri Q g.00 827 GP-COCCAT+

10 } Siaphylococcus sduri ss rodentium [} 0.00 891 GP-COCCAT+

Other }

Page 1 of 1 pages
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Program
Save To File
Unrestricted Access?
Read Time
Parent File
Plate Number
Incabation Time
Sampfe Numbes
Strain Type
Strain Numboer
Sirain Name

- Cther
Data Input Mode
590750 Filters Used
Threshold Mode
MNumber +/b/- Reactions
Database To Search
Data Base(s) Searched

: Biolog Microl.ogd 4.20
- C:\Biologd2¢\Roh . D4AC
:Yes

: May 07 2003 10:25

: Original Data Record
021

. 16-24

12090

:GP-ALL

- Baciflus subftifis

: Reader

1615

: Automatic: Color: 31/65
131710155

: Microlog

1 C\BIOLOG420\Databases\GP60 1 KID

Plate Type: GP2

Print Time = May 07 2003 10:26

Page 1 of 1 pages

Key 1 <X>: positive; <X-: mismatched positive; X: negative; X+: mismaltched negative
{X}: bordedine; -X:less than A1 well
Color 1 2 3 4 5 6 7 8 g 10 11 12
A 4] 2 7 <172> 23 -0 6+ {58} (47} <i26> {51} { 54)
B 8 0 {57} <150> <t5i> O < 84- 0 <200> 20 <146> -3
C 14 -3 < 168>_-'{'37: < 152> <162> 17 A7 6 -0 < 180> < 159>
D <135 -1 < 114> < 162> < 77- 1 {40}y < 75> 2 <152> 4 < 190>
E 3 <181> <226> 7 16 9 1 18 18 -0 8 { 35}
F 5 10 31 -1 3+ < i58> 22 2 < 135> 1 7 3
G 8 29 <152> 4 < 91> <119> 2 8 {47} -1 11 < 185>
H { 49} 29 <180> < 135> < 166> 4 3 -3 6 1 7 < 146-
=> Species 1D: Baciflus subilis <=
Spedies . ___PROB_ SiM DIST _FYPE
=>1) Badillus subtilis 99 0.65 5.16 GP-RODSB
‘2 )} Staphylococcus lentus 1 .01 6.60 GP-COCCAT+
3 } Bacillus amyloliquefaciens (L 0.00 7.79  GP-RODSB
4 } Bacdillus megaterium ¢ .00 8.14 GP-RODSB
5 )} Staphylococcus sciurni ss rodentium ¢ .60 817 GP-COC CAT+
6 } Microbacterium maritypicum 0 0.c0 862 GP-ROD -
7 )} Microbacterium saperdae 0 000 910 GP-ROD
8 } Badllus licheniformis 0 0.00 967 GP-RODSB
9 ) Staphylococcus sciud 0 0.00 985 GP-COCCAT+
10 ) Enlerococcus solitarius 0 000 1000 GP-COCCAT-
Other } ’
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Program . Biolog Microt og3 4.20

Save To File . C:\Biclog420\Rab.D4C
Unresiricled Access? Yes
Read Time D ay 08 2003 11:04
Parenl File : Original Data Record
Plate Number 125
Incubation Time 1 16-24
Sample Number 1 3055 Plate Type: GP2
Strain Type : GP-ALL
Si@in Number :
Strain Name : Staphylococous sciui
Other :
Data tnput Mode : Manual
Number +b/- Reactions 147725124
Dalabase To Search : Micolog
Dala Base(s) Searched : C:ABIOLOG420\Databases\GP601.KID
Key o <X>: positive; <X-: mismalched positive; X: negative; X+: mismaiched negative
{5(}: bordedine; -X: less than AT well
Color 1 2 3 4 5 6 7 8 9 10 11 12
A - - . <> <> R <t> n n <t> <4 <t-
B <> - <¥> <+> <+> - <> - <> <> <+> n
C - - <> <+ <+> <#> i - - - <> <t>
D <ED> - <+> <E> <Ho - <+> <+> - <4+ i} <E>
E - <> <+> - <> - - - {1} - { i
F {[} ) 1) - <¥> <+> i - <+> {"} <+> {n
G 451 14 <> {n <+ <+ n N <+> {} <+- <>
H <#> <> <> <> <E> {n H) * i - 1 <E>

