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ABSTRACT
MANAGING PHOMOPSIS STEM CANKER OF SUNFLOWER USING IMPROVED
DIAGNOSIS AND QUANTIFICATION OF THE CAUSAL PATHOGENS
TAYLOR RAE OLSON
2017
Phomopsis stem canker is a disease that severely affects sunflower (Helianthus
annuus) in the United States. From 2001 to 2015, disease prevalence has increased from
1.5% to 61%, and two new causal agents, Diaporthe gulyae and Diaporthe stewartii,
have been described along with Diaporthe helianthi, which was always regarded as the
main causal pathogen of the disease. At this time, options to manage the disease are
limited. Currently, no commercial sunflower hybrids have resistance to all three species
of Diaporthe, and no fungicides are labeled for control of Phomopsis stem canker of
sunflower in the United States. To help improve management of the disease with
effective diagnostics, two quantitative polymerase chain reaction (qPCR) assays were
designed from the translation elongation factor region (EF1-α) of D. helianthi and D.
gulyae. The specificity of the two qPCR assays was validated by examining the assays
with genomic DNA of various species of Diaporthe and other plant pathogens. The
detection limit of both assays was 10 ng to 1 pg of DNA. Both assays were capable of
detecting D. helianthi and D. gulyae from infected plant samples, and these results were
confirmed by traditional isolation of the pathogens onto potato dextrose agar (PDA). The
qPCR assays also proved to be effective in genotype screening for stem resistance to D.
helianthi and D. gulyae under greenhouse conditions, identifying 16 genotypes with
potential resistance to D. helianthi and D. gulyae.
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To evaluate management strategies currently available for Phomopsis stem
canker, 6 field trials were conducted in 2015 and 2016 in South Dakota examining an
integrated approach combining fungicide and host genetics for management of the
disease. In 2015, fungicide timing treatments included; V12 (12 true leaves), R1 (bud
formation), R3 (bud elongation), V12+R1, R1+R3, V12+R3, and V12+R1+R3. In 2016,
treatments included R1, R3, R5 (beginning of flowering), R1+R3, R3+R5, R1+R5, and
R1+R3+R5. Experimental data supported previous research indicating that sunflower
hybrids with resistance to the disease have higher yields and reduced disease severity
when compared to susceptible hybrids. Fungicide timing treatments did not consistently
have significant effects on disease severity or yield at all locations, but a single fungicide
application at R1 to R3 appeared most effective for protecting yield.
The findings of our study will help with the development of improved diagnostics
to detect and quantify the fungal pathogens causing Phomopsis stem canker of sunflower
as well as help with the development of strategies and recommendations for sunflower
farmers to manage the disease in South Dakota.
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CHAPTER 1. Literature Review
1.1 Introduction
1.1.1 History of Sunflower (Helianthus annuus L.)

Cultivated sunflower (Helianthus annuus L.) is a member of one of the largest
plant families, Asteraceae, and of the genus Helianthus. In total, there are 67 plant
species in the Helianthus genus, and sunflower is one of the few members of this plant
family that is cultivated. There are two types of cultivated sunflower that are
commercially grown in the United States; non-oilseed and oilseed sunflowers. Nonoilseed (commonly referred to as confection) sunflower varieties are grown for their
large, striped seeds that are used in snack foods and birdseed blends. Oilseed sunflowers
are grown for the oil extracted from the seeds as well as for meal. Oilseed hybrids
typically have small dark black seeds that vary in three fatty acid categories; linoleic,
mid-oleic (NuSun), or high oleic (Berglund 2007).
Sunflower is one of the few crops grown in the United States that originated in
North America (Berglund 2007). Sunflower use among American Indians has been
proven with evidentiary support from archaeologists (Heiser 1955). In fact, they have
determined the domestication of sunflower to be roughly 3,000 years ago, and perhaps,
taking place before the domestication of corn (Zea mays L.) (Lees 1965). It is believed
that the Indians relied on sunflower as a food source. They also used sunflowers for
medicinal purposes, in ceremonies, and as a source of dyes for textiles and paint (Heiser
1951; Whiting 1939). Spanish explorers first took sunflower seed from the modern day
New Mexico to Spain in the early 1500s (Zukovsky 1950). The plant grew in popularity,
and quickly spread throughout Europe. The development and commercialization of
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modern sunflower cultivars we know today took place mainly in Russia and Eastern
Europe, as well as in Argentina (CITATION). After its development in these countries,
the cultivated sunflower was re-introduced as a crop in North America (Putt 1997). The
exact time of the re-introduction of cultivated sunflower is controversial, however,
evidence from Blackman et al. (2011) suggests it took place in an ancient Pre-Columbian
archaeological site in Mexico. Blackman et al. (2011) reviewed 60 populations of
sunflower from Canada, the United States and Mexico, and found that the patterns of
genetic diversity in Mexican sunflower remained consistent with sunflower varieties
whose domestication took place in eastern North America. This strongly suggests that all
sunflower populations currently grown in the United States, Canada and Mexico
descended from the same eastern North American lineage. In the early years when it was
grown, non-oilseed sunflower was utilized as a high-yielding silage crop, and contained
nutrition like that of corn silage. Many famers also favored sunflowers for silage due to it
being more frost and drought tolerant than corn (Putt 1997). The non-oilseed varieties
were the primary type of sunflower grown until 1966, when sunflower was first
recognized as an economically important oilseed crop in the United States. The large
expansion of oilseed sunflower into many other parts of the world is due to the
advancement of high-oil varieties and by the more recent development of hybrids
(Berglund 2007).
1.1.2. Description
Cultivated sunflowers contain a rough unbranched stem that can range in height
from 50 to over 500 cm tall with a diameter of 1-10 cm (Seiler 1997). The longer season
varieties typically grow taller than the shorter season varieties, however, the common
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varieties grown in the United States are typically 160 to 180 cm in height (Skoric 1988).
Large, broad, pubescent leaves are arranged in opposite, alternate pairs down the stem.
Leaf number, size, shape and duration varies with each sunflower variety, and is heavily
influenced by growing conditions (Seiler 1997). Sunflowers produce a large taproot that
breaks into the ground at a depth of up to 2 m (Gimemez and Fereres 1986; Jones 1984;
Sadras et al. 1989). Numerous lateral roots arise from the large taproot and are enclosed
in the upper 30 cm of soil and spreading randomly throughout a 60 to 150 cm radius. The
flower head (also called the inflorescence) is often the most acknowledged characteristic
when it comes to agronomists and breeders since the heads give rise to the overall seed
yield. The flower head consists of outer ray flowers and inner disc flowers. The outer ray
flowers range in colors from golden yellow, pale yellow, to yellow-orange or reddish, and
are responsible for attracting pollinators. The ray flowers are sterile, whereas the inner
disk flowers contain both a pistil and stamen, and give rise to seeds (Seiler 1997). Disc
flowers range from 700 to 3000 in number in the oilseed varieties, and 8000 in the nonoilseed varieties (Pustovoit 1975). Inflorescence diameter often ranges from 6 to 75 cm
(Heiser 1976) and is extremely important in final yield.
1.1.3. Production
Sunflower oil is the fourth most produced vegetable oil in the world, falling just
behind palm (Elaeis guineensis Jacq.), soybean (Glycine max [L.] Merr.) and rapeseed
(Brassica napus L.) oils. The world leaders in the production of sunflower, accounting
for over half of the world’s production, are Russia and Ukraine. Other leading sunflower
producers include the European Union, Argentina, China, Turkey and the United States
(USDA-FAS 2017).
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In 2016, the United States produced a total of 2.65 billion pounds of sunflower.
Oilseed sunflower brought in roughly $398 million, with production totaling 2.37 billion
pounds, and the average yield setting a record high of 1,731 lbs/acre in 2016. Non-oilseed
sunflowers brought in about $72 million, with production totaling 286 million pounds,
and an average yield of 1,726 lbs/acre. The top sunflower producing state in 2016 was
North Dakota, producing 1.14 billion pounds, nearly half of the United States total
production. Other top producing states included South Dakota, Minnesota, Texas, and
Kansas (USDA-NASS 2017).
1.1.4. Growth Stages
The staging system for sunflower most commonly used by both producers and
researchers, is the one developed by Schneiter and Miller (1981) (Table 1.1). The system
is well suited for comparing differences in stages needed for accurate applications of
pesticides, and is applicable to all types of sunflower including wild-types, oilseeds, nonoils, hybrids, open-pollinated, and inbred lines (Blamey et al. 1997).
1.1.5. Hybrid Selection
Sunflower hybrid selection is extremely important to ensure a successful
production year. Various criteria need to be considered when selecting a sunflower
hybrid, and one of the first things to consider is the hybrid class. There are three hybrid
classes of sunflower; non-oilseed, traditional oilseed, and NuSun oilseed varieties. Nonoilseed hybrids are typically planted in lower plant populations and require heavy
scouting and maintenance throughout the season. Traditional oilseeds have either a high
or low linoleic fatty acid content, giving them marketable purposes. NuSun hybrids will
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produce an oil with greater than 55% oleic fatty acid content. This high oleic oil is great
quality, and largely demanded in the frying food industry (Miller 2007).
Table 1.1. Sunflower growth stages and descriptions (Schneiter and Miller 1981).
Stage
Vegetative
emergence
(VE)
Vegetative
Stages
(V1, V2, V3,
V4…etc.)
Reproductive
stage
(R1)
R2
R3
R4
R5(decimal)
(ex. R5.1, R5.2,
R5.3…..etc.)
R6
R7
R8
R9

Description
Emergence of seedling and the first true leaf blade beyond the
cotyledons is less than 4 cm long.
Determined by counting the number of true leaves at least 4 cm in
length beginning as V1, V2, V3, V4, etc.
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 0.2 to 2.0 cm above the nearest leaf
attached to the stem.
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, the ray flowers may be visible.
Beginning of anthesis (flowering). The stage can be divided into
sub-stages dependent upon the percentage of the head area (disk
flowers) that has completed or is in flowering.
Anthesis is complete, and 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.
Bracts turn yellow and brown. This stage is regarded as
physiological maturity.

Other important qualities of hybrids that should be considered are yield potential,
oil content, maturity, stalk strength, and pest resistance. Yield potential of sunflower
hybrids can be obtained from company trials, university trials, strip tests and demo plots.
The most important yield data to consider however, is the hybrid performance close to
home throughout many years of varying environmental conditions. Choosing a hybrid
that produces a higher oil content is recommended over a hybrid producing lower oil
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content with the same yield potential. Sunflower seed with oil content over 40% often
gets a premium based on market price. Hybrid maturity selection is often dependent on
planting date. If planting is delayed, then a shorter maturity hybrid is recommended to
avoid frost damage. If planting is timely, a longer maturity hybrid will often produce
higher yields than shorter day counterparts. Pest tolerance/resistance differs in every
hybrid; however, most commercially available hybrids will have partial resistance to
Sclerotinia wilt (Sclerotinia sclerotiorum (Lib.) de Bary), downy mildew (Plasmopara
halstedii (Farl.) Berl. and de Toni) and rust (Puccinia helianthi Schwein.) (Bradley et al.
2007). Additionally, in 2015, hybrids with tolerance to Phomopsis stem canker
(Diaporthe spp.) were deployed.
1.1.6. Soil Types
Sunflower has been traditionally produced on heavy clay soils (Blamey et al.
1997), however, sunflowers perform well in a variety of soil types and conditions. Soils
that are well-drained with a high water-holding capacity and a pH in range of 6.5 to 7.5
provide optimum conditions for sunflower growth and performance (Franzen 2007).
1.1.7. Field Selection
Like many other commercially grown crops, sunflower performs best when in a
rotation with crops other than sunflower. Keeping sunflower crops in a rotation reduces
many problems that may cause yield reduction. These problems can include disease
infestation, increased insect populations, higher weed pressure, larger numbers of
volunteer sunflowers, reduced soil moisture, and even a possible allelopathy of sunflower
residue to the current sunflower plants (Endres 2007). A four-year spacing between
sunflower crops in the same fields are recommended to help minimize yield reducing
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problems. In eastern and central South Dakota, a typical rotation could be sunflower,
small grain, wheat, soybean, wheat or corn. A rotation for western South Dakota could be
sunflower, spring wheat or fallow, winter wheat, small grain, or corn (Grady 2000).
1.1.8. Tillage
Before planting sunflower in the spring, the seedbed should be firm and moist to
ensure uniform germination, emergence and stand establishment. A good seedbed for
sunflower germination can be obtained with conventional, reduced, and no-till production
systems. In conventional-till systems, two tillage operations are typically performed to
control weeds. The first tillage operation is usually done before planting with a chisel
plow, disk harrow, long-tine harrow, or a tandem disk to incorporate previous crop
residue and pre-emergence herbicides. A second or third tillage operation is usually done
with a rotary hoe or harrow to control emerged weeds before the sunflower emerges up
until the sunflower reaches the V-4 growth stage.
In reduced-till systems, weed control is much more challenging. In reduced-till
systems, implements with reduced soil and residue disturbance are used to incorporate
pre-emergence herbicides. Examples of these implements include under cutters and
harrow systems, and are used in either or both early spring (mid-late April) to fall (late
October) for incorporation of herbicides. It is recommended that the timing between
applications be at least three weeks to increase the chance of precipitation occurrence
between events to activate the herbicide.
No-till production systems are heavily reliant on diverse crop rotations for weed
control. Planting in narrow row spacing’s can help control late season weeds and using a
burn down herbicide before planting helps control early emerged weeds (Grady 2000).
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Low-disturbance openers that leave 60% of surface residue intact are typically used for
planting in no-till systems. Examples of these include single-disc style planters or onepass seeding operations (Ashley and Tanaka 2007).
Postharvest tillage is not recommended for sunflower due to reduced snowtrapping potential. Snow-trapping is important in conserving soil water for the next
season’s crop and in reducing soil erosion (Ashley and Tanaka 2007).
1.1.9. Nutrition and Fertilizer
Sunflower, like other plant species, requires 16 chemical elements to grow and
mature. The most important of these 16 nutrients are the macronutrients nitrogen (N)
phosphorus (P) and potassium (K).
For nitrogen (N), fertilizer recommendations in sunflower is best done using the
sunflower nitrogen calculator developed by Dr. Dave Franzen at North Dakota State
University (https://www.ndsu.edu/pubweb/soils/sunflower/). The calculator takes
variables like sunflower price, nitrogen cost, soil organic matter percentage, soil test N,
land region, tillage, and previous crop into account when developing the recommendation
(Franzen 2016).
Phosphorus (P) recommendations for economical and optimal sunflower growth
are zero lbs/acre in the areas of North Dakota South Dakota and Nebraska. Past research
has indicated that phosphorus applications do not consistently increase yield of
sunflowers and in most cases, are not economical (Franzen 2016; Geleta et al. 1997).
Applications of phosphorus, however, does not cause a reduction in yield and can be
made, it is just likely that there will be no economic benefit resulting from the
application. (Franen 2016).
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For potassium (K), various studies throughout the world looking at potassium
rates in sunflower have concluded that a soil K test of 150 ppm (parts per million) is
adequate for peak sunflower yield. If soil tests reveal K below 150 ppm, an application of
100 lbs/acre of 0-0-60 (potash) fertilizer, or 60 lbs/acre of K2O can ensure top yields
during any year (Franzen 2016).
1.1.10. Planting Date
Planting date is dependent on the environmental conditions of each year. Air and
soil temperatures around 50 oF provide optimal conditions for seed germination. In
typical years, planting sunflower between May 15th to June 25th often result in greater
yields (Grady 2000).
1.1.11. Planting Depth
Sunflower should be seeded into moist soil at the standard depth of 1.2 to 2.5
inches. Seeds should not be planted deeper than 3 inches (Grady 2000).
1.1.12. Row Spacing
Row spacing is dependent on the type of equipment used and individual farmer
preferences. Narrow rows of 12, 15 or 18-inch spacing have become more popular in
recent years, and are seeded using an air drill. Conventional 20-30-inch spacing is still
common and fits the typical row crop equipment needs. No significant yield differences
have been seen in narrow versus conventional row spacing if weed control is sufficient
(Grady 2000).
1.1.13. Plant Population
Research has shown that sunflowers perform well at a wide range of plant
populations, and recommended plant populations are dependent on the type of sunflower
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planted. If an oilseed hybrid is planted, the recommended final population should be
anywhere from 15,000 to 25,000 plants per acre. For non-oilseed hybrids, the
recommended final population should range from 14,000 to 20,000 plants per acre
(Ashley and Tanaka 2007).
1.1.14. Harvest
Sunflowers are ready for harvest roughly 120 days after planting, usually in late
September to October. Killing frosts help induce dry down, so waiting to harvest until a
frost can help lower the seed moisture content. Optimum harvest conditions occur when
seeds are at 25% moisture to reduce shatter loss and losses from birds. Seed can then be
dried in a grain dryer until 9.5% moisture before bin storage (Grady 2000).
1.1.15. Common Pests in Sunflower
Pest management is often one of the biggest challenges when it comes to
sunflower production. Due to its nativity to North America, the wild sunflower has
encouraged the evolution of a large complex of pests, and these pests have progressed
from wild ancestors to today’s commercial varieties. Some of the most damaging pests in
sunflower include weeds, insects, diseases and birds.
Per the National Sunflower Association, ten weed species have been identified as
the top weed pests in sunflower fields. These include biennial wormwood (Artemisia
biennis), Canada thistle (Cirsium arvense), foxtail (Setaria spp.), kochia (Kochia
scoparia), marshelder (Iva xanthifolia), palmer amaranth (Amaranthus palmeri), puncture
vine (Tribulus terrestris), redroot pigweed (Amaranthus retroflexus), wild buckwheat
(Polygonum convolvulus) and wild sunflower (Helianthus spp.). In the 2015 sunflower
crop survey, broadleaf weeds were of more concern than grass weed species, and the

11
most abundant weeds were kochia, red root pigweed, green foxtail, and Canada thistle.
Weed abundance and species will vary by location throughout sunflower producing
regions in the United States, for example palmer amaranth had heavy pressure in Texas in
2015, but no cases were recorded in northern U.S. production regions (Kandel and Gulya
2016).
Approximately 16 insect species are a cause for concern in sunflower producing
regions of Minnesota, the Dakotas, and Manitoba. These 16 insects can cause significant
economic losses, however, the presence and severity of infestations of these insects will
vary from year to year. Insects of concern in the past include sunflower beetle
(Zygogramma exclamationis Fabricius), sunflower midge (Contarinia schulzi Gagne),
sunflower stem weevil (Cylindrocopturus adspersus LeConte, banded sunflower moth
(Cochylis hospes Walsingham), and the red sunflower seed weevil (Smicronyx fulvus
LeConte) (Knodel and Charlet 2007). The 2015 Sunflower crop survey conducted by the
National sunflower association, found Dectes long-horned beetle in 24% of surveyed
fields, and 26% of sunflower samples sent to the USDA-ARS lab in Fargo, ND displayed
damage from red seed weevils (Kandel and Gulya 2016).
Only a few diseases of sunflower cause yield losses of economic impact,
however, at least 30 diseases have been identified on wild or cultivated sunflower.
Diseases of concern in sunflower production regions include rust, Sclerotinia wilt,
Sclerotinia head rot and downy mildew, Rhizopus head rot (Rhizopus spp.), and
Phomopsis stem canker. Phoma black stem (Phoma macdonaldii Boerma) is a disease
prevalent almost every year, but no economic impacts have been shown (Bradley et al.
2007). Incidence and severity of these diseases vary each year depending on weather
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conditions and inoculum sources. In the 2015 sunflower crop survey conducted by the
National Sunflower Association, diseases were the most yield limiting factor, and
diseases of top concern were Rhizopus head rot and Phomopsis stem canker (Kandel and
Gulya 2016).
Several bird species have been known to attack sunflower, however, most damage
in the upper Midwest comes from migrating flocks of red-winged blackbirds, yellowheaded blackbirds, and common grackles (Grady 2000).
1.1.16. Pest Management
Weed issues in sunflower can be controlled with many different techniques,
however, certain tillage operations come with more limitations that others. In
conventional-till or reduced-till operations, tillage is a great tool for weed control. Before
planting, emerged weeds can be destroyed with tillage, and after emergence up until V-4,
a rotary how or harrow can be used to control weed seedlings. Herbicides like Treflan
(trifluralin), Prowl or Pendimax, Sonalan, and Eptam can also be applied early in the
spring before planting, and incorporated into the soil with tillage to control weeds. For
no-till operations, a burndown herbicide (e.g. glyphosate products) is a good option for
weed control before planting in the spring (Grady 2000). No-till operations could also
consider planting Clearfield sunflower varieties, which have resistance to Beyond
(imazamox) and Express (tribenuron) herbicides (Zollinger 2007). Once sunflowers are
planted, herbicide options become limited. Spartan can be applied early before planting
or before the sunflowers emerge to control annual broadleaf weeds. Post emergence
herbicides include Poast (for control of grasses) and Assert (for control of wild mustard
and wild oats) (Grady 2000).
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For insect control, infestation levels must be examined weekly throughout the
growing season. The type of insect species present, as well as the populations of each
species needs to be recorded and monitored to determine when economic thresholds are
met. Then if economic thresholds are reached, proper timing and applications of
insecticides may be applied (Knodel and Charlet 2007).
For disease management, there are several methods proven effective. The most
successful of these methods is planting resistant cultivars. Many commercial seed
companies have sunflower cultivars with resistance to several races of rust and downy
mildew. There has also been great progress in developing more resistant cultivars to
Sclerotinia wilt and head rot and Phomopsis stem canker, however, no varieties have
complete resistance to either disease. Another successful technique for disease control is
a four-year crop rotation out of sunflower. Rotating crops away from sunflower can
sometimes help in the reduction of pathogen populations in soil and residues. Rotating to
non-host cereal crops and corn can help in management of diseases such as Sclerotinia
diseases and Phomopsis stem canker. Other successful methods of controlling disease
includes utilizing seed treatments for control of seedling diseases, burying pathogen
infested residue with tillage, and the use of foliar fungicides (Bradley et al. 2007).
Bird control methods often include a combination of cultural control methods and
frightening methods. Avoid planting sunflower near cattail marshes or woodlots, as birds
often roost in them at night and feed on seeds and grains in nearby fields during the day.
Planting in the spring should also be done at a similar time as neighbors, as early and late
ripening fields often get significant bird damage. Heavy weed and insect pressure can
also act as an attractive food source for birds, so controlling weeds and insects throughout
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the season can help reduce bird problems. Frightening methods include automatic
exploders or bird scaring cannons that scare blackbirds with loud noises. Blackbird stress
calls produced by electronic devices can also be effective and keeping birds away (Grady
2000).
1.2. Phomopsis stem canker
1.2.1. Introduction
In 1980 Yugoslavia, a heavy outbreak of Phomopsis stem canker (a disease
resembling gray to gray-brown lesions localized to the stem) was reported on sunflower
(Maric and Masirevic 1980). Many of these fields resulted in significant yield reductions
due to 50-80% of plants in the field being severely infected. Around the same time, the
disease was also reported in Romania (Iliescu et al. 1985), Hungary (Voros et al. 1983),
the United States (Herr et al. 1983; Yang et al. 1984; Masirevic et al. 1988), France
(Regnault 1985) and Iran (Madjidieh-Ghassemi 1988). In Europe, the disease resulted in
yield losses of 50% and oil content losses of 10% or more in sunflower producing
regions, severely limiting their production (Laville 1986; Masirevic and Gulya 1992). In
sunflower producing regions in the United States, Phomopsis stem canker was first a
minor disease, however, incidence of the disease has steadily increased. The disease was
found in 88% of surveyed fields in 1995 (Gulya 1996), and in 2010, a severe epidemic
occurred throughout sunflower producing regions in the upper Midwest including
Minnesota, North Dakota and South Dakota where over 75% of the sunflower crop is
grown. Disease incidence of over 50% and yield loss estimated of up to 40% occurred in
select fields surveyed in Minnesota and North Dakota (Mathew et al. 2015).
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The gray to gray-brown stem lesion reported in Yugoslavia was determined to be
caused by a Diaporthe species (Maric and Masirevic 1980). In the past, species of
Diaporthe were presumably described as being host specific, leading to many species
being named based on the hosts they were isolated from (Uecker 1988). Because host
association was the basis for Diaporthe species identification, the species on sunflower
was named Diaporthe helianthi Munt.-Cvetk., Mihaljč and Petrov (anamorph Phomopsis
helianthi Munt.-Cvetk., Mihaljč and Petrov) (Muntañola-Cvetković et al. 1985).
Diaporthe helianthi was recognized as the sole causal agent of the disease, however,
researchers speculated the possibility of more than one species of Diaporthe causing
disease on sunflower (Muntañola-Cvetković et al. 1985). Gulya et al. (1997) suggested
that more than one biotype or species of Diaporthe may be pathogenic on sunflower due
to significant biological differences in isolates from Europe and the Unites States.
Diaporthe isolates recovered by Herr et al. (1983) varied in the types of conidia
produced; In the first group of isolates, alpha conidia were dominant, beta conidia were
dominant in the second group, and in the third group both beta and alpha conidia were
produced in relatively equal amounts. All three isolate types were recovered from the
same infected plant, and Herr et al. (1983) suggested the isolates were similar to D.
helianthi recovered in Yugoslavia, but were not identified to species (Gulya et al. 1997).
In 2014, eight species of Diaporthe were documented causing Phomopsis stem
canker on sunflower in the world. These eight species include D. helianthi, Diaporthe
gulyae Shivas, Thompson and Young (Thompson et al. 2011), Diaporthe kochmanii
Shivas, Thompson and Young (Thomopson et al. 2011), Diaporthe kongii Shivas,
Thompson and Young (Thompson et al. 2011), Diaporthe longicolla (Hobbs) Santos,
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Vrandečić and Phillips (Mathew et al. 2012), Diaporthe stewartii Harrison (Mathew et al.
2012; Olson et al. 2017), Diaporthe phaseolorum (Cooke and Ellis) Sacc. (Cooke and
Ellis 1878), and Diaporthe novem Santos, Vrandečić and Phillips (Thompson et al. 2015).
In the United States, only four of these eight Diaporthe species have been documented on
sunflower; D. helianthi (Herr et al. 1983, Mathew et al. 2015), D. gulyae (Mathew et al.
2015), D. stewartii (Mathew et al. 2012; Olson et al. 2017), and D. longicolla (Mathew et
al. 2012).
1.2.2. Taxonomy of Diaporthe
Kingdom: Fungi
Phylum: Ascomycota
Subphylum: Pezizomycotina
Class: Sordariomycetes
Subclass: Sordariomycetidae
Order: Diaporthales
Family: Valsaceae
Genus: Diaporthe
1.2.3. Symptoms
The first symptoms of Phomopsis stem canker are seen early after flowering on
the middle to lower leaves. Infected leaf margins will contain small necrotic spots
bordered by a chlorotic edge. Not long after this initial infection occurs, plant leaves wilt
and die, as the fungus continues to grow through the petiole until it reaches the stem. The
stem is where the most notable symptoms of Phomopsis stem canker occur, and the
characteristic lesions are seen 25-30 days after initial leaf infection (Masirevic and Gulya
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1992). Stem lesions first resemble small, sunken, brown spots that quickly grow, and
sometimes enclose the entire stem. Lesions on the stem always occur around leaf axils.
Small, black structures called pycnidia may also be seen on stem lesions with a
magnifying glass. As infection continues to occur, the fungus degrades stem tissue
beneath the lesion, causing the stem to be hollow and dangerously prone to lodging.
Older lesions turn a brown-gray color, and blend into a naturally senescing stalk.
Symptoms appear much more severe on susceptible plants, where lesions can reach 15 to
20 cm long, and severe lodging occurs due to decay of the pith of the stem. Symptoms on
resistant plants are much less damaging, where lesions typically remain small, and often
no lodging occurs. The last stage of the disease is wilting of the entire sunflower plant.
The wilting process occurs at different rates depending on weather and the severity of the
infection (Gulya et al. 1997).
Symptoms caused by Phomopsis stem canker are easily confused with those
produced by other sunflower stem pathogens. For example, Phoma Black stem is a
disease that also produces axil-centered lesions. However, they are usually much smaller,
shiny-black in color, and do not cause pith degradation. Mixed infections of both
Phomopsis and Phoma have also been reported, and in those cases, microscopic or
molecular diagnostics must be completed to identify the true pathogens. Sclerotinia midstalk rot lesions also look strikingly like Phomopsis lesions, however, the tan color of
Sclerotinia lesions is typically much lighter than the brown color caused by Phomopsis
(Gulya at al. 1997).
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1.2.4. Disease cycle
The Phomopsis stem canker pathogens overwinter on plant residue as mycelium
and perithecia and under optimal conditions, and the perithecia typically mature in May
or June. Although, they can be seen emerging on infected tissues in fall or even warm
periods during the winter, and mature perithecia may form as early as February in places
like Yugoslavia (Gulya et al. 1997). Perithecia grow in infected sunflower tissue, and
push long necks through the epidermal tissues to form threadlike mycelium at the surface
(Figure 1.1).

Figure 1.1. The disease cycle of Phomopsis stem canker of sunflower (Masirevic and
Gulya 1992).
Mature perithecia are globular to spherical, yellow to black in color, with a
diameter of 290 to 430 µm. Lengths of the necks of perithecia vary greatly, ranging in
lengths from 260 to 850 µm. Once perithecia are mature, they produce numerous asci,
which are globular to cylindrical shaped structures that range in size from 8.7 to 12.5 µm
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wide to 60 to 76.5 µm long. As each asci matures, they produce eight ascospores that are
readily released with them (Figure 1.1). Ascospores are two-celled, ellipsoidal, and range
in size from 15 to 17.5 µm by 5 to 7.5 µm. They mature when temperatures are within 15
o

C to 30 oC (optimal 25 oC) and are produced and released from perithecia for up to 17

days (Su et al. 1985).
Ascospores are blown by wind or splashed onto lower leaves of sunflower plants
by rain. Ascospore germination is the beginning of plant infection, and occurs when
relative humidity reaches 90% and for 10 to 12 hours. After infection, mycelium enters
the parenchyma, xylem, and phloem tissues and spreads farther until it reaches the
petiole. Infection continues down the petiole until it reaches the stem where the notable
lesion forms (Muntanola-Cvetkovic et al. 1989, 1991). Stem lesions typically are seen 25
to 30 days after initial leaf infection (Masirevic & Gulya 1992). As infection continues,
pith degradation occurs due to production of pectin degrading enzymes (Pericin et al.
1994). Formation of pycnidia in infected tissues may arise, and the structures release
asexual conidia (pycniospores) when fully mature. There are two types of conidia that
can be produced by the pycnidia, α-conidia and β-conidia (Figure 1.2.). While β-conidia
do not cause secondary infection, it is unknown whether or not α-conidia cause new
infection cycles (Mihaljcevic et al. 1985).