=> Species 10: Staphylacoccus sciur <=

W e N ;G a W N

Species PROB _ SIM DIST _TYPE
>1) Staphylocoocus sciuri 100 0.79 3.08 GP-COCCAT+
} Staphylococcus sdiun ss rodentium - 0 0.00 562 GP-COCCAT+
) Staphylococcus lentus 0 600  6.17 GP-COCCAT+
) Staphylococcus pulvererifvilulinus 0 000 631 GP-COCCAT+
) Badillus amyloliguefaciens 0 000 795 GP-RODSB
}  Badillus licheniformis 0 0.00 8.03 GP-RODSB
}  Microbacterium lestaceum o) 0.00 846 GP-ROD
} Exigucbactedum acetyticum 0 000 802 GP-RODCAT+
) Macrococcus equipercicus 0 0.00 930 GP-COCCAT+
10 } Baallus subtilis 0 000 991 GP-RODSB
Other )

_ Print Time = May 08 2603 11:04 ) Page 1 of 1 pages
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Program

Save To File
Umresincted Access?
Read Time
Parent File

Plate Number
Incubalion Time
Sample Number

Strain Type

Strain Number
- Strain Name

Gther

Data Inpul Mode
5907750 Fitters Used
Threshold Mode
Number +/b/- Reactions
Database To Search
‘Data Base(s) Searched

: Biolog Micrologd 4.20
- C:\Biclogd 20060 . DAC
Yes

May 08 2003 11:10

: Original Data Recoird
126

:16-24

1 3057

: GP-ALL

: Bacitlus subtilis

: Reader

1615

: Automatic: Color: 31/73

28711157

: Microlog

: CABIOLOG420\Databases\GP601.KID

Plate Type: GP2

Key : <X>: posilive; <X-: mismaltched positive; . X negative; X+: mismatched negative
{X}: bordedine; -X: less than A1 well

Color 1 2 3 4 5 G 7 8 9 19 11 12

A 0 1 2 < 139> 24 1 1+ {39 {34} <f07> {41} [ 70}

B 14, 5 < 75> < 179> < 178> 2 { 40} -7 < 226> < 89> < 180> 4

C -1 2 <146> 21+ <{16> <123> 18 0 -2 3 <196> <121>

D < §9> 0 <{110> <136> < 84- 4 {52y {65} 6 <173> 27 < 283>

E -1 <238> <123> 10 16 -8 -1 22 7 -1 1 21

F 17 18 17 -6 11+ < 94> 30 -1 <151> 13 22 12

G 13 9 { 63} i3 {64 <101> 3 18 { 32} i 5 < 119>

H 24 15 { 64} <1107> <111> -5 5] 14 2 5 S <118

=> Spedies iD: Bacillus sublilis <=

Species

PROB SIM DIST - TYPE

=>1} Bacillus subtilis

2 ) Staphylococeus sciurd ss rodentium

Bacillus amyloliquefaciens
Enterococeus solilarius
Staphylococcus lenlus
Microbactesium arborescens

" Badillus licheniformis
Staphylococcus sdiuri
Bacillus sublilis{ATCC 6633}

10 )} Badlius megaterium

Other)

DO~ ;L bW
et et i e e

Print Time = May 08 2003 11:10

98

= ~=T e = B ou B < B <~ I = B N1

0.64 529 GP-RODSB
0.01 6.61 GP-COC CAT+
000 7.30 GP-RODSB
000 7.50 GP-COCCAT-
000 812 GP-COCCAT+
000 824 GP-ROD

0.00 843 GP-RODSB
0.00 846 GP-COC CAT+
000 867 GP-RODSB
0.00 947 GP-RODSB

Page 1 of { pages
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Pragram : Biolog Micrologd 4.20

Save To File - C\Biclog420\Rob.04C

Unrestricted Access? : Yes

Read Time - May 15 2003 22:49

Parent File 1 Ondginal Data Record

Plate Number 132

Incabation Time :4-6

Sample Number 1 3060 Plate Type: GPP2

Strain Type : GP-ALL

Strain Number :

Strain Name : Staphylocooccus sciurd

Other H

Data Input Mode : Manual

Number +/b/- Reaclions 37718741

Database To Search : Microlog

Data Base({s} Searched fC;\SIOLOG420\Dalabases\GP601 Kip

Key 1 <X>: posilive; <X-: mismalched positive; X: negative; X+ mismatched negative