20

Figure 1.2. A. (left) Alpha conidia (Thompson et al. 2011). B. (right) Beta conidia
(Thompson et al. 2011).
1.3. Management of Phomopsis stem canker
1.3.1. Cultural Control
Heavy tillage that buries infected sunflower stalks in the soil as deep as possible
should reduce inoculum levels for the next growing season (Gulya et al. 1997).
Crop rotations of two to four years out of sunflower into non-host crops like corn
and small-grains can help reduce inoculum, however, species of Diaporthe are known to
live in previous crop residue for up to five years (Masirevic and Gulya 1992).
Management practices may influence the severity of an infection by Diaporthe. A
two-year experiment conducted by Debaeke and Moinard (2010) looked into the effects of
crop management (nitrogen fertilization, crop density, and irrigation) on Phomopsis stem
canker tolerance (tolerant and susceptible cultivars) in sunflower. Results from their study
indicated that plot treatments with the highest amount of N fertilizer had a significantly
larger number of stem lesions per plant when compared to plots with little or no N fertilizer.
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In addition, plots with higher plant densities also resulted in a higher number of stem
lesions when compared to those with lesser plant densities. Findings proposed that a change
in the microclimate of sunflower fields resulting from crop management practices or
cultivar architecture is associated with early infection by D. helianthi. In conclusion,
moderate plant densities and amounts of N fertilizers may help reduce the incidence and
severity of Phomopsis stem canker (Debaeke and Moinard 2010).
1.3.2. Biological control
In the United States, there are currently no known biological controls for Phomopsis
stem canker of sunflower (Masirevic and Gulya 1992).
1.3.3. Chemical control
Chemical fungicides have been used for management of Phomopsis stem canker of
sunflower in Europe, however, it is still unclear if fungicides are effective at controlling
Phomopsis stem canker in the United States. If applying fungicides, it is best to do so before
symptoms of the disease appear. Results from a study in Europe by Debaeke and Estragnat
(2003), who found that an application of a fungicide at the early bud stages resulted in
fewer infected plants. Other research recommends fungicide applications at the plant’s
critical plant height for ground driven sprayers (50 to 70 cm) (Delos et al. 1995; Penaud
and Jouffret 1996). More than two applications may be necessary if at high risk for disease
development (Gulya et al. 1997). Fungicides are ineffective if sprayed later in the season
or after disease symptoms appear (LePage 1995; Penaud et al. 1992).
1.3.4. Genetic resistance
Resistance in sunflower to Phomopsis stem canker is not controlled by a single
dominant gene, per past genetic studies (Skoric 1985; Vranceanu et al. 1993). This
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observation that resistance is oligogenic was confirmed by Tourvieille et al. (1988), who
also added that the involvement of recessive genes is a possibility, and that two different
types of resistance; stem and leaf occurred. In the study by Tourvieille et al. (1988), a
sunflower hybrid NS-H-43 appeared to have stem tissue that was very susceptible to D.
helianthi, but leaves showed a high level of resistance to the pathogen. Additional research
has suggested that resistance to D. helianthi is quantitative, and is controlled by additive
gene effects (Viguié et al. 1999). It has also been noted that resistance to drought,
Macrophomina phaseolina (Tassi) Goidanich and P. macdonaldii in sunflower has been
correlated with resistance to D. helianthi however, it is unknown whether or not linked
genes are the source of resistance to these pathogens (Skoric 1988). It has been reported
that a number of wild Helianthus spp. contain resistance to Phomopsis stem canker (Cuk
1982), and more recently, research by Talukder et al. (2014) has identified possible
resistant sources to D. helianthi in parental lines from Russia and Europe. In the United
States, there are currently no commercial sunflower hybrids available with complete
resistance to the species of Diaporthe that cause Phomopsis stem canker.
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CHAPTER 2. Quantitative Polymerase Chain Reaction assays for species of
Diaporthe causing Phomopsis stem canker of sunflower
2.1 Abstract
Diaporthe helianthi and Diaporthe gulyae are known causal agents of Phomopsis
stem canker of sunflower. Identification of these species of Diaporthe using morphological
characteristics after isolation from infected plants is unreliable and inconsistent. In this
study, two TaqMan qPCR assays were designed from the translation elongation factor
region (EF1-α) of D. helianthi and D. gulyae. Assay specificity was validated by examining
the assays with genomic DNA of various species of Diaporthe and other plant pathogens.
The assays in this study were sensitive enough to consistently detect 10 ng to 1 pg of pure
DNA of D. helianthi and D. gulyae. Both qPCR assays were highly capable of detecting
D. helianthi and D. gulyae from infected sunflower samples, and these results were
validated by traditional isolation of the pathogens onto potato dextrose agar (PDA). The
qPCR assays were used for genotype screening for stem resistance to D. helianthi and D.
gulyae under greenhouse conditions and 16 genotypes had lower pathogen DNA indicating
resistance as compared to the susceptible check, cv. HA 288. The qPCR assays developed
in this study will allow for improved diagnoses of Phomopsis stem canker and to breed for
resistance to D. helianthi and D. gulyae in sunflower.
2.2. Introduction
Phomopsis stem canker is one of the most yield limiting factors in sunflower
(Helianthus annuus L.) production since 2010 (Gulya and Kandel 2016; Mathew et al.
2015). The disease was first reported in the former Yugoslavia in 1980, and the causal
pathogen was identified as Diaporthe helianthi (syn. Phomopsis helianthi) Muntañola-
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Cvetkovic, Mihaljcevic and Petrov (Muntañola-Cvetković et al. 1985). In the United
States, Phomopsis stem canker was reported in 1980 (Herr et al. 1983), with the causal
pathogen being described as a fungus similar to D. helianthi. Diaporthe helianthi was first
confirmed as a Phomopsis stem canker pathogen in Texas in 1982 (Yang et al. 1984), which
was followed by reports in Minnesota and North Dakota in 1984 (Hadju et al. 1984). In
2011, Diaporthe gulyae (syn. Phomopsis gulyae) Shivas, Thompson and Young
(Thompson et al. 2011) was confirmed causing Phomopsis stem canker of sunflower in the
United States and specifically in South Dakota (Mathew et al. 2015). The same study by
Mathew et al. (2015) also examined the aggressiveness of D. gulyae and D. helianthi, and
found that D. gulyae caused necrosis, lodging and plant death of sunflower plants more
rapidly than D. helianthi in the greenhouse, even though both pathogens were concluded
to be aggressive. These conclusions may lead to significant implications for managing
Phomopsis stem canker of sunflower, especially for disease resistance breeding efforts in
Minnesota, North Dakota and South Dakota, where over 75% of the United States
sunflower production takes place (Mathew et al. 2015).
Species of Diaporthe overwinter as mycelium and perithecia in infected plant
residue. When temperatures are between 15 oC and 30 oC (optimum being 25 oC), the
perithecia release mature ascospores that are spread by wind or splashing rain onto the
lower leaves of the sunflower plants (Su et al. 1985). When relative humidity reaches 90%
for 10 to 12 hours, ascospores infect the leaf margins and produce the first symptoms of
the disease as small necrotic spots with a chlorotic edge. The fungus continues infection
by spreading through the petiole to the stem. On the stem, a sunken brown lesion is
produced that quickly enlarges, elongates, and sometimes envelopes the stem. The pith
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tissue beneath the lesion can be degraded, making infected sunflower plants severely prone
to lodging, which compromises sunflower yield. As a result of Phomopsis stem canker
epidemic, yield losses up to 40% has been reported in commercial sunflower fields (Gulya
et al. 1997; Mathew et al. 2015).
In general, for identification of species of Diaporthe, host association was used as
cultural and morphological characteristics have been unreliable upon isolation of causal
fungus from diseased plants on a culture media (van Rensburg et al. 2006). Hyde et al.
(2010) suggested that the host-based identification of species must be discarded for
Diaporthe, particularly on sunflower because of the association of D. helianthi with the
quarantine and trade issues. Currently, species identification of Diaporthe is determined
by sequence analyses of the internal transcribed spacer (ITS), translation elongation factor1α (EF1-α), actin (ACT), and mating-type (MAT) gene regions (Ash et al. 2010; Mathew
et al. 2015; Santos et al. 2010; Thompson et al. 2011; Udayanga et al. 2011). In other
cropping systems such as soybean (Glycine max [L.] Merr.), quantitative polymerase chain
reaction (qPCR) have been developed to detect and quantify species of Diaporthe based
on absolute quantification of the causal pathogens (Kontz et al. 2016; Zhang et al. 1997).
Zhang et al. (1997) developed qPCR assays for specific detection of Diaporthe caulivora
(Athow and Caldwell) Santos, Vrandecic and Phillips (formerly known as Diaporthe
phaseolorum var. caulivora Athow and Caldwell) and Diaporthe longicolla (Hobbs)
Santos, Vrandecic and Phillips (formerly known as Phomopsis longicolla Hobbs) in
soybean seeds. The qPCR assays developed by Zhang et al. (1997) were applied by Kontz
et al. (2016) for direct quantification of D. caulivora and D. longicolla in infected soybean
plants, and to quantify resistance in soybean germplasm to these two pathogens.
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On sunflower, there are currently three confirmed species of Diaporthe causing
Phomopsis stem canker in the United States; D. helianthi (Hadju et al. 1984; Mathew et al.
2015; Yang et al. 1984), D. gulyae (Mathew et al. 2015), and Diaporthe stewartii Harrison
(Olson et al. 2017). Each of these pathogens are capable of producing virtually identical
symptoms on sunflower, making it challenging to differentiate the species of Diaporthe
causing disease in the field. Additionally, symptoms caused by Phomopsis stem canker are
easily confused with various other diseases of sunflower including Phoma Black stem
(Phoma macdonaldii Boerma) and Sclerotinia mid stalk rot (Sclerotinia sclerotiorum
[Lib.] de Bary). In addition, mixed infections of P. macdonaldii and D. helianthi have been
reported, which makes field diagnosis of Phomopsis stem canker of sunflower additionally
challenging (Gulya et al. 1997). Furthermore, D. helianthi poses a biosecurity threat in
sunflower production regions of the world (e.g., Australia) where it has not yet been
identified (Thompson et al. 2011; Mathew et al. 2015). Regardless of these challenges in
accurately identifying the causal pathogens of Phomopsis stem canker of sunflower, a
sensitive and precise assay is not available for disease diagnosis and pathogen detection.
The specific objectives of this study were to (i) develop qPCR assays for specific
detection and quantification of D. helianthi and D. gulyae causing Phomopsis stem canker
of sunflower; (ii) compare traditional plating of D. helianthi and D. gulyae to qPCR
detection; and (iii) validate the usefulness of qPCR for screening sunflower genotypes for
resistance to D. helianthi and D. gulyae. In this chapter, the name "Diaporthe" (1870) will
be used when referring to Diaporthe species or isolates, given the transition in
nomenclature for fungi to one genus name (Wingfield et al. 2012) and priority by date over
"Phomopsis" (1905).
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2.3. Materials and methods
2.3.1. Diaporthe isolation and identification
A total of 32 isolates of fungal and oomycete plant pathogens, including six species
of Diaporthe recovered from sunflower and additional plant hosts, were used in this study
(Table 2.1).
To obtain Diaporthe isolates from sunflower, 26 plant samples exhibiting
symptoms of Phomopsis stem canker were collected from commercial fields in Minnesota,
North Dakota, and South Dakota at the R6 (complete anthesis) to R9 (physiological
maturity) development stage of sunflower (Schneiter and Miller 1981). For sampling of
diseased sunflower plants in the three states, the sunflower fields were selected arbitrarily,
and the fields were greater than 5 km from a previously selected field. In each field, two to
three plants exhibiting symptoms of Phomopsis stem canker (stem lesions of various size
and color, lodging, and wilting) were randomly selected in each transect that were roughly
10 m long. In each field, two transects were randomly selected while sampling diseased
sunflower plants.
To isolate the causal pathogen from diseased sunflower plants, small pieces (10
pieces; each 10 mm) were cut directly from symptomatic lesions in the diseased plant
samples. While few stem pieces (about 4) were used for the traditional plating method, the
remaining were used for direct DNA extraction and qPCR assays. Stem pieces for the
traditional isolation methods were surface sterilized in sodium hypochlorite (0.05%) and
ethanol (70%) for 1 min each, and rinsed in sterile distilled water for 30 s and dried on
sterilized paper towels. Four stem pieces were plated onto potato dextrose agar (PDA)
modified with 0.02% streptomycin sulfate (Sigma-Aldrich, St. Louis, MO) to minimize
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contamination. Potato dextrose agar was made from fresh potatoes according to Leslie and
Summerell (2006). Briefly, potatoes (200 g) were cut up into 10 mm pieces and boiled in
1000 mL of water for 20 min. The mixture was then poured through a strainer double lined
with cheesecloth, and 20 g dextrose and 15 g agar powder was added to the liquid before
autoclaving. Cultures were scored for the presence of Diaporthe based on morphology
which included colony appearance, and production of alpha and beta conidia on PDA
(Mathew et al. 2015). The suspected D. helianthi cultures appeared white to tan colored on
PDA with a dense mycelium and produced only beta conidia. In contrast, D. gulyae cultures
had scattered tufts of grey mycelium on PDA and produced only alpha conidia (Mathew et
al. 2015). The suspected Diaporthe isolates were hyphal-tipped onto fresh PDA plates
amended with 0.02% streptomycin sulfate and were incubated for 10 days at 22oC.
For DNA extractions, mycelium was scraped directly from the surface of the 10
day old PDA cultures with a sterilized glass coverslip and ground with liquid nitrogen in a
mortar and pestle. DNA was extracted from a sample (20 mg) of the resulting powder with
the Wizard Genomic DNA purification kit (Promega Corporation, Madison, WI) according
to the manufacturer’s instructions, and DNA concentrations were measured with a
NanoDrop Spectrophotometer (NanoDrop Technologies, Wilmington, DE). The ITS
region of the DNA sequences of the 13 Diaporthe isolates from sunflower was amplified
using ITS1 and ITS4 primers (White et al. 1990). Polymerase chain reaction (PCR) for the
ITS region was performed in a mixture (25-μl) containing 20 ng/reaction of fungal DNA,
10 µM of forward primer, 10 µM of reverse primer, 10 mM of each dNTPs, 5 units/µl of
Taq DNA Polymerase (Qiagen, Valencia, CA), and 10x PCR Buffer containing 15 mM
MgCl2 (Qiagen, Valencia, CA). In addition to the ITS gene region, the Diaporthe isolates
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were characterized by amplifying and sequencing the translation elongation factor 1-alpha
(EF1-α) gene region using primers EF1-728F and EF1-986R (Carbone and Kohn 1999).
Reactions for the PCR amplifications were performed in a 25-μl mixture containing 20
ng/reaction of template DNA, 10 µM of each primer, 10 mM of each dNTPs, 5 units/µl of
Taq DNA Polymerase (Qiagen), and 10x PCR Buffer containing 15 mM MgCl2 (Qiagen).
The PCR cycling protocols were: denaturation at 94 °C for 5 min followed by 39 cycles of
30 s at 95 °C, 50 s at 58 °C, 1 min at 72 °C, and a final step of 10 min at 72 °C (Carbone
and Kohn 1999).
To confirm amplification in the two PCR reactions, PCR products (5-μl) of each of
the 13 Diaporthe isolates were analyzed by agarose gel electrophoresis (2% agarose gel).
DNA samples of the Diaporthe isolates from sunflower were sequenced (GenScript USA
Inc., Piscataway, NJ) using the ITS1/ ITS4 primers (White et al. 1990) and using primers
EF1-728F/ EF1-986R (Carbone and Kohn 1999). Forward and reverse sequences of the
Diaporthe isolates were edited using BioEdit (v7.2.5; Hall 1999). The edited sequences
were analyzed using the Basic Local Alignment Search Tool Nucleotide (BLASTN)
searches

at

GenBank

(National

Center

for

Biotechnology

Information,

http://www.ncbi.nlm.nih.gov/). The isolates were identified to species of Diaporthe by
comparing ITS and EF1-α sequences with those of D. helianthi isolate CBS 592.81 (EF1α: Genbank Accession # GQ250308.1; ITS: Genbank Accession # NR_103698.1) and D.
gulyae strain BRIP 54025 (EF1-α: Genbank Accession # JN645803.1; ITS: Genbank
Acession # NR_111615.1).
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2.3.2. Primer and probe development for the qPCR assays
To develop qPCR assays specific to the two pathogens, eight and five primer/probe
sequence combinations were designed respectively for D. helianthi and D. gulyae by the
Real Time PCR (TaqMan) Primer Design tool (GenScript, Piscataway, NJ) and the
PrimerQuest tool (Integrated DNA Technologies, Coralville, IA). The primers and probes
were developed from the EF1-α gene region of the sequences of type isolates from
sunflower, since the ITS gene regions being less than optimal for identification of closely
related species of Diaporthe (Gomes et al. 2013). For D. helianthi, EF1-α gene region of
Diaporthe helianthi isolate CBS 592.81 (Genbank Accession # GQ250308.1) was used to
develop primers and probe for the qPCR assays. For D. gulyae, EF1-α region of Diaporthe
gulyae strain BRIP 54025 (Genbank Accession # JN645803.1) was used.
For D. helianthi, eight primer/probe sequence combinations (8 probes, 16
forward/reverse primers) were designed to amplify a PCR product size of 70-150 bp, and
were evaluated for stability using the OligoAnalyzer 3.1 tool (Integrated DNA
Technologies, Coralville, IA), which calculated free energy values (∆G) and melting
temperatures (Tm). Similarly, for D. gulyae, five primer/probe sequences combinations (5
probes, 10 forward/reverse primers) were evaluated for stability using the OligoAnalyzer
3.1 tool (Integrated DNA Technologies, Coralville, IA). For the two assays, quantitative
PCR reaction parameters were set at 50 mM K+ and 3 mM Mg2+ before the primer/probe
sequences were analyzed. The best fit primer/probe set was chosen based on PCR primer
design guidelines given by Prediger (2013). For primer design, guidelines used were: a Tm
of 62