) ’ {X}: bordedfine; -X: less than A1 well

Color 1 2 3 4 5 6 7 8 9 10 11 iz
A - - S SR B ) B BT (/S
B - - <> <+> <+> - - - <> {n <> N

C - - <+> - <> <ED> - - - - <+'> <+>
D <#> - <4> <#> - - { <E> - { - <>
E . . <> <> - N <> . . - - N <>
F - - {k} - <> -+ - - <$> - {n [}]
[£1 {n <+> <+> <> <> <> <+> {1 <F> - {n <E>
H <+> <+> <+> <+> <> - n i - - {f} <>

=> Spedies [D: Staphylococcus sciuri <=

Spedies PROB__ SiM . DIST TYPE

=>1} Staphyloecoccus sciuri 100 0.84 244 GP-COCCAT+
2 )} Staphylococcus sciuri ss rodentum o Q00 470 GP-COCCAT+
3 EJdgudbactefium acetylicun - 4] 0.00 6.25 GP-ROD CAT+
4 ) Macrococcys equiperdicus o 000 652 GP-COCCAT+
5 )} Bacillus amyloliquefaciens Q 000 670 GP-RODSB

6 )} Badillus licheniformis 0 .60 723 GP-RCDSB

7 ) Staphylococcus pulvereri/vitulinus 0 0.60 772 GP-COC CAT+
8 )} Bacillus maroccanus ] 0.0 894 GP-ROD SB

9 )} Staphylococous caprae [¢] 0.00 9.24 GP-COC CAT+
10 } Staphylococcus xylosus [¢] Q.00 9.25 GP-COCCAT+
Other }

Print Time = May 15 2003 22:50 Page 1 of 1 pages.
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Program
Save To Fite

- Biolog Microl.ogd 4.20
: C\Biotegd20\Roh D4C

Unreslricted Access? cYes

Read Time: s May 02 2003 10:12
Parent Fite - Onginal Data Record
Plate Number 16
incubation Tune L1624
Sample Number 13073 Piate Type: GiN2
Strain Type 1 GM-ALL
Strain Number :

~ Strain Name : Pseudomonas corrugata
Other : . '
Dais tnput Mode : Reader
590/750 Filters Used :6(5
Threshold Mode ) : Avtornatic: Cotor: 102/169
Number +/bi- Reactions 15419133 '

" Dalabase To Search : MicroLog

Data Base(s) Searched : C:\B!OLOGQO\Dalabases'\GNSOi_KID

Key - <X>: positive; <X-: mismatched posiive; X negative; X+ mismalched negative
{xX}: borderline; -X: less than Al well
Color 1 2 3 4 5 6 7 8 9 10 11 12
A [ 13 91 {102} < 315> < 306> 5 { 156} 12 <648> <344> -1
B I <4i4> < 504> 23 < 436> <3069> 5 11 36 < 453> < 348>
C 35 75 . <41> 34 45 <354- <358> <392> 20 41 < 228> < 178>
D < 278> <4B64> < 669> < 236> < 344> 23+ <473> <350> {139} {139} <336> 7
E < 476> 36 51 < 440> 99 < 361> <353> <278> {132} <587> -2 < 338>
F < 419> <372> 18 < 203> < 366> <302> <352> <377> <479> <4i7> 22 < 240>
G < 200> <176> <231> 62 48 -<319> <331> {152} <276> {150} < 193> <267>
H < 352> <337> <229> -2 8 35 {112}y {(i22} <302> <300- 4 1
=> Species tD: Pseudomonas comugala <=
Spedies ___PROB_SIiM DIST TYPE
=>1}) Pseudemonas corrugata 98 .79 3.00 GN-NENT OXi+
2 } Pseudomonas flucrescens biotype F 1 0.0% 4.58 GN-NENT
3 } Pseudomonas chiororaphis {fluor. biotype O) 0 0.00 4.95 GN-NENT OXi+
4 ) Pseudomonas synxantha ) 0 0.00 5.10  GN-NENT OXi+
5 ) Pseudomonas fluorescens biclype A 0 0.00 569 GN-NENT
6 } Pseudomonas auranliaca 0 0.00 638 GN-NENT OXi+
7 ) . Pseudomonas rnarginalis Lt] .00 681 GN-NENT OXi+
8 )} Pseudomonas Buocrescens 0 .00 6.83 GHMN-NENT
9 } Pseudomonas aspleni 0 0.00 7.44 GN-NENT OXi+
10 ) Pseudomonas syringae pv apii 0 0.00 8.01 OGN-NENT
Cfther } .