o

C, annealing temperature (Ta) no larger than 5o below the Tm, a GC

(guanine/cytosine) content ranging from 35-65%, and a specificity for the desired
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sequence. For probe design, guidelines used were: a Tm 6-8o higher than the primers, a Ta
no larger than 5o below the lowest Tm of the primers, and a GC content ranging from 3565%. The best fit primer/probe set was chosen based on the free energy (ΔG) values
described, which were used to evaluate the stability of the amplicon secondary structure.
The PCR product with higher ΔG values for the formation of hairpins, homo-dimers, and
hetero-dimers was selected as test candidate for further evaluation. Primer and probe
sequences for the D. helianthi and D. gulyae PCR assay were obtained through Integrated
DNA Technologies (Coralville, IA). The TaqMan® probe (Life Technologies) for the two
assays was labeled with 6-fluorescein (6-FAM) on the 5" end, an internal ZEN quencher,
and a 3" with 6-fluorescein (6-F was used to modify the 3" end).
2.3.3. Specificity and sensitivity tests for the qPCR assays
For specificity testing of the two qPCR assays, sequences for D. helianthi-specific
primer/probe set (IDT4_dh; 93-bp amplicon) and D. gulyae-specific primer/probe set
(IDT2_dg; 106-bp amplicon) were confirmed using Primer-Blast searches in National
Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/tools/primerblast) to eliminate possible cross-reactivity from other closely related species of Diaporthe.
In addition, primer and probe specificity of the two assays was tested against 100 pg of
genomic DNA from 31 isolates of target and non-target pathogens (Table 2.1.).
To determine sensitivity and efficiency of the qPCR assays, a 10-fold serial dilution
(10 ng to 1 pg) of genomic DNA of D. helianthi isolate (DIA-06, Sully County, SD) and
D. gulyae isolate (DIA-14, Faulk County, SD) was tested with the qPCR assays specific to
the two pathogens. The efficiency (%) of both qPCR assays was calculated using the
formula: Efficiency= (10(-slope)-1) x 100. The slope was calculated from the linear
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regression of the log10 transformation of template DNA concentrations and cycle threshold
(Ct) values. The Ct value threshold for D. gulyae was given at 0.045, and the Ct threshold
for D. helianthi was given at 0.076.
2.3.4. Reaction conditions for the qPCR assays
Quantitative PCR reactions for the specificity and sensitivity tests were performed
with the Applied Biosystems 7900HT Fast Real-Time PCR System (Life Technologies,
Carlsbad, CA). For each reaction there were three technical repeats in a total volume of 20
µl that included 10 µl of TaqMan® Universal Master Mix II (Applied Biosystems), 0.4 µl
(10 µM) of forward primer, 0.4 µl (10 µM) of reverse primer, 0.2 µl (10 µM) of fluorescent
TaqMan® probe, 1 µl of DNA template and 8 µl of sterile distilled water. Quantitative PCR
cycling parameters for both assays were 95 oC for 10 min, followed by 40 cycles of 95 oC
for 15 s, and 60 oC for 1 min. Every qPCR run included a negative control of sterile distilled
water as well as positive controls of DNA extracted from D. gulyae isolate DIA-14 or D.
helianthi isolate DIA-06. The Ct value thresholds were given at 0.046 for the D. gulyae
assay, and 0.049 for the D. helianthi assay.
2.3.5. Comparison of traditional plating to D. gulyae and D. helianthi qPCR assays
To compare results of traditional plating methods to those performed by the qPCR
assays, DNA was extracted directly from lesions of the symptomatic field samples and
examined with both qPCR assays. For use as a negative control with both qPCR assays,
DNA was extracted from the stem of a sterilized, pure sunflower sample grown in the
greenhouse. Stem pieces (~100 mg) were placed into a mortar and pestle and ground with
liquid nitrogen. DNA was extracted using the Clontech Nucleospin Plant II kit (Clontech
Laboratories, Inc., Mountain View, CA) per instructions by the manufacturer. DNA
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concentrations were measured with a NanoDrop spectrophotometer (NanoDrop
Technologies, Wilmington, DE), and diluted to 5 ng/µl before performing qPCR assays.
All 26 field samples, plus the pure sunflower sample were analyzed using both qPCR
assays with the Applied Biosystems 7900HT Fast Real-Time PCR System (Life
Technologies). The qPCR master mix and cycling conditions were the same as previously
described.
2.3.6. Screening genotypes for resistance to D. gulyae and D. helianthi using qPCR
To apply the two qPCR assays to screen for genetic resistance to the pathogens
causing Phomopsis stem canker in sunflower, 54 plant introduction (PI) lines from nine
countries including the United States, Czechoslovakia, Hungary, Argentina, China, Poland,
Austria, Kazakhstan, and Canada were screened in separate experiments under greenhouse
conditions for resistance to D. helianthi and D. gulyae (Table 2.5). The 54 genotypes,
which included one landrace, 29 non-oil, and 24 oil type sunflower cultivars, were chosen
from the preliminary screening of 288 genotypes for resistance to Phomopsis stem canker
under natural disease pressure in a field trial in Brookings, SD (Feng et al. 2015). Sunflower
cultivar ‘HA 288’ (PI 552934) was used as the susceptible check. Seeds for each PI line
for greenhouse screening was provided by Dr. Laura Marek (USDA-ARS North Central
Regional Plant Introduction Station (NCRPIS) and Iowa State University in Ames, IA).
In order to select a D. helianthi and D. gulyae isolate for genotype screening, a
greenhouse study examining the aggressiveness of five isolates of D. helianthi, and five
isolates of D. gulyae from South Dakota was conducted (T. Olson and F. Mathew,
unpublished). The study was performed in the greenhouse where conditions were 22 oC
under a 12-h photoperiod with a light intensity of 450 µEm-2s-1 and watered on alternate
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days. The inoculation method used in the aggressiveness study was the stem wound method
(Mathew et al. 2015) with susceptible sunflower cultivar ‘HA 288.’ Among the five D.
helianthi and five D. gulyae isolates, D. helianthi isolate DIA-06 and D. gulyae isolate
DIA-01 were determined to be most aggressive based on the disease severity ratings
adopted from Mathew et al. (2015) and Thompson et al. (2011) where 0 = no discoloration;
1 = low level discoloration at the site of inoculation; 2 = slight discoloration or lesion 1 to
2 mm in length; 3 = necrotic lesions 2 to 5 mm in length, some colored stem streaking leaf
wilting, and twisting; 4 = lesions 5 to 10 mm in length, significant necrosis and darkcolored stem streaking, leaf and plant wilting, twisting, stunting, and some lodging; and 5
= lesions exceeding 10 mm in length, severe leaf necrosis, lodging, or plant death. The D.
gulyae and D. helianthi isolates exhibited disease severity ratings of ‘4’ and ‘4.5’
respectively.
To screen sunflower genotypes for resistance to D. helianthi and D. gulyae, three
seeds were planted in moist potting mix (Sunshine Mix # 1 Sun Grow Horticulture
Products, Belleview, WA) in two 7.5 L circular plastic pots. The pots were each amended
with 28 grams of Multicote (4) 14-14-16 + micronutrients (Haifa Fertilizers, Haifa, Israel)
controlled release fertilizer and placed in a greenhouse kept between 22 and 25 oC with a
16-h light (light intensity of 450 μEm–2s–1) and dark cycle. Plants were watered every three
days. The stem wound method adopted from Mathew et al. (2015) was used to screen the
sunflower genotypes for resistance to D. helianthi and D. gulyae. When the sunflower
plants reached the V-4 to V-6 development stage (4 to 6 true leaves developed, Berglund
2007), the stems were wounded on the second internode with a micropipette tip (1000 µl)
and a mycelial plug of a 10-day old D. helianthi isolate DIA-06 or D. gulyae isolate DIA-
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01 was placed inside the wound. The wound was wrapped with Parafilm. Disease severity
was evaluated 14 d after inoculation using a modified scale (0-5) from Mathew et al. (2015)
and Thompson et al. (2011). In addition, the disease severity index (DSI) percentage was
calculated for each PI line using the formula {[(1 * # plants rated ‘1’) + (2 * # plants rated
‘2’) + (3 * # plants rated ‘3’) + (4 * # plants rated ‘4’) + (5 * # plants rated ‘5’)]/ [(5 * total
plant #)]* 100}. For the two pathogens, the experiment was set up in a completely
randomized design with six plants per genotype (per experiment) and each plant was
regarded as a replication. The experiments were performed a total of three times.
For isolating DNA from the sunflower genotypes, stem internodes (6 samples per
experiment) containing the lesion produced by D. helianthi and D. gulyae were harvested
after being rated for disease severity, and placed into a freezer until DNA extractions could
be performed. Sunflower plants with uniform disease severity ratings from each genotype
(6 samples) in each of 3 experimental replications were pooled into a single sample for
DNA extractions. This resulted in 54 individual DNA samples for D. helianthi and D.
gulyae. Prior to DNA extractions, PI line samples were homogenized in a blender to break
up the stem pieces. The homogenized stem tissue (~100 mg) of was pulverized in a mortar
and pestle with liquid nitrogen. DNA was extracted with the Clontech Nucleospin Plant II
kit (Clontech Laboratories, Inc., Mountain View, CA), quantified with a NanoDrop
spectrophotometer (NanoDrop Technologies, Wilmington, DE) and diluted to 10 ng/µl
before performing qPCR assays.
Quantitative PCR reactions were performed with the Applied Biosystems 7900HT
Fast Real-Time PCR System (Life Technologies). The qPCR master mix and cycling
conditions were the same as previously described for the two assays. Every qPCR run
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included positive controls of D. helianthi isolate DIA-06 or D. gulyae isolate DIA-14 as
well as negative controls of host DNA (sunflower stem from testing qPCR assays) and
sterile distilled water. The Ct value thresholds were given at 0.088 for D. gulyae and 0.168
for D. helianthi. From the Ct values obtained while performing qPCR on sunflower
genotypes, the quantity of D. helianthi and D. gulyae DNA present in each sample was
determined from the standard curve developed for their respective qPCR assays.
To determine the effect of sunflower genotype on disease severity index (DSI) and
DNA content, genotype effects were analyzed using linear mixed effects models in R (R
core team 2012) with lme4 (Bates et al. 2012). The fixed effect in the models was
“genotype” and the random effect was the experimental “replication”. A separate statistical
analysis was carried out for D. helianthi and D. gulyae. An analysis of variance (ANOVA)
in R (v2.11.1; https://www.rstudio.com/) for a completely randomized design (CRD) was
performed on the DSI and DNA content from D. helianthi and D. gulyae experiments.
Fisher’s LSD test in Agricolae (de Mendiburu 2014) was used to separate treatment means
at P ≤ 0.05.
For all analyses, the ANOVA assumptions of normality and homogeneity of
variances were checked and satisfied before combining the results of the three experimental
repeats. The P-values accompanying the dependent variables (DSI and DNA content for
D. helianthi and D. gulyae) were determined using the likelihood ratio test using lme4 in
R (Bates et al. 2012). To conduct the test, a “reduced” model with only the random effect
was compared against the “full” model containing both the random and fixed effect. The
significance of the fixed effect was determined if the difference between the likelihood of
the full model and reduced model was significant at P ≤ 0.05. The cor.test function in R
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was used to calculate Spearman rank correlation coefficients (rs) (Spearman 1904) between
disease severity index (DSI) for each genotype at 14 days after inoculation and the amount
of D. helianthi or D. gulyae DNA in the inoculated plants.
2.4. Results
2.4.1. Diaporthe isolation and identification
Of the 26 field samples collected and plated, D. helianthi was isolated from three
Minnesota samples (DIA-22, DIA-02, DIA-05), three South Dakota samples (DIA-24,
DIA-03, DIA-08), and one North Dakota sample (DIA-17) (Table 2.4.) All D. helianthi
cultures isolated onto potato dextrose agar (PDA) were confirmed by a BLASTN analysis
of the ITS and EF1-α sequences of the type isolate Diaporthe helianthi CBS 592.81 (EF1α: Genbank Accession # GQ250308.1; ITS: Genbank Accession # NR_103698.1) from H.
annuus with identities ranging from 99 to 100%.
Diaporthe gulyae was isolated only from South Dakota samples (DIA- 10, DIA-12,
DIA-16, DIA-13, DIA-09, DIA-15, DIA-21, DIA-25) (Table 2.4). All D. gulyae isolates
were also confirmed by a BLAST analysis of the ITS and EF1-α sequences in Genbank,
and were matched with Diaporthe gulyae strain BRIP 54025 (EF1-α: Genbank Accession
# JN645803.1; ITS: Genbank Acession # NR_111615.1) from H. annuus with identities
ranging from 99 to 100%.
2.4.2. Primer and probe development for the qPCR assays
In total, 26 primers and 13 probes were examined during the qPCR assay
development. After evaluation of all primer/probe sequences, the primer/probe set,
IDT4_dh (Integrated DNA Technologies, Coralville, IA), amplifying a 93-bp product from
D. helianthi with one TaqMan® probe was determined to be the candidate with a stable
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primer/probe combination (Table 2.2). The primer/probe set IDT2_dg (Integrated DNA
Technologies (IDT), Coralville, IA), amplifying a 106-bp product from D. gulyae with one
TaqMan® probe was determined to be the candidate with a stable primer/probe
combination (Table 2.3).
2.4.3. Specificity and sensitivity tests for the qPCR assays
Both D. helianthi and D. gulyae qPCR assays were highly specific because neither
of the assays amplified genomic DNA from each other or another non-target species (Table
2.1). The primer blast analysis in Genbank of the three D. helianthi qPCR assay sequences
(Table 2.2) proved them to be specific to Diaporthe helianthi isolate CBS 592.81 (Genbank
Accession # GQ250308.1) from H. annuus with 100% identities and 0% gap. The primer
blast analysis of the three D. gulyae qPCR assay sequences (Table 2.3) in Genbank also
provided substantial support that sequences were specific to Diaporthe gulyae strain BRIP
54025 (Genbank Accession # JN645803.1) from H. annuus with 100% identities and 0%
gap. No amplification resulted from any of the negative controls tested. Cycle threshold
(Ct) values of 36 and 38, respectively, were chosen as cut-off Ct values for the D. helianthi
and D. gulyae assays because the D. helianthi and D. gulyae primer/probe sets did not
quantify D. helianthi and D. gulyae genomic DNA beyond the cut-off Ct values.
For the D. helianthi qPCR assay, all target D. helianthi samples was detected with
Ct values ranging from 28.20 to 29.40 at 100 pg genomic DNA. A linear relationship
occurred (y = -3.4277x + 36.773, R2 = 0.999) between Ct values and log transformed D.
helianthi DNA dilutions. The respective PCR efficiency was 95.68% and standard curve
dilutions of genomic DNA suggested the assay uniformly amplified 1 pg of D. helianthi
DNA (Ct = 36.8) (Figure 2.1).
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For the D. gulyae qPCR assay, all target D. gulyae samples were detected at 100 pg
genomic DNA with Ct values ranging from 26.69 to 30.03. A linear relationship also
occurred (y = -3.567x + 35.099, R2= 0.993) between Ct values and log transformed D.
gulyae DNA dilutions. The PCR efficiency was 90.6% and standard curve dilutions of
genomic DNA indicated the assay regularly amplified 1 pg of D. gulyae DNA (Ct = 35.6)
(Figure 2.2).
2.4.4. Comparison of traditional plating to D. gulyae and D. helianthi qPCR assays
To accurately diagnose sunflower plants for Phomopsis stem canker that were
collected from Minnesota, North Dakota and South Dakota, traditional PDA isolation
methods were compared with the qPCR assays designed specifically for detection of D.
helianthi and D. gulyae. For D. helianthi, 20 out of the 26 samples were determined
positive with the qPCR assay. One sample from North Dakota was positive for D. helianthi
with a Ct value of 29.21 (Table 2.4). Seven samples from Minnesota were positive for D.
helianthi, with Ct values ranging from 22.43 to 28.69 (Table 2.4). Twelve samples from
South Dakota were positive for D. helianthi with Ct values ranging from 23.18 to 35.02
(Table 2.4.). For D. gulyae, 21 out of the 26 samples were positive with the qPCR assay.
Four samples from Minnesota were positive for D. gulyae, with Ct values ranging from
31.69 to 34.95 (Table 2.4). In addition, 16 samples from South Dakota were positive for
D. gulyae, with Ct values ranging from 21.44 to 37.51 (Table 2.4). One samples from North
Dakota was determined positive for D. gulyae (Ct = 36.53) based on the qPCR assay, and
no amplification occurred from negative controls or the sterilized, pure sunflower sample
when examined with either of the qPCR assays.
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On comparing the results of the traditional isolation method with qPCR assays, all
sunflower samples exhibiting symptoms of Phomopsis stem canker were associated with
either D. helianthi or D. gulyae (Table 2.4). While either D. gulyae or D. helianthi were
recovered on PDA from diseased sunflower samples, the qPCR assays were capable of
detecting both Diaporthe pathogens. For example, sample DIA-02 had positive isolation
and qPCR results for D. helianthi (Ct = 27.81) and negative isolation results for the presence
of D. gulyae. However, qPCR examination resulted in positive levels of D. gulyae DNA
(Ct = 32.77) (Table 2.4). Sample DIA-21 resulted in relatively high levels of both pathogens
when examined with the D. helianthi (Ct = 23.95) and D. gulyae (Ct= 22.91) qPCR assays
respectively, even though only D. gulyae was isolated onto PDA. Lastly, the qPCR assays
were able to detect both Diaporthe pathogens in three diseased sunflower samples when
traditional plating methods did not isolate either pathogen. For example, sample SF-05,
with necrotic leaves and petioles (characteristic symptoms of Phomopsis stem canker in
early stages) had negative isolation results for the two species of Diaporthe, but
examination with D. helianthi (Ct = 25.00) and D. gulyae (Ct = 31.69) qPCR assays resulted
in positive results for the presence of both pathogens.
2.4.5. Screening genotypes for resistance to D. gulyae and D. helianthi using qPCR
To evaluate genotypes for genetic resistance to D. helianthi and D. gulyae, the
amount of D. helianthi and D. gulyae DNA was quantified in the genotypes with the
respective qPCR assays (Table 2.5). For both the pathogens, differences were observed for
both DSI and pathogen DNA quantified using qPCR assay among the sunflower PI lines.
For sunflower genotypes inoculated with D. helianthi, the effect of genotype on
DSI was not significant (χ2 = 68.05, df = 53, P > 0.05), although, genotype effect was
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significant on the amount of D. helianthi DNA in the genotypes (χ2 = 613.46, df = 53, P<
0.0001). Significant differences in DSI were not observed among genotypes (LSD = 33.8,
P> 0.05). Based on the amount of pathogen DNA quantified by qPCR, there were
significant differences observed among the 54 genotypes (LSD= 1575.51, f = 87.86, P <
0.0001). When compared with the amount of D. helianthi DNA quantified in susceptible
check ‘HA 288’, 27 genotypes had significantly lower levels of D. helianthi DNA. The
lowest amount of D. helianthi DNA was detected in PI 664232. The correlation coefficient
between DSI and the amount of D. helianthi DNA in the inoculated genotypes was strong
and significant (rs = 0.95, P< 0.0001).
For sunflower genotypes inoculated with D. gulyae, the effect of genotype on DSI
was significant (χ2 = 119.65, df = 53, P < 0.0001). Genotype effect was also significant on
the amount of D. gulyae DNA in the genotypes (χ2 = 617.15, df = 53, P < 0.0001).
Significant differences in DSI were observed among genotypes (LSD = 17.5, P = 0.003).
When compared to cv. ‘HA 288’ which had an average DSI of 79.0%, two genotypes had
significantly lower DSI. Based on the amount of D. gulyae DNA quantified by qPCR, there
were significant differences observed among the 54 genotypes (LSD= 225.69, f-value =
89.93, P < 0.0001). When compared with the amount of D. gulyae DNA quantified in cv.
HA 288, 32 genotypes had significantly lower levels of D. gulyae DNA. The lowest amount
of DNA was observed in PI 561918. The correlation between DSI and the amount of D.
gulyae DNA in the inoculated genotypes was strong and significant (rs = 0.93, P< 0.0001).
2.4. Discussion
In this study, two quantitative polymerase chain reaction (qPCR) assays were
developed for specific detection and quantification of D. helianthi and D. gulyae, which