Print Time = May 02 2003 10:12 Page 1 of1 pages
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Program

Save To Fite
Unrestricted Access?
Read Time
Parent File
Plate Number
Incubation Time
Samgle Number
Strain Type
Strain Number
Sirein Name

Other

Data lnput Mode
Number +/b/- Reaclions
Dalabase To Search
Data Base(s) Searched

: Biolog MicrolLogd 4.20
- C:\Biologd 20\Rob.4C
I Yes

- May 01 2003 09:42

- Original Data Record
14

1 16-24

1 3008

GN-ALL

: Manual
140714142
: Microlog
: CABIOLOG420\Dalabases\GNGO 1 KID

: Pseudomonas fluorescens

Plate Type: GN2

xcr% mf:o m3>8

Key 1 <X>:positive; <X-: mismalched posilive; X: negative; X+: mismatched negative
- {X}: borderline; -X: less lhan A1 wefl
or ~ 2 3 4 5 6 7 8 9 10 " 12
- - - - n i - - <t <> <+
- 4 {"} - <> C <> - - - <#> <¥>
- - i - - <> <4> -4 - - { {1}
<4> <> <¥> [{] - m <t> <4 <t> - <$> -
-+ - <> - <+> <¥> <+> <+> <#> ~ ’ <+>
T o> <+> ([} {/} <E> <+> <+> <+> <> <+> - -
-+ - - - - <> <+> - <+> i {f <+>
<+> <+> <¥+> - - - <+> - <4> ({} - -
=> Species 10: Pseudomonas fluorescens <=
Species PROB SIM DIST TYPE
=>{} Pseudomonas fluorescens 85 0.55 543  GN-NENT
2 ) Pseudomonas flucrescens biotype A 10 .06 6.17  GN-NENT
3 ) Pseudomonas syringae pv lachrymans 3 0.02 6.57 GN-NENT OXI-
4 ) Pseudomonas syringae pv papulans 1 0.00 7.02  GN-NENT
5 )} Pseudomonas syringae pv apii 1 0.00 712 GN-NENT
6 )} Pseudomonas synxantha Q 0.00 7.50 GN-NENT OXi+
7 } Pseudomonas viridiflava (syringae} ] 0.0G 7.60 GN-NENT OXi1-
8 ) Pseudomonas lolaasii 0 0.00 7.72  GN-NENT OXi+
9 )} Pseuvdomonas syringae pv antirrhini Q 000 7.95 GN-NENT OX!-
10 ) Pseudomonas fluorescens biotype £ 0 0.00 8.30  GN-NENT
Other }
Prnt Ti Page 1 of 1 pages

me = May 01 2003 03:42
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Frogram . Biolog MicroLog3 4.20

Save To File : C\Hiclogd 20\Roh. DAC

Unrestricted Access? : Yes

Read Time > May 08 2003 10:38

Parent File : Gaginal Data Record

Plate Number 122

Incubaton Time 11624

Sample Number 13020 Plate Type: GP2

Strain Type : GP-ALL

Strain Number :

Strain Name : Macrococcus equipercicus

COther :

Data input Mode : Manual

Number +/b/- Reactions 42716738

" Database To Search : Microlog
Data Base(s) Searched T CABIOLOG420\Databases\GPG01L.KID
Key 1 <X>: positive; <X-: mismatched positive; X negalive; X+: mismatched negative
(X} borderfine; --X: less than At well

Color 1 2 3 4 . 8§ 6 7 8 g 10 1 12
A - - - <> - 1 i 0 <> {} <=

8 i - <> <+> <> - j) - <+ <E> <+> 13

C - - <E> -+ <> <+> i - - - <4> <#-

2] <$> . <> <> (f} - <+> <+> - <+> - <>

| - <> <+> - ) <> - - - - - <+>

F 3] { { - - <+> <> - in <¥> - - -

G -+ <> <4 <+> <4> <t> <> - <§> - ] <>

H <£> <+>- <4> <#> <4> - - - - - - <+-

=> Species’|0: Macrococous equipercicus <=
Species. ] PROB _ SiM DIST TYPE

=>1) Macrococous equipercicus ' 90 060 5.1 GP-COCCAT+
2} Staphylococcus sciur g 0.05 591 GP-COCCAT+ .
3 ) Badilus licheniformis 1 001 670 GP-RODSB

4 } Staphylecoccous pulveredifvitulinus 0 0.00 717 GP-COC CAT+
5 ) Exiguobacterium acetylicum Q 0.00 7.29  GP-RODCAT+
6 ) Staphylococcus sciud ss rodentium 0 0.00 7.48 GP-COC CAT+
7 )} Baailus amylotiquefaciens ¢] 0.00 8.17 GP-RODSB

8 } Macrococaus bovicus Y 0.00 944 GP-COC CAT+
9 ) Staphylococcus lentus i} 0.00 10.12 GP-COC CAT+
10 ) Microbacterium testaceum 0 6.00 1051 GP-ROD

Other )

Print Time = May 08 2003 10:39 Page 1 of 1 pages
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Print Time = May 08 2003 10:42

Page 1 of 1 pages

Program : Biolog MicroLog3 4.20
Save To File : CBologd26WRob . DeC
Unrestricted Access? 1Yes
Read Time - May 08 2003 10.42
Parent File - Originzl Data Record
Plate Number 123
Incubation Time : 1624
Sample Number 1 3039 Plate Type: GP2
Strain Type GP-ALL
Strain Number :
Strain Name : Badillus lichenifonmis
Other :
Data Input Mode : Reader
590/750 Filters Used 16195
Threshold Mode : Aulomatic: Color: 897134
" Number. #/b/- Reaclions 15616134
Database To Search : Microl.og
Data Base(s) Searched : CABIOLOG420\Databases\GP601 . KID
Key 1 <X>: positive; <X-: mismatched posifive; X negative; X+: mismalched negative
{4: bordesline; -X: less than A1 well
Color 1 2 3 4 5 ' 7 8 9 10 11 12
A i) 25+ 61+ <688> < 189> < 301> { 94} 76 < 22> < 430> <458>
8 {112} 15 < 540> <934> < 808> < 165> 19 < 619> <438> <975> < 282>
C 5 30 <{03> 64+ <734> < 157> {122} 23 44 < 701> < 501>
D <710> 12 <717> <617> <140> < 383> <663> 74 <561> 23 < 931>
£ 69+  <801> <118> 62 {111} {102} 35 71 -11 68 < 532>
F < §50> < 360> < 344> 4 < 524> < i59>. 60 <757> 64 < 190> {111}
G 34 <434> <438> <44i> <740~ < 543> <150> <537> 24 < 294> < 572>
H < 874> <591> <7T05> <735> <669> 45 22 82 59 65 < 410>
=> Spedies ID: Bacillus licheniformis <=
Species PROB SiM DIST _TYPE
=>1) Baditlus licheniformis 100 0.51 779 GP-RODSB
2 } Staphylococcus pulvererifvitulinus ¢} 0.60 11.63 GP-COC CAT+
3 )} Badtlus amyloliquefaciens o 0.00 12.32 GP-ROD SB
4 ) Baciilus megaterium Q 0.00 13.12 GP-ROD SB
5 ) Staphylococcus sciud 0 0.00 1378 GP-COC CAT+
6 } Staphylecoccus pasteud 0 0.00 14.47 GP-COC CAT+
7 )} Macrococcus bovicus Q 0.00 14.69 GP-COC CAT+
8 )} Macrococcus equipercicus Q9 0.00 14.88 GP-COC CAT+
9 ) Exiguobactedum acetylicum 0 0.00 15.13 GP-ROD CAT+
10 } Badillus psychrosaccharolyticus 0 0.00 15.22 GP-ROD SB
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Program : Biolog Microl.ogd 4.20

Save To File : C\Biolog420\Rob.DAC
Unreslricted Access? :Yes

Read Time :May 21 2003 16:47

Parent File : Qriginal Dala Record

Piale Number 035

fncubation Time 146

Sample Number 13045 Piale Type: GP2
Strain Type :GP-ALL

Strain Number :

Strain Name : Staphylococous aureus ss aureus
Other :

Data input Mode : Manual

Number +/b/- Reactions 347115147

Database To Search : MicroLog

Data Base(s) Searched : CABIOLOG420\Databases\GP60 1 KID

Key - <X>: posilive; <X-: mismatched positive; X: negative; X+: mismalched negative