49
are economically important fungal pathogens causing Phomopsis stem canker of
sunflower. The two qPCR assays were specific to D. helianthi and D. gulyae when tested
against fungal pathogens commonly recovered from sunflower plants and closely related
species of Diaporthe. Both assays also proved to be sensitive, consistently amplifying 1 pg
of D. helianthi and D. gulyae pure genomic DNA. In the reactions, there was no presence
of qPCR inhibitors, however, a negative control was examined with both D. helianthi and
D. gulyae qPCR assays to monitor false positives. To test the applicability of the qPCR
assays, sunflower samples exhibiting Phomopsis stem canker symptoms were collected
from commercial sunflower fields in Minnesota, North Dakota and South Dakota and either
of the pathogens or both were detected. Furthermore, both qPCR assays were used to screen
sunflower genotypes for resistance to D. helianthi and D. gulyae. Among the 54 genotypes
screened for resistance, significant differences were observed in the amount of D. helianthi
DNA and D. gulyae DNA (P < 0.0001) and few of these genotypes represent potential
sources of resistance to the two pathogens that can be used in the development of
commercial sunflower hybrids.
The genetic locus from which a qPCR assay is typically designed plays a critical
role in its development and performance (Wang et al. 2015). Among the commonly used
gene regions for identification of species of Diaporthe, EF1-α has become most popular
since it can provide sufficient polymorphism and adequate variation in phylogenetic
analyses (Hyde et al. 2014; Udayanga et al. 2014). For example, sequence analyses of the
EF1-α gene region has been successfully used to re-assess the species of Diaporthe
associated with soybean, cucurbits and other field crops (Udayanga et al. 2014). A nested
PCR using the EF1-α gene region was developed for specific detection of Diaporthe
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azadirachtae Udayanga and Castlebury, the causal pathogen of die-back disease of neem
(Azadirachta indica) (Shirahatti et al. 2014). In this study, the two qPCR assays were
designed from the EF1-α gene region of the type isolates of D. helianthi and D. gulyae.
The specificity of the assays was validated against 13 Diaporthe isolates from sunflower,
and 5 isolates from soybean. Additionally, a primer blast analysis of the qPCR
primer/probe sequences for the two assays was performed in Genbank. Both the D.
helianthi and D. gulyae qPCR assays were capable of only amplifying DNA of their target
organism, and the same specificity results were seen in all geographically diverse plant
samples, providing evidence that the assay can be successfully used for diagnosis of
Phomopsis stem canker directly from sunflower samples in any sunflower production
region of the world where the disease caused by D. helianthi and D. gulyae is a problem.
In this study, the qPCR assays were directly used to identify the causal pathogens
of Phomopsis stem canker from diseased sunflower plants that were collected from
commercial production fields in Minnesota, North Dakota and South Dakota. The
traditional plating methods and the D. gulyae qPCR assay both detected the presence of D.
gulyae in 31% of the samples. Similar results were een for the detection of D. helianthi;
the traditional plating methods and the D. helianthi qPCR assay both detected the presence
of D. helianthi in 27% of the samples. For the remaining samples, the results from the
traditional isolation methods did not match-up with the qPCR assays. For example, DIA16 was positive in both isolation and qPCR results for D. gulyae, however was negative in
isolation but positive in qPCR results for the presence of D. helianthi (Table 2.4). It is
possible that during isolation of the causal pathogens from DIA-16, we may have missed
D. helianthi during hyphal tipping given mycelial growth patterns of D. helianthi and D.
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gulyae on PDA can be very similar. For instance, Meyer et al. (2009) explained that D.
helianthi isolates produced a dense, white, floccose mycelium on PDA. Mathew et al.
(2015) indicated that D. gulyae isolates produced a white to gray mycelial colony on PDA.
Thus, during traditional isolation, it is possible that D. gulyae was only isolated. Likewise,
D. gulyae was detected at basal levels from diseased plant samples collected in three
counties in Minnesota (Kittson, Pennington, and Wilkin) and one county in North Dakota
(Richland). Even though D. gulyae was not recovered from the diseased plants, and Koch’s
postulates could not be completed, this is the first report of D. gulyae causing Phomopsis
stem canker of sunflower in Minnesota and North Dakota based on molecular detection.
In the integrated pest management (IPM) of many cropping systems, host resistance
is a major tool, and the use of host resistance in the management of Phomopsis stem canker
of sunflower is no exception. Sources of resistance to Phomopsis stem canker have been
identified in wild Helianthus species (Cuk 1982) as well as in sunflower parental lines from
Russia and Europe (Talukder et al. 2014). Nevertheless, when resistance screening takes
place under natural conditions or in the greenhouse, an accurate determination of resistance
levels in plants can be challenged due to the appearance of plant symptoms being
dependent on inoculation methods and variability of pathogens. To accommodate these
situations, qPCR assays can successfully help, especially when there are challenges in the
progress of a useful, accurate rating system for host resistance confirmation. For example,
when the disease severity rating scale developed by Thompson et al. (2011) was used to
identify genotypes with resistance to D. helianthi and D. gulyae in this study, the scale
failed to discriminate the sunflower genotypes based on disease severity. However, the
qPCR assays developed in this study were successfully able to differentiate the amount of
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D. helianthi and D. gulyae DNA among genotype and the results significantly and strongly
correlated (rs > 0.90) with DSI (P < 0.0001 for D. helianthi and D. gulyae). For D. helianthi,
while only 2 genotypes had lower disease severities when compared with HA 288, 27
genotypes appeared to be less susceptible using the qPCR assay. Similar results were seen
when the PI lines were inoculated with D. gulyae. While only 1 genotype was characterized
as less susceptible to D. gulyae based on the rating scale, and 32 genotypes were identified
as less susceptible using the qPCR assay when compared to HA 288. Upon comparing
sunflower genotypes for resistance to both D. helianthi and D. gulyae, no genotypes had a
lower disease severity to both pathogens when compared to HA 288. However, based on
qPCR assays, 16 genotypes had lower pathogen DNA when compared to HA 288. Based
on these results, it appears that there may be common sources of stem resistance to D.
helianthi and D. gulyae although further experiments will be required to determine the
number of loci and the genes conferring resistance to the two Phomopsis stem canker
pathogens.
In summary, the qPCR assays developed in this study will allow for rapid and costeffective detection and quantification of D. helianthi and D. gulyae. In addition to
diagnosing diseased sunflower plants for Phomopsis stem canker and to breed for
resistance to D. helianthi and D. gulyae, these newly developed assays may be used for
detection of the causal pathogens in seed samples and epidemiology related studies of
Phomopsis stem canker to develop management strategies. Infected sunflower seeds can
help with the spread of the causal pathogens of Phomopsis stem canker around the world.
We expect to be able to use the qPCR assays to detect D. helianthi and D. gulyae in infected
seeds during trade from quarantine restrictions, especially for D. helianthi, which is
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considered a biosecurity threat in countries like Australia (Thompson et al. 2011). During
DNA extractions from plant seeds, PCR inhibitors are a common problem (Chilvers et al.
2007; Gudmestad et al. 2009; Ma and Michailides 2007; Mbofung and Pryor 2010; Pryor
and Gilbertson 2001). However, by optimizing DNA extractions, PCR inhibitors from
sunflower seeds can easily be removed as successfully demonstrated by Ioos et al. (2012).
For resistance to Phomopsis stem canker pathogens in sunflower, the resistance in the leaf
and stem are inherited independently (Degener et al. 1999). In this study, the qPCR assays
were evaluated for only stem resistance to D. helianthi and D. gulyae among sunflower
genotypes. However, the assays may be used to screen sunflower genotypes for leaf
resistance to D. helianthi and D. gulyae particularly under natural conditions when
sunflower plants may be affected by multiple diseases. Currently, the work is ongoing to
use the two qPCR assays to evaluate the efficacy of fungicide spray program to manage
Phomopsis stem canker of sunflower by quantifying airborne inoculum produced by D.
helianthi and D. gulyae under field conditions.
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Table 2.1. Examination panel of species used to validate the specificity of the quantitative polymerase chain reaction (qPCR) assays for
detection of D. helianthi and D. gulyae.
D. helianthi
D. gulyae
Isolate
Year of
Geographic Origin
Pathogen speciesa
Hostb
c,d
ID
Isolation
Ct Value
Ctc,d Value
DIA-06
South Dakota
2015
D. helianthi
H. annuus
28.20
DIA-08
South Dakota
2015
D. helianthi
H. annuus
29.40
DIA-22
Minnesota
2016
D. helianthi
H. annuus
29.25
DIA-17
North Dakota
2016
D. helianthi
H. annuus
29.25
DIA-23
North Dakota
2016
D. helianthi
H. annuus
28.48
DIA-01
South Dakota
2015
D. gulyae
H. annuus
28.06
DIA-10
South Dakota
2016
D. gulyae
H. annuus
26.69
DIA-14
South Dakota
2015
D. gulyae
H. annuus
27.25
DIA-21
South Dakota
2015
D. gulyae
H. annuus
29.03
DIA-15
South Dakota
2015
D. gulyae
H. annuus
30.03
DIA-37
South Dakota
2016
D. gulyae
Chenopodium album
30.38
DIA-49
South Dakota
2016
D. gulyae
Kochia scoparia
30.28
DIA-48
South Dakota
2016
D. gulyae
Kochia scoparia
30.07
a
Species of Diaporthe was confirmed by sequencing the internal transcribed spacer (ITS) gene region of the pathogen DNA. Pathogens
included in the panel include the species of Diaporthe that cause Phomopsis stem canker of sunflower as well as those that are closely
related based on phylogenetic analyses performed by Mathew et al. (2015).
b
Host plants Diaporthe was isolated from.
c
Ct values in table are an average of three technical replications. Ct value thresholds were given at 0.045 and 0.076 for the D. gulyae and
D. helianthi assays, respectively, ‘-‘designates no qPCR assay amplification.
d
Samples with Ct values less than 36 were determined to have quantifiable levels of DNA with the D. helianthi qPCR assay.
e
Samples with Ct values less than 38 were determined to have quantifiable levels of DNA with the D. gulyae qPCR assay.
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Table 2.1. (continued). Examination panel of species used to validate the specificity of the quantitative polymerase chain reaction
(qPCR) assays for detection of D. helianthi and D. gulyae.
D. helianthi D. gulyae
Year
of
Pathogen speciesa
Hostb
Isolation
Ctc,d Value
Ctc,e Value
DIA-29
South Dakota
2016
D. longicolla
H. annuus
DIA-30
South Dakota
2016
D. longicolla
H. annuus
DIA-27
Minnesota
2016
D. stewartii
H. annuus
SCL-01
South Dakota
2015
Sclerotinia sclerotiorum
H. annuus
ALT-01
Minnesota
2015
Alternaria alternata
H. annuus
FUS-01
South Dakota
2016
Fusarium incarnatum/equiseti H. annuus
FUS-02
South Dakota
2016
Fusarium acuminatum
H. annuus
FUS-03
South Dakota
2016
Fusarium sporotrichiodes
H. annuus
FUS-10
South Dakota
2014
Fusarium oxysporum
Glycine max
FUS-11
South Dakota
2014
Fusarium virguliforme
Glycine max
PHY-01
South Dakota
2016
Phytophthora sojae
Glycine max
PHO-22
South Dakota
2014
D. caulivora
Glycine max
PHO-23
Illinois
2016
D. caulivora
Glycine max
a
Species of Diaporthe was confirmed by sequencing the internal transcribed spacer (ITS) gene region of the pathogen DNA. Pathogens
included in the panel include the species of Diaporthe that cause Phomopsis stem canker of sunflower as well as those that are closely
related based on phylogenetic analyses performed by Mathew et al. (2015).
b
Host plants Diaporthe was isolated from.
c
Ct values in table are an average of three technical replications. Ct value thresholds were given at 0.045 and 0.076 for the D. gulyae and
D. helianthi assays, respectively, ‘-‘ designates no qPCR assay amplification.
d
Samples with Ct values less than 36 were determined to have quantifiable levels of DNA with the D. helianthi qPCR assay.
e
Samples with Ct values less than 38 were determined to have quantifiable levels of DNA with the D. gulyae qPCR assay.
Isolate ID Geographic Origin
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Table 2.1. (continued). Examination panel of species used to validate the specificity of the quantitative polymerase chain reaction
(qPCR) assays for detection of D. helianthi and D. gulyae.
D. helianthi
D. gulyae
Geographic
Year of
Pathogen speciesa
Hostb
c,d
Origin
Isolation
Ct Value
Ctc,e Value
PHO-24
Kentucky
2016
D. aspalathi
Glycine max
PHO-14
Illinois
2014
D. longicolla
Glycine max
PHO-15
Illinois
2016
D. longicolla
Glycine max
MAC-01
South Dakota
2015
Macrophomina phaseolina
Brassica carinata
PYR-01
South Dakota
2013
Pyrenophora tritici-repentis
Tritcum avenstivum
a
Species of Diaporthe was confirmed by sequencing the internal transcribed spacer (ITS) gene region of the pathogen DNA. Pathogens
included in the panel include the species of Diaporthe that cause Phomopsis stem canker of sunflower as well as those that are closely
related based on phylogenetic analyses performed by Mathew et al. (2015).
b
Host plants Diaporthe was isolated from.
c
Ct values in table are an average of three technical replications. Ct value thresholds were given at 0.045 and 0.076 for the D. gulyae and
D. helianthi assays, respectively, ‘-‘ designates no qPCR assay amplification.
d
Samples with Ct values less than 36 were determined to have quantifiable levels of DNA with the D. helianthi qPCR assay.
e
Samples with Ct values less than 38 were determined to have quantifiable levels of DNA with the D. gulyae qPCR assay.
Isolate ID