{X}: borderine; -X: fess thaa Al well
. Color i 2 3 4 3 6 7 8 g 10 11 12
A - - Hi <+> - - <+> <> < > <> - -
B - - - in <> - - - - - <+> -
C - - <> <> - [[} in - - - <t> -
D - - <> <> - - <e> - - - - i}
E - S L - i <#- n {n 1) - - <>
F - - <#> - - -~ - i <+> - -
G - - <> <> <+- <+> <> "} <> ~ - <t>
H <+> <> <> <> <> <> <+> <+ { { {n 1]

=> Species |D: Staphylococcus aureus ss aureus <=

Spedies_ . PROB SiM DIST TYPE

=>1} Slaphylococcus aureus ss aureus ’ 100 G.80 3.01 GP-COCCAT+
‘2 } Staphylococcus delphiri 0 000 600 GP-COCCAT+
3 Bacillus oereué’lhun’ngiensis ¢ 0.00 703 GP-RODSB

4 } Staphylococcus xylosus 0 0.60 8.67 GP-COCCAT+
5 ) Staphylococcus clromogenes 0 008 905 GP-COCCAT+
6 )} Slaphylococous intermedius a 0.00 950 GP-COC CAT+
7 } Bacitlus mycoides o 0.00 998 GP-RODSB

8 ) Staphylococcus lutrae 0 0.00 16,70 GP-COC CAT+
9 } Staphylococcus schleiferi o 0.00 10.83 GP-COC CAT+
10} Cellulosimicrobium cellulans 0 0.00 1137 GPROD CAT+

Print Time = May 21 2003 16:49 Page 1 of 1 pages ~
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Program

Save To File
Unsesiricied Access?
Read Time

Parent File

Plate Number
{ncubation Time
Sample Number

Strain Type

Slrain Number

Strain Name

Other

Data Input Mode
Number +/b/- Reactions
Database To Search
Data Base{s} Seasched

: Biolog MicroLog3 4.20
- C\Biolog420\Rob.DAC
*Yes

T May 09 2003 1116

: Original Dala Record
128

1 16-24

- 4076

1 GP-ALL

- Bacilius licheniformis

cManuat

139716144

: MicroLog

: C\BIOLOG420\Databases\GPE0 1.KHD

Plate Type: GP2

1 <X>: posilive; <X-: misrnalched positive; X negative; X+: mismatched negative

Key
X): borderline; -X: less than AT welt
Cotor 1 2 3 4 5 3] 7 8 9 10 12
A - AL R B - <>
B { - <> <> <> - <+- - <+> <#> <+> {
C - - <E> -+ <> <> i {n - - <+> <+>
D <E> - <+> <$> {{} - <> <+> - <> - <F>
£ 1 <+> <4 - - - - - - B - {7}
F - - <+> - <> <> {n - <> - {n
G - {n <> {n <+> <#F> - ) <+> - <+> <+>
H <+> <+> <> <+> <+> - - - - - - <+>
=> Species 10: Badillus licheniformis <=
Species PROB  SIM DIST _TYPE
=>1} Bacillus licheniformis 9N 0.65 4.41 GP-ROD SB
2 } Slaphylococcus sciur [ 0.04 5.29 .GP-COCCAT+
3 ) Staphylococcus lentus 2 8.01 569 GP-COC CAT+
4 ) Bacillus subtilis 4 0.00 676 GP-RODSB
5 }  Bacillus sublilis(ATCC 6633} Q0 0.00 6.86 GP-ROD 3B
6 ) Staphylococcus sciuri ss rodentium 0 0.00 789 GP-COC CAT+
¥ } Badllus pumiius 0 Q.00 8.00 GP-RQD SB
8 )} Bacilius amyloliquefaciens 4] Q.00 802 GP-RODSB
9 } Staphylococcus pulvererifvilulinus 0 0.00 807 GP-COCCAT+
10 ) Microbacterium testaceurn [ 0.00 9.45 GP-ROD

Print Time = May 09 2003 11:17

Page 1 of 1 pages
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Print Time = May 09 2003 11:29

Page 1 of 1 pages :

Program : Biolog MicroLogd 4.20
Save To File - C\Biologd 20WRaob DAC
Unrestricted Access? I Yes
Read Time s May 09 2003 1129
Parent File . Original Data Record
Plate Number 129
incubation Time 1 16-24
Sample Number S4078 Piale Type: GP2
Strain Type GP-ALL
Strain Number :
Strain Name : Bacillus amyicliquefaciens
" Other :
Data Inpul Mode : Manual
fumber +/b/- Reaclions (8IS 11747
. Database To Search - MicroLog
Data Base(s) Searched : CABICLOG4 20\Databases\GPE01.KID
Key : <X>: positive; <X-: mismatched positive; X negative; X+ mismatched negative
{4 bordedine; -X less than At well
Color- 1 2 3 4 5 6 7 8 -9 w11 12
A - - -+ <+> -4 - -+ H {n <> 3} <+>
B - - <> <+> <+> - - - <t+> - <+> -
C - - <> -+ <> <+> - - - - < > < >
D <> <+> <> - - R <> - <£> - <>
E - <+> <> - - R - - - - S+ {f}
F - i ) - <> <#> {} - <+ - in -
G - <E> <> <> <+> <+> <E> - <> - i <F>
H <t> <t> <+> <+> <+> - - - - - <>
=> Spedies 1D: Badillus amyloliquefaciens <=

Species o PROB - SIM DIST TYPE
=>1) Bacillus amyloliquefaciens 99 0.72 4.09 GP-RODSB
2 ) Staphylococous sciurd 1 0.01 563 GP-COC CAT+
3 ) Staphylococcus sciud ss rodentium 0 0.00 7.61 GP-COCCAT+
4 ) Bacitlus licheniformis 0 Q.00 807 GP-RODSB
5 )} Exiguobacterium acetylicum 0 0.00 8.23 GP-ROD CAT+
6 ) Macrococcus equipercicus 0 Q.00 8.27 GP-COC CAT+
7 } Staphylococcus lentus 0 0.00 8377 GP-COC CAT+
8 )} Bacillus pumilus 0 0.00 899 GP-RODSB
9 } Deinococcus proteolyticus 4] 0.00 9.73 GP-COC CAT+
1@ ) Staphylococcus pulvereridvilulinus 0 0.00 9.79 GP-COC CAT+
Other )
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Program

Save To File
Unrestlricted Access?
Read Time

Parent Fite

Plate Number
Incubation Time
Sample Number

Strain Type

Strain Number

Strain Name

Other

Data Input Mode
Number +/b/- Reactions
Dalabase To Search
Data Base(s)} Searched

: Biolog Microlog3 4.20
: C:ABiolog420\Rob.DAC
:Yes

: May 152003 22:56

: Originaf Data Record

© 33

1 4-6

14079

: GP-ALL

: Bacilius mycoides

: Manuat

133714749

: Microl.og

: GABIOLOGA420\Databases\GPE01.KID

Plate Type: GP2

Print Time = May 15 2003 22:56

Page 1 of 1 pages

Key : <X>: positive; <Xz mismatched positive; X: negative; X+: mismalched negative
{X}: bordedine; -X: less than At well
Color 1 2 3 4 5 6 7 8 . g 10 11 12
A - - - <+> -+ - i <+> <¥> n i -
8 - - - non - - - - - <> -
C - - <+> <+> - <+> - - - - <+> -
D <> 0 0 0 - - o - - - - o
E - <¥> {n ~ 2 { <+> <> - - - <+>
F - - <t> - { <t> - - <+> - - -
G <+> <+> <+> <+> <+> <+> <+> -+ <+> - - <+>
H <¥F> <+> <+> <+> <+> <+> <+> <4> - - - {[}
=> Species 1D: Bacillus mycoides <=
Species o PROB _SIM DIST TYPE
=>1} Badillus mycoides g 0.85 2.18 GP-ROD SB
2 ) Bacillus cereusf/thuringiensis 1 0.01 373 GP-RODSB
3 } Staphylococcus xylosus ¢] 0.00 6.67 GP-COC CAT+
4 } Staphylococcus aureus ss aureus - ¢ 0.00 6.91 GP-COC CAT+
5 ) Siaphylococcus chromogenes 0 0.00 7.56 GP-COC CAT+
5 ) Staphylococcus delphini 0 0.00 7.99 GP-COCCAT+
7 ) Staphylococcus muscae L] 0.00 8.54 GP-COC CAT+
B } Staphylococcus sciuri 0 0.00 9.46 GP-COCCAT+
9 } Staphytococcus hyicus Q 0.00 951 GP-COCCAT+
10 } - Staphylococcus intermedius 0 0.00 970 GP-COCCAT+
Other )
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