64
Table 2.2. Primers and probes specific to D. helianthi used in the quantitative polymerase
chain reaction (qPCR) assay.
Names
Sequences (5’-3’)
Length (nt)a Tm (oC)b
IDT4_dh_Fc
CCGCACCTTGAACCCATAA
19
62
IDT4_dh_Rc
CCTTGACAGGTGTGACGAAG
20
62
c
IDT4_dh_P
CCCTCACTCCACATGCACATCATGA
25
68
a
Length of the sequences in nucleotides.
b
Values of melting temperature were determined with the Integrated DNA Technologies
(IDT) OligoAnalyzer 3.1 Tool.
c
Names of primers and probes specific to D. helianthi that were designed and used in this
study.
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Table 2.3. Primers and probes specific to D. gulyae used in the quantitative polymerase
chain reaction (qPCR) assay.
Names
Sequences (5’-3’)
Length (nt)a Tm (oC)b
IDT2_dg_Fc
ATCCAACACTTCCCACAGTATC
22
62
IDT2_dg_Rc
AAATGGCTTGACGGGTGT
18
62
c
IDT2_dg_P
ACTCCACAAAGTACTCCATGCGCA
24
68
a
Length of the sequences in nucleotides.
b
Values of melting temperature were determined with the Integrated DNA Technologies
(IDT) OligoAnalyzer 3.1 Tool.
c
Names of primers and probes specific to D. gulyae that were designed and used in this
study.
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Table 2.4. Diagnostic results for commercial sunflower samples collected from different counties in South Dakota, Minnesota and
North Dakota using traditional isolation methods and the two qPCR assays.
Diaporthe gulyaea
Diaporthe helianthia
Description of symptoms as observed in
the field
Ctb,c
Isolation
Ctb,d
Isolation
DIA-22
Wilkin
MN
Negative
24.83
Positive
Small brown canker
DIA-17
Richland
ND
36.53
Negative
29.21
Positive
Small tan/light brown canker
DIA-24
Stanley
SD
37.51
Negative
32.66
Positive
Small brown lesions on stem
DIA-03
Hughes
SD
34.15
Negative
31.47
Positive
Small tan canker on stem
DIA-08
Hand
SD
Negative
27.41
Positive
Dark and light brown lesions
DIA-02
Wilkin
MN
32.77
Negative
27.81
Positive
Brown/light brown canker
DIA-05
Pennington
MN
34.95
Negative
24.76
Positive
Necrotic leaves and petioles
DIA-10
Sully
SD
24.40
Positive
34.03
Negative
Large dark brown lesion
DIA-12
Sully
SD
21.88
Positive
Negative
Brown lesion on stem
DIA-16
Sully
SD
25.50
Positive
24.41
Negative
Brown lesion on stem
DIA-13
Sully
SD
24.27
Positive
32.48
Negative
Large tan colored lesion
DIA-09
Hyde
SD
21.44
Positive
34.73
Negative
Multiple light/dark brown lesions
DIA-15
Faulk
SD
24.97
Positive
35.02
Negative
Plant covered in brown lesions
DIA-21
Potter
SD
22.91
Positive
23.95
Negative
Brown lesions, hollow stem
DIA-25
Walworth
SD
28.18
Positive
24.77
Negative
Numerous brown cankers
SF-01
Campbell
SD
Negative
23.18
Negative
Stem covered in large cankers
a
The pathogen was isolated from the samples onto potato dextrose agar (PDA) and confirmed by morphological characteristics and
sequencing of the ITS region.
b
Ct values shown are the average of three technical replications,‘-‘ designates no qPCR assay amplification.
c
Samples with Ct values less than 38 were determined to have quantifiable levels of DNA with the D. gulyae qPCR assay.
d
Samples with Ct values less than 36 were determined to have quantifiable levels of DNA with the D. helianthi qPCR assay.
Sample

County

State
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Table 2.4. (continued). Diagnostic results for commercial sunflower samples collected from different counties in South Dakota,
Minnesota and North Dakota using traditional isolation methods and the two qPCR assays.
Diaporthe gulyaea
Diaporthe helianthia
Description of symptoms as observed in
b,c
b,d
the field
Ct
Isolation
Ct
Isolation
SF-02
Pennington
MN
32.64
Negative
23.60
Negative
Wilted petioles and leaves
SF-03
Roseau
MN
Negative
22.43
Negative
Small brown canker
SF-04
Roseau
MN
Negative
28.69
Negative
Brown canker
SF-05
Kittson
MN
31.69
Negative
25.00
Negative
Necrotic leaves and petioles
SF-07
Hughes
SD
33.43
Negative
Negative
Light brown lesions on stem
SF-08
Lyman
SD
32.74
Negative
27.25
Negative
Dark and light brown lesions
SF-09
Sully
SD
30.23
Negative
Negative
Large brown lesion
SF-10
Sully
SD
36.14
Negative
Negative
Dark brown cankers
SF-11
Sully
SD
31.86
Negative
Negative
Dark brown cankers
SF-12
Sully
SD
32.58
Negative
Negative
Tan/light brown lesion
a
The pathogen was isolated from the samples onto potato dextrose agar (PDA) and confirmed by morphological characteristics and
sequencing of the ITS region.
b
Ct values shown are the average of three technical replications, ‘-‘ designates no qPCR assay amplification.
c
Samples with Ct values less than 38 were determined to have quantifiable levels of DNA with the D. gulyae qPCR assay.
d
Samples with Ct values less than 36 were determined to have quantifiable levels of DNA with the D. helianthi qPCR assay.
Sample

County

State
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Table 2.5. Results from greenhouse screening Plant Introduction (PI) sunflower lines for resistance to D. helianthi and D. gulyae using
the quantitative polymerase chain reaction (qPCR) assays.

Sample

Classification

Country of
Origin

552934

Non-Oil

United States

23.5 q

664232

Non- Oil

United States

27.7 a

a

Ct
Valueb

D. helianthi
DNA
DSIc
(pg)d
82.9
7400.7 hi
abc
29.2 e

456.8 y

Medianf
4.0
1.0

Ct
Valueb
24.6
tuvw
27.1 fg

D. gulyae
DNA
DSIc
(pg)e
79.0
914.2 ghi
abcde
181.2
69.0 cdef
qrstuv

Medianf
4.0
3.5

61.7
9154.4 efg
4.0
31.2 a
29.0 g
12.4 v
1.0
abcde
24.8
69.3
24.4
74.0
1018.9
633748
Oil
United States
3042.2 wx
3.0
4.0
bc
abcd
vwx
abcdef
fgh
a
Seeds of the plant introduction (PI) sunflower lines obtained from the United States Department of Agriculture-Agricultural Research
ServiceNorth Central Regional Plant Introduction Station (L. Marek, Iowa State University, Ames, IA); PI 552934 (HA 288) was used
as the susceptible check.
b
Ct values in table are an average of three technical replications.
c
DSI= Disease severity index percentage. The disease severity index percentage for each PI line was calculated using the formula (((1
* # plants rated ‘1’) + (2 * # plants rated ‘2’) + (3 * # plants rated ‘3’) + (4 * # plants rated ‘4’) + (5 * # plants rated ‘5’))/ (5 * total plant
#))* 100.
d
The DNA concentration of D. helianthi was calculated using the equation y=(-3.4277)x + 36.773, where y= threshold cycle value (Ct).
e
The DNA concentration of D. gulyae was calculated using the equation y=(-3.567)x + 35.099, where y= threshold cycle value (Ct).
f
Median of the disease severity ratings adopted from Mathew et al. (2015) and Thompson et al. (2011) where 0= no discoloration; 1=
low level discoloration at the site of inoculation; 2= slight discoloration or lesion 1 to 2 mm in length; 3= necrotic lesions 2 to 5 mm in
length, some colored stem streaking leaf wilting, and twisting; 4= lesions 5 to 10 mm in length, significant necrosis and dark-colored
stem streaking, leaf and plant wilting, twisting, stunting, and some lodging; and 5= lesions exceeding 10mm in length, severe leaf
necrosis, lodging, or plant death.
561918

Oil

United States

23.2 st
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Table 2.5 (continued). Results from greenhouse screening Plant Introduction (PI) sunflower lines for resistance to D. helianthi and D.
gulyae using the quantitative polymerase chain reaction (qPCR) assays.
D. helianthi
D. gulyae
Sample
Classification
DNA
Ct
DNA
Ct Valueb
DSIc
Medianf
DSIc
Medianf
(pg)d
Valueb
(pg)e
61.1
3179.4
102.5
507911
Non-Oil
Hungary
24.8 bc
3.0
28.0 e
69.0 cdef
3.0
abcde
uvwx
stuv
59.5
3240.1
24.9
507894
Non-Oil
Hungary
24.7 cd
3.5
66.7 cdef 729.3 ijk
4.0
abcde
tuvwx
pqrst
United
73.7
3293.2
79.0
617099
Oil
24.7 cd
3.5
22.2 C
4240.0 a
4.5
States
abcd
stuvwx
abcde
66.2
3313.4
650359
Non-Oil
Uncertain 24.7cde
3.0
24.2 wx 83.3 abc 1119.6 fg
4.0
abcd
stuvwx
Non-Oil
United
66.1
3343.4
70.0
664179
24.7 cdef
3.0
24.5 uvw
929.9 ghi
4.0
Introgressed
States
abcd
rstuvwx
bcdef
a
Seeds of the plant introduction (PI) sunflower lines obtained from the United States Department of Agriculture-Agricultural Research
ServiceNorth Central Regional Plant Introduction Station (L. Marek, Iowa State University, Ames, IA); PI 552934 (HA 288) was used
as the susceptible check.
b
Ct values in table are an average of three technical replications.
c
DSI= Disease severity index percentage. The disease severity index percentage for each PI line was calculated using the formula (((1
* # plants rated ‘1’) + (2 * # plants rated ‘2’) + (3 * # plants rated ‘3’) + (4 * # plants rated ‘4’) + (5 * # plants rated ‘5’))/ (5 * total plant
#))* 100.
d
The DNA concentration of D. helianthi was calculated using the equation y=(-3.4277)x + 36.773, where y= threshold cycle value (Ct).
e
The DNA concentration of D. gulyae was calculated using the equation y=(-3.567)x + 35.099, where y= threshold cycle value (Ct).
f
Median of the disease severity ratings adopted from Mathew et al. (2015) and Thompson et al. (2011) where 0= no discoloration; 1=
low level discoloration at the site of inoculation; 2= slight discoloration or lesion 1 to 2 mm in length; 3= necrotic lesions 2 to 5 mm in
length, some colored stem streaking leaf wilting, and twisting; 4= lesions 5 to 10 mm in length, significant necrosis and dark-colored
stem streaking, leaf and plant wilting, twisting, stunting, and some lodging; and 5= lesions exceeding 10mm in length, severe leaf
necrosis, lodging, or plant death.
a

Country
of Origin
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Table 2.5 (continued). Results from greenhouse screening Plant Introduction (PI) sunflower lines for resistance to D. helianthi and D.
gulyae using the quantitative polymerase chain reaction (qPCR) assays.
D. helianthi
D. gulyae
Sample
Ct
DNA
Ct
DNA
DSIc
Medianf
DSIc
Medianf
Valueb
(pg)d
Valueb
(pg)e
United
24.5
79.1
3719.5
24.8
79.3
655014
Non-Oil
4.0
754.9 ijk
3.5
States
defg
abcd
qrstuvwx
qrstu
abcde
United
66.7
3838.3
79.3
599765
Oil
24.5 efg
3.5
23.5 zA
1777.2 d
4.0
States
abcd
qrstuvwx
abcde
United
62.0
3850.8
182.8
650586
Non-Oil
24.5 fg
4.0
27.0 fg
87.0 ab
4.0
States
abcde
qrstuvwx
qrstuv
United
74.1
4028.2
73.0
184.6
599781
Oil
24.4 gh
4.0
27.1 fg
3.0
States
abcd
pqrstuvwx
abcdef
qrstuv
United
81.8
4149.0
396.1
560145
Oil
24.4 ghi
3.5
25.8 lm 66.7 cdef
3.0
States
abcd
opqrstuvwx
mnopq
a
Seeds of the plant introduction (PI) sunflower lines obtained from the United States Department of Agriculture-Agricultural Research
Service North Central Regional Plant Introduction Station (L. Marek, Iowa State University, Ames, IA); PI 552934 (HA 288) was used
as the susceptible check.
b
Ct values in table are an average of three technical replications.
c
DSI= Disease severity index percentage. The disease severity index percentage for each PI line was calculated using the formula (((1
* # plants rated ‘1’) + (2 * # plants rated ‘2’) + (3 * # plants rated ‘3’) + (4 * # plants rated ‘4’) + (5 * # plants rated ‘5’))/ (5 * total plant
#))* 100.
d
The DNA concentration of D. helianthi was calculated using the equation y= (-3.4277)x + 36.773, where y= threshold cycle value (Ct).
e
The DNA concentration of D. gulyae was calculated using the equation y= (-3.567)x + 35.099, where y= threshold cycle value (Ct).
f
Median of the disease severity ratings adopted from Mathew et al. (2015) and Thompson et al. (2011) where 0= no discoloration; 1=
low level discoloration at the site of inoculation; 2= slight discoloration or lesion 1 to 2 mm in length; 3= necrotic lesions 2 to 5 mm in
length, some colored stem streaking leaf wilting, and twisting; 4= lesions 5 to 10 mm in length, significant necrosis and dark-colored
stem streaking, leaf and plant wilting, twisting, stunting, and some lodging; and 5= lesions exceeding 10mm in length, severe leaf
necrosis, lodging, or plant death.
a

Country
Classification
of Origin
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Table 2.5 (continued). Results from greenhouse screening Plant Introduction (PI) sunflower lines for resistance to D. helianthi and D.
gulyae using the quantitative polymerase chain reaction (qPCR) assays.
D. helianthi
D. gulyae
Sample Classification
Ct
DNA
Ct
DNA
DSIc
Medianf
DSIc
Medianf
Valueb
(pg)d
Valueb
(pg)e
United
61.3
4733.6
74.3
228.2
552940
Oil
24.2 ijkl
4.0
26.7 ghi
3.5
States
abcde
nopqrstu
abcdef
pqrstuv
United
77.0
4759.6
25.2
72.0
599.0
664189
Non-Oil
24.2 ijkl
4.0
4.0
States
abcd
nopqrst
nopq
abcdef
jklm
United
63.4
4819.8
145.5
509064
Non-Oil
24.2 ijkl
3.0
27.4 f
68.7 cdef
3.0
States
abcd
mnopqrs
rstuv
United
80.4
4898.0
71.7
483.2
552944
Non-Oil
24.1 jkl
4.0
25.5 mn
4.0
States
abcd
mnopqr
abcdef
lmno
United
24.0
5206.3
25.2
620.9
599762
Oil
87.2 a
4.0
83.7 abc
4.0
States
jklm
lmnopq
nopqr
jklm
a
Seeds of the plant introduction (PI) sunflower lines obtained from the United States Department of Agriculture-Agricultural Research
Service North Central Regional Plant Introduction Station (L. Marek, Iowa State University, Ames, IA); PI 552934 (HA 288) was used
as the susceptible check.
b
Ct values in table are an average of three technical replications.
c
DSI= Disease severity index percentage. The disease severity index percentage for each PI line was calculated using the formula (((1
* # plants rated ‘1’) + (2 * # plants rated ‘2’) + (3 * # plants rated ‘3’) + (4 * # plants rated ‘4’) + (5 * # plants rated ‘5’))/ (5 * total plant
#))* 100.
d
The DNA concentration of D. helianthi was calculated using the equation y= (-3.4277)x + 36.773, where y= threshold cycle value (Ct).
e
The DNA concentration of D. gulyae was calculated using the equation y= (-3.567)x + 35.099, where y= threshold cycle value (Ct).
f
Median of the disease severity ratings adopted from Mathew et al. (2015) and Thompson et al. (2011) where 0= no discoloration; 1=
low level discoloration at the site of inoculation; 2= slight discoloration or lesion 1 to 2 mm in length; 3= necrotic lesions 2 to 5 mm in
length, some colored stem streaking leaf wilting, and twisting; 4= lesions 5 to 10 mm in length, significant necrosis and dark-colored
stem streaking, leaf and plant wilting, twisting, stunting, and some lodging; and 5= lesions exceeding 10mm in length, severe leaf
necrosis, lodging, or plant death.
a

Country
of Origin
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Table 2.5 (continued). Results from greenhouse screening Plant Introduction (PI) sunflower lines for resistance to D. helianthi and D.
gulyae using the quantitative polymerase chain reaction (qPCR) assays.
D. helianthi
D. gulyae
Sample
Classification
DNA
DNA
Ct Valueb
DSIc
Medianf Ct Valueb
DSIc
Medianf
(pg)d
(pg)e
United
78.3
5715.8
200.7
369359
Landrace
23.9 mn
4.0
26.9 gh 66.7 cdef
3.5
States
abcd
jklmno
qrstuv
United
73.3
6171.6
76.7
242.1
650571
Non-Oil
23.8 no
4.0
26.6 hi
4.0
States
abcd
ijklmn
abcde
pqrstu
United
76.9
6337.2
24.9
69.7
534653
Oil
23.7 nop
4.0
722.9 ijk
4.0
States
abcd
ijklm
pqrst
bcdef
68.6
6692.5
24.9
79.7
162784
Non-Oil
Argentina 23.7 opq
4.0
715.0 ijk
4.0
abcd
ijkl
opqrst
abcde
United
75.3
6717.2
73.3
650754
Oil
23.7 opq
4.0
24.8 rstu
768.9 ijk
4.0
States
abcd
ijkl
abcdef
a
Seeds of the plant introduction (PI) sunflower lines obtained from the United States Department of Agriculture-Agricultural Research
Service North Central Regional Plant Introduction Station (L. Marek, Iowa State University, Ames, IA); PI 552934 (HA 288) was used
as the susceptible check.
b
Ct values in table are an average of three technical replications.
c
DSI= Disease severity index percentage. The disease severity index percentage for each PI line was calculated using the formula (((1
* # plants rated ‘1’) + (2 * # plants rated ‘2’) + (3 * # plants rated ‘3’) + (4 * # plants rated ‘4’) + (5 * # plants rated ‘5’))/ (5 * total plant
#))* 100.
d
The DNA concentration of D. helianthi was calculated using the equation y= (-3.4277)x + 36.773, where y= threshold cycle value (Ct).
e
The DNA concentration of D. gulyae was calculated using the equation y= (-3.567)x + 35.099, where y= threshold cycle value (Ct).
f
Median of the disease severity ratings adopted from Mathew et al. (2015) and Thompson et al. (2011) where 0= no discoloration; 1=
low level discoloration at the site of inoculation; 2= slight discoloration or lesion 1 to 2 mm in length; 3= necrotic lesions 2 to 5 mm in
length, some colored stem streaking leaf wilting, and twisting; 4= lesions 5 to 10 mm in length, significant necrosis and dark-colored
stem streaking, leaf and plant wilting, twisting, stunting, and some lodging; and 5= lesions exceeding 10mm in length, severe leaf
necrosis, lodging, or plant death.
a

Country
of Origin
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Table 2.5 (continued). Results from greenhouse screening Plant Introduction (PI) sunflower lines for resistance to D. helianthi and D.
gulyae using the quantitative polymerase chain reaction (qPCR) assays.
D. gulyae
Sample
Classification
DNA
Ct Valueb
Medianf Ct Valueb
DSIc
Medianf
(pg)e
United
74.0
1126.2
632399
Oil
23.6 opq
4.0
24.2 wx
4.0
States
abcdef
fg
74.7
219649
Oil
Austria
23.5 pq
4.0
24.1 xy
1215.0 f
4.0
abcdef
United
79.7
597366
Oil
23.5 pq
84.1 ab 7343.6 hi
4.0
22.7 B
3124.4 b
4.0
States
abcde
United
58.0
76.7
606.5
664193
Non-Oil
23.5 q
7418.7 hi
4.0
25.2 nop
4.0
States
abcde
abcde
jklm
United
56.7
1064.4
552932
Non-Oil
23.5 q
7494.9 hi
4.0
24.3 wx 69.3 cdef
4.0
States
abcde
fg
a
Seeds of the plant introduction (PI) sunflower lines obtained from the United States Department of Agriculture-Agricultural Research
Service North Central Regional Plant Introduction Station (L. Marek, Iowa State University, Ames, IA); PI 552934 (HA 288) was used
as the susceptible check.
b
Ct values in table are an average of three technical replications.
c
DSI= Disease severity index percentage. The disease severity index percentage for each PI line was calculated using the formula (((1
* # plants rated ‘1’) + (2 * # plants rated ‘2’) + (3 * # plants rated ‘3’) + (4 * # plants rated ‘4’) + (5 * # plants rated ‘5’))/ (5 * total plant
#))* 100.
d
The DNA concentration of D. helianthi was calculated using the equation y= (-3.4277)x + 36.773, where y= threshold cycle value (Ct).
e
The DNA concentration of D. gulyae was calculated using the equation y= (-3.567)x + 35.099, where y= threshold cycle value (Ct).
f
Median of the disease severity ratings adopted from Mathew et al. (2015) and Thompson et al. (2011) where 0= no discoloration; 1=
low level discoloration at the site of inoculation; 2= slight discoloration or lesion 1 to 2 mm in length; 3= necrotic lesions 2 to 5 mm in
length, some colored stem streaking leaf wilting, and twisting; 4= lesions 5 to 10 mm in length, significant necrosis and dark-colored
stem streaking, leaf and plant wilting, twisting, stunting, and some lodging; and 5= lesions exceeding 10mm in length, severe leaf
necrosis, lodging, or plant death.
a

Country
of Origin

D. helianthi
DNA
DSIc
(pg)d
65.3
7163.3 ij
abcd
56.1
7238.6 ij
abcde
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Table 2.5 (continued). Results from greenhouse screening Plant Introduction (PI) sunflower lines for resistance to D. helianthi and D.
gulyae using the quantitative polymerase chain reaction (qPCR) assays.
D. helianthi
D. gulyae
Sample Classification
Ct
DNA
Ct
DNA
DSIc
Medianf
DSIc
Medianf
Valueb
(pg)d
Valueb
(pg)e
59.8
8905.9
75.3
563.1
386230
Non-Oil
Kazakhstan 23.2 rs
4.0
25.3 no
3.5
abcde
efgh
abcdef
klmn
United
65.3
9354.2
73.7
396.0
597367
Oil
23.2 st
4.0
25.8 klm
4.0
States
abcd
ef
abcdef
mnopq
United
67.8
9476.1
76.3
439.9
664233
Non-Oil
23.1 st
4.0
25.7 lm
4.0
States
abcd
ef
abcde
mnop
10427.9
71.3
650523
Non-Oil
Canada
23.0 t
84.0 ab
4.0
23.3 A
2086.0 c
4.5
e
abcdef
United
72.5
13266.6
436.1
664225
Non-Oil
22.7 u
4.0
25.8 lm 83.3 abc
4.0
States
abcd
d
mnop
a
Seeds of the plant introduction (PI) sunflower lines obtained from the United States Department of Agriculture-Agricultural Research
Service North Central Regional Plant Introduction Station (L. Marek, Iowa State University, Ames, IA); PI 552934 (HA 288) was used
as the susceptible check.
b
Ct values in table are an average of three technical replications.
c
DSI= Disease severity index percentage. The disease severity index percentage for each PI line was calculated using the formula (((1
* # plants rated ‘1’) + (2 * # plants rated ‘2’) + (3 * # plants rated ‘3’) + (4 * # plants rated ‘4’) + (5 * # plants rated ‘5’))/ (5 * total plant
#))* 100.
d
The DNA concentration of D. helianthi was calculated using the equation y= (-3.4277)x + 36.773, where y= threshold cycle value (Ct).
e
The DNA concentration of D. gulyae was calculated using the equation y= (-3.567)x + 35.099, where y= threshold cycle value (Ct).
f
Median of the disease severity ratings adopted from Mathew et al. (2015) and Thompson et al. (2011) where 0= no discoloration; 1=
low level discoloration at the site of inoculation; 2= slight discoloration or lesion 1 to 2 mm in length; 3= necrotic lesions 2 to 5 mm in
length, some colored stem streaking leaf wilting, and twisting; 4= lesions 5 to 10 mm in length, significant necrosis and dark-colored
stem streaking, leaf and plant wilting, twisting, stunting, and some lodging; and 5= lesions exceeding 10mm in length, severe leaf
necrosis, lodging, or plant death.
a

Country of
Origin
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Table 2.5 (continued). Results from greenhouse screening Plant Introduction (PI) sunflower lines for resistance to D. helianthi and D.
gulyae using the quantitative polymerase chain reaction (qPCR) assays.
D. helianthi
D. gulyae
Sample
Classification
Ct
DNA
DNA
DSIc
Medianf Ct Valueb
DSIc
Medianf
Valueb
(pg)d
(pg)e
United
72.9
74.3
585.4
650612
Oil
22.4 v
15483.1 c
4.0
25.2 nop
4.0
States
abcd
abcdef
klm
United
69.8
632342
Oil
22.4 v
16211.9 c
4.0
29.6 c
29.58 c
35.5 uv
3.0
States
abcd
Oil
United
67.8
22696.3
79.3
549014
21.9 w
4.0
23.7 z
1560.8 de
4.0
Introgressed
States
abcd
b
abcde
United
77.4
23614.8
70.3
618725
Oil
21.8 w
4.0
29.9 b
27.6 uv
3.0
States
abcd
ab
abcdef
United
68.1
73.3
664204
Non-Oil
21.7 w
24452.1 a
4.5
28.8 d
56.9 tuv
3.0
States
abcd
abcdef
a
Seeds of the plant introduction (PI) sunflower lines obtained from the United States Department of Agriculture-Agricultural Research
Service North Central Regional Plant Introduction Station (L. Marek, Iowa State University, Ames, IA); PI 552934 (HA 288) was used
as the susceptible check.
b
Ct values in table are an average of three technical replications.
c
DSI= Disease severity index percentage. The disease severity index percentage for each PI line was calculated using the formula (((1
* # plants rated ‘1’) + (2 * # plants rated ‘2’) + (3 * # plants rated ‘3’) + (4 * # plants rated ‘4’) + (5 * # plants rated ‘5’))/ (5 * total plant
#))* 100.
d
The DNA concentration of D. helianthi was calculated using the equation y= (-3.4277)x + 36.773, where y= threshold cycle value (Ct).
e
The DNA concentration of D. gulyae was calculated using the equation y= (-3.567)x + 35.099, where y= threshold cycle value (Ct).
f
Median of the disease severity ratings adopted from Mathew et al. (2015) and Thompson et al. (2011) where 0= no discoloration; 1=
low level discoloration at the site of inoculation; 2= slight discoloration or lesion 1 to 2 mm in length; 3= necrotic lesions 2 to 5 mm in
length, some colored stem streaking leaf wilting, and twisting; 4= lesions 5 to 10 mm in length, significant necrosis and dark-colored
stem streaking, leaf and plant wilting, twisting, stunting, and some lodging; and 5= lesions exceeding 10mm in length, severe leaf
necrosis, lodging, or plant death.
a

Country of
Origin
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Table 2.5 (continued). Results from greenhouse screening Plant Introduction (PI) sunflower lines for resistance to D. helianthi and D.
gulyae using the quantitative polymerase chain reaction (qPCR) assays.
D. helianthi
D. gulyae
Sample Classification
Ct
DNA
Ct
DNA
DSIc
Medianf
DSIc
Medianf
Valueb
(pg)d
Valueb
(pg)e
3099.6
71.0
97.0
552939
Oil
United States
24.8 bc 49.0 de
3.0
28.0 e
3.0
vwx
abcdef
stuv
74.6
3125.7
79.0
273.6
599753
Non-Oil
United States
24.8 bc
3.5
26.4 ij
3.5
abcd
vwx
abcde
opqrst
57.5
80.0
359.0
531389
Non-Oil
Czechoslovakia 25.0 b
2740.3 x
3.0
26.0 kl
4.0
abcde
abcde
nopqr
Oil
24.7
67.1
3309.3
24.2
68.0
549002
United States
3.0
1156.7 f
4.0
Introgressed
cdef
abcd
stuvwx
wxy
cdef
24.7
72.9
3431.6
81.0
215.7
650794
Non-Oil
Argentina
3.5
26.8 gh
4.0
cdef
abcd
rstuvwx
abcd
pqrstuv
a
Seeds of the plant introduction (PI) sunflower lines obtained from the United States Department of Agriculture-Agricultural Research
Service North Central Regional Plant Introduction Station (L. Marek, Iowa State University, Ames, IA); PI 552934 (HA 288) was used
as the susceptible check.
b
Ct values in table are an average of three technical replications.
c
DSI= Disease severity index percentage. The disease severity index percentage for each PI line was calculated using the formula (((1
* # plants rated ‘1’) + (2 * # plants rated ‘2’) + (3 * # plants rated ‘3’) + (4 * # plants rated ‘4’) + (5 * # plants rated ‘5’))/ (5 * total plant
#))* 100.
d
The DNA concentration of D. helianthi was calculated using the equation y= (-3.4277)x + 36.773, where y= threshold cycle value (Ct).
e
The DNA concentration of D. gulyae was calculated using the equation y= (-3.567)x + 35.099, where y= threshold cycle value (Ct).
f
Median of the disease severity ratings adopted from Mathew et al. (2015) and Thompson et al. (2011) where 0= no discoloration; 1=
low level discoloration at the site of inoculation; 2= slight discoloration or lesion 1 to 2 mm in length; 3= necrotic lesions 2 to 5 mm in
length, some colored stem streaking leaf wilting, and twisting; 4= lesions 5 to 10 mm in length, significant necrosis and dark-colored
stem streaking, leaf and plant wilting, twisting, stunting, and some lodging; and 5= lesions exceeding 10mm in length, severe leaf
necrosis, lodging, or plant death.
a

Country of
Origin
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Table 2.5 (continued). Results from greenhouse screening Plant Introduction (PI) sunflower lines for resistance to D. helianthi and D.
gulyae using the quantitative polymerase chain reaction (qPCR) assays.
a

Sample

D. helianthi
Country of
Classification
Origin
Ct Valueb DSIc

D. gulyae
DNA
(pg)d
4531.8
opqrstuvw
4656.5
nopqrstuv
5277.6
klmnopq
5478.6
klmnop

Medianf

Ct Valueb

DSIc

DNA
(pg)e
310.1
opqrs

Medianf

62.7
3.0
ef
67.7
531366
Non-Oil
Poland
24.2 hijk
64.0 abcd
3.5
24.3 wx
1083.6 fg 4.0
cdef
United
68.3
650597
Non-Oil
24.0 klm
67.4 abcd
4.0
23.8 yz
1472.0 e
4.0
States
cdef
United
68.7
156.1
543745
Non-Oil
24.0 lmn
52.6 bcde
4.0
27.3 f
3.5
States
cdef
rstuv
United
67.7
597368
Oil
23.6 opq
78.4 abcd 6809.7 ijk 4.0
24.7 stuv
822.8 hij
4.0
States
cdef
a
Seeds of the plant introduction (PI) sunflower lines obtained from the United States Department of Agriculture-Agricultural Research
Service North Central Regional Plant Introduction Station (L. Marek, Iowa State University, Ames, IA); PI 552934 (HA 288) was used
as the susceptible check.
b
Ct values in table are an average of three technical replications.
c
DSI= Disease severity index percentage. The disease severity index percentage for each PI line was calculated using the formula (((1
* # plants rated ‘1’) + (2 * # plants rated ‘2’) + (3 * # plants rated ‘3’) + (4 * # plants rated ‘4’) + (5 * # plants rated ‘5’))/ (5 * total plant
#))* 100.
d
The DNA concentration of D. helianthi was calculated using the equation y= (-3.4277)x + 36.773, where y= threshold cycle value (Ct).
e
The DNA concentration of D. gulyae was calculated using the equation y= (-3.567)x + 35.099, where y= threshold cycle value (Ct).
f
Median of the disease severity ratings adopted from Mathew et al. (2015) and Thompson et al. (2011) where 0= no discoloration; 1=
low level discoloration at the site of inoculation; 2= slight discoloration or lesion 1 to 2 mm in length; 3= necrotic lesions 2 to 5 mm in
length, some colored stem streaking leaf wilting, and twisting; 4= lesions 5 to 10 mm in length, significant necrosis and dark-colored
stem streaking, leaf and plant wilting, twisting, stunting, and some lodging; and 5= lesions exceeding 10mm in length, severe leaf
necrosis, lodging, or plant death.
650348

Non-Oil

China

24.3 hij

50.0 cde

4.0

26.2 jk
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Table 2.5 (continued). Results from greenhouse screening Plant Introduction (PI) sunflower lines for resistance to D. helianthi and D.
gulyae using the quantitative polymerase chain reaction (qPCR) assays.
D. helianthi
D. gulyae
Sample
Classification
DNA
DNA
Ct Valueb
DSIc
Medianf Ct Valueb
DSIc
Medianf
(pg)d
(pg)e
United
77.5
560.4
597377
Oil
23.6 opq
7170.3 ij
4.0
25.3 no
65.0 def
4.0
States
abcd
klmn
United
59.5
7739.1
642777
Oil
23.5 qr
4.0
28.8 d
58.3 f
60.0 tuv
3.0
States
abcde
ghi
United
81.9
8829.2
24.9
80.0
708.5
578872
Oil
23.4 rs
4.0
4.0
States
abcd
fgh
opqrs
abcde
ijkl
Unites
72.8
14956.3
221.7
664227
Non-Oil
22.5 uv
4.0
26.8 ghi
87.7 a
3.5
States
abcd
c
pqrstuv
United
54.4
14961.0
73.7
664230
Non-Oil
22.5 uv
4.0
28.2 e
85.9 stuv
3.0
States
abcde
c
abcdef
a
Seeds of the plant introduction (PI) sunflower lines obtained from the United States Department of Agriculture-Agricultural Research
Service North Central Regional Plant Introduction Station (L. Marek, Iowa State University, Ames, IA); PI 552934 (HA 288) was used
as the susceptible check.
b
Ct values in table are an average of three technical replications.
c
DSI= Disease severity index percentage. The disease severity index percentage for each PI line was calculated using the formula (((1
* # plants rated ‘1’) + (2 * # plants rated ‘2’) + (3 * # plants rated ‘3’) + (4 * # plants rated ‘4’) + (5 * # plants rated ‘5’))/ (5 * total plant
#))* 100.
d
The DNA concentration of D. helianthi was calculated using the equation y= (-3.4277)x + 36.773, where y= threshold cycle value (Ct).
e
The DNA concentration of D. gulyae was calculated using the equation y= (-3.567)x + 35.099, where y= threshold cycle value (Ct).
f
Median of the disease severity ratings adopted from Mathew et al. (2015) and Thompson et al. (2011) where 0= no discoloration; 1=
low level discoloration at the site of inoculation; 2= slight discoloration or lesion 1 to 2 mm in length; 3= necrotic lesions 2 to 5 mm in
length, some colored stem streaking leaf wilting, and twisting; 4= lesions 5 to 10 mm in length, significant necrosis and dark-colored
stem streaking, leaf and plant wilting, twisting, stunting, and some lodging; and 5= lesions exceeding 10mm in length, severe leaf
necrosis, lodging, or plant death.
a

Country
of Origin
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PCR efficiency % = 95.68
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Log10 (D. helianthi genomic DNA pg)
Figure 2.1. Complete quantification standard curve of Diaporthe helianthi DNA (pg).
Genomic DNA samples were extracted and prepared from pure fungal cultures grown on
potato dextrose agar (PDA) media. The limit of amplification for pure culture DNA was 1
pg. Three technical repeats were performed for each D. helianthi DNA dilution. PCR=
polymerase chain reaction.
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y = -3.567x + 35.099
R² = 0.9928
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PCR efficiency % = 90.60
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Figure 2.2. Complete quantification standard curve of Diaporthe gulyae DNA (pg).
Genomic DNA samples were extracted and prepared from pure fungal cultures grown on
potato dextrose agar (PDA) media. The limit of amplification for pure culture DNA was
1 pg. Three technical repeats were performed for each D. gulyae dilution. PCR=
polymerase chain reaction.
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CHAPTER 3. Managing Phomopsis stem canker of sunflower (Helianthus annuus
L.) using an integrated approach combining fungicide and host genetics
3.1. Abstract
Globally, Phomopsis stem canker of sunflower is an economically important
disease of sunflower (Helianthus annuus). In the United States, disease prevalence has
increased from 1.5% to 61% from 2001 to 2015. Management options are limited, as no
commercial varieties have resistance to all causal agents, and no fungicides in the United
States are labelled for control of the disease. In this study, a total of 6 field trials were
conducted in 2015 and 2016 in South Dakota, USA to evaluate an integrated approach
combining fungicide and host resistance for management of Phomopsis stem canker. In
2015 fungicide timing treatments included; V12 (12 true leaves), R1 (bud formation), R3
(bud elongation), V12 + R1, R1 + R3, V12 + R3, and V12 + R1 + R3. In 2016, fungicide
timing treatments included R1, R3, R5 (beginning of flowering), R1 + R3, R3 + R5, R1 +
R5, and R1 + R3 + R5. Data from the study showed that sunflower hybrids with partial
resistance to the disease have significantly larger yields and reduced disease severity when
compared to susceptible varieties. Fungicide timing treatments did not have consistent
effects on yield or disease severity. However, a single fungicide application at R1-R3
appeared most effective for protecting yield.
3.2. Introduction
Phomopsis stem canker is a sunflower (Helianthus annuus L.) disease found
inevery major production region of the world (Gulya et al. 1997; Masirevic and Gulya
1992; Thompson et al. 2011). The disease has caused severe limitations in sunflower
production in Europe, where up to a 50% reduction in yield has been recorded (Laville
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1986; Masirevic and Gulya 1992). Losses in sunflower oil content of 15-25 % have also
been recorded in Europe (Acimovic 1986; Diaz Franco and Ortegon Morales 1997; Pérès
and Regnault 1995). Sunflower production in the United States has also been severely
affected by the disease and estimated yield losses of up to 40% have occurred in
commercial fields in North Dakota and Minnesota (Mathew et al. 2015). In a 2015 national
survey conducted by the National Sunflower Association (NSA) of commercial sunflower
fields, prevalence of Phomopsis stem canker increased from 1.5 % in 2001 to 61% in 2015
(Gulya and Kandel 2016).
It has recently been confirmed that three pathogens, Diaporthe helianthi (syn.
Phomopsis helianthi) Muntañola-Cvetkovic, Mihaljcevic and Petrov (MuntañolaCvetković et al. 1985), Diaporthe gulyae (syn. Phomopsis gulyae) Shivas, Thompson and
Young (Thompson et al. 2011), and Diaporthe stewartii Harrison (Olson et al. 2017), can
cause Phomopsis stem canker of sunflower in the United States. Species of Diaporthe
survive as perithecia and mycelium on sunflower residue on the soil surface, and as the
perithecia mature, they release plant infecting ascospores that are spread by wind and rain
splash throughout the growing season. For these ascospores to infect sunflower leaves, a
relative humidity of 90% must be maintained for 10 to 12 hours. When favorable conditions
occur in the spring, ascospores infect lower leaf margins of sunflower plants, and the
mycelium continues growth down the petiole until it reaches the stem, where it forms a
large tan lesion positioned on leaf axils. Under favorable temperatures, approximately 15
o

C to 30 oC, stem lesions can be seen roughly 20 days after initial infection (Su et al. 1985).

Other characteristic symptoms produced by Phomopsis stem canker include plant wilting
and stem pith decay causing susceptibility to stalk lodging (Gulya et al. 1997).
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Successful measures for sunflower disease management include planting
resistant/tolerant hybrids, at least a four-year rotation between consecutive sunflower
crops, use of seed treatments for protection from early season diseases, heavy tillage to
reduce inoculum, and foliar fungicides for control of foliar diseases (Bradley et al. 2007).
Most sunflower hybrids commercially available to growers have resistance or tolerance to
at least one of the major diseases. Presently, only three fungicide groups are labeled for
managing foliar diseases of sunflower in the United States – (1) FRAC Group 11 (Qo
inhibitors (QoI), or quinone outside inhibitors) labeled for management of sunflower rust
(Puccinia helianthi Schwein.), Alternaria leaf spot (Alternaria spp.), powdery mildew
(Golovinomyces cichoracearum (DC.) V.P. Heluta, Ukrainskiy Botanichnyi Zhurnal) and
septoria leaf spot (Septoria helianthi Ellis and Kellerm); (2) FRAC Group 7 (Succinatedehydrogenase inhibitors) fungicides labeled for management of Sclerotinia head rot
(Sclerotinia sclerotiorum (Lib.) de Bary) and rust (Puccinia helianthi Schwein.); and (3)
FRAC Group 3 (DeMethylation inhibitors) fungicides labeled for management of
sunflower rust (Puccinia helianthi Schwein.) (Friskop et al. 2017). Among the foliar
diseases of sunflower, Phomopsis stem canker, however, has proven itself to be one of the
most challenging to manage in the United States sunflower production. Currently, there are
no commercial sunflower varieties available with resistance to all three species of
Diaporthe. In addition, growers have no in-season control options due to lack of fungicides
labeled specifically for management of Phomopsis stem canker in the United States.
Moreover, preliminary results from research efforts have indicated that fungicide
applications alone are not sufficient for management of Phomopsis stem canker when
disease pressure is high (S. Markell and B. Harveson, unpublished).
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The specific objective of this experiment was to evaluate the effects of an integrated
approach for management of Phomopsis stem canker of sunflower. This integrated
approach includes foliar fungicide application timings based on the growth stage of the
crop, combined with sunflower hybrids having different levels of resistance, and their
effect on Phomopsis stem canker disease severity and crop yield.
3.3. Materials and Methods
3.3.1. Trial locations
Field trial locations were chosen based on sites with a history of Phomopsis stem
canker. In the growing seasons of 2015 and 2016, there were three locations in South
Dakota; Onida, Highmore and Brookings. At each location, two sunflower hybrids were
planted, one susceptible to Phomopsis stem canker, and one that was partially resistant to
Phomopsis stem canker. The company source for host genetics varied by year and by
location (Table 3.2). The site, planting date, fungicide application dates, previous crop,
harvest date, and plot sizes for each location varied (Table 3.2). Except for foliar fungicide
applications, each location was fertilized as per the production practices recommended by
South Dakota State University (Grady 2000). At harvest maturity, the center two rows of
each plot were mechanically harvested. The seed moisture and weight were recorded and
yield was adjusted to 10% moisture content.
3.3.2 Experimental design and treatments
The experimental design of each location was a randomized complete block design
(RCBD) with a split-plot arrangement of 8 total treatments on each of the two types of
hybrids (partially resistant and susceptible) and four replications per treatment. Host
genetics (partially resistant/susceptible hybrid) is at the whole plot level, while the
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fungicide timing was at the subplot level. Each plot was a four-row plot with row spacing
of 76 cm and was seeded at a rate of 44,460 seeds/hectare. Fungicides were applied per
rates on the label recommended by the manufacturer and only one fungicide was used at
each location (Table 3.1). Fungicide timing treatments varied slightly by year.
In 2015, fungicide use varied by location, and those used were Priaxor
(Fluxapyroxad + Pyraclostrobin, BASF, Research Triangle, NC), Quadris (Azoxystrobin,
Syngenta, Greensboro, NC), and Aproach (Picoxystrobin, DuPont, Wilmington, DE). The
fungicide timing treatments at all locations included; V12 (12 true leaves), R1 (bud
formation), R3 (bud elongation), V12 + R1, R1 + R3, V12 + R3, and V12 + R1 + R3
(Schneiter and Miller 1981).
In 2016, Headline (Pyraclostrobin, BASF, Research Triangle, NC) was used at all
three locations. The fungicide timing treatments included R1, R3, R5 (beginning of
flowering), R1 + R3, R3 + R5, R1 + R5, and R1 + R3 + R5.
At all locations, fungicides were applied with a CO2 powered backpack sprayer
(Model T4, R&D Sprayers, Opelousas, LA) with a 1.5-m boom equipped with four TeeJet
(Spraying Systems Co., Wheaton, IL) flat fan nozzle tips spaced 0.51 m apart. A spray
pressure of 30 psi and approximately 500 L water per hectare were used.
3.3.3. Disease assessment
In all locations in 2015 and 2016, disease assessment was evaluated by plot once at
sunflower growth stage R6-R7 (complete anthesis, back of head starting to turn yellow).
Dates of disease assessment varied by year and by location (Table 3.2). In all locations
during both years, a total of 20 plants in each individual plot were rated for disease severity
in each plot using a 0-4 rating scale where 0 = no infection, 1 = stem lesion < 2 inches, 2 =
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stem lesion > 2 inches, 3 = girdling stem lesion, and 4 = lodged plant. The disease severity
index (DSI) percentage for each plot was then calculated using the formula {[(0 * # plants
rated ‘0’) + (1 * # plants rated ‘1’) + (2 * # plants rated ‘2’) + (3 * # plants rated ‘3’) + (4
* # plants rated ‘4’)] / [(4 * 20)] * 100}.
3.3.4. Data analyses
An overall analysis including the data from three locations in 2015 and two
locations in 2016 was conducted to determine whether the interaction between “year” and
“location” influenced sunflower yield and disease severity index (DSI). Year and location
variables were evaluated with linear mixed effects models in R (R core team 2012) using
lme4 (Bates et al. 2012). Fixed effects in the models included “year”, “location”,
“treatment” and “host genetics” as variables. The random effect in the models was replicate
“block”.
To determine whether the interaction between variety selection and fungicide
treatment influenced sunflower yield and disease severity index (DSI), variety selection
and fungicide treatment were evaluated in R with mixed models in lme4. For the models,
the variables “host genetics” and “treatment” were regarded as fixed effects. The replicate
“block” variable was the random effect. For each location in each year, data was analyzed
separately due to differences in sunflower management practices and varying occurrence
and severity of Phomopsis stem canker. The sunflower yield and disease severity index
(DSI) variables were analyzed using analysis of variance (ANOVA) for a randomized
complete block design (RCBD) in R (v2.11.1; https://www.rstudio.com/) and treatment
means were separated using Fisher’s LSD test (α = 0.05) using agricolae (deMendiburu
2016).
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In all analyses, the P-values associated with dependent variables (yield and DSI)
were determined using the likelihood ratio test [in the lme4 package] in which a “full”
model containing fixed effects and random effects were compared against a “reduced”
model with only the random effect. For the likelihood ratio test, the fixed effects were
considered significant if the difference between the likelihood of the full model and
reduced model was significant at P ≤ 0.05.
3.4. Results
3.4.1. Trial Locations
Weather conditions were favorable for disease development in 2015, and disease
pressure was present in all three locations (Table 3.1). Conditions were also favorable for
disease in 2016, however, there was no disease pressure in the Onida location.
In the overall analysis including all 5 experiment locations, test statistics indicated
a significant year x location interaction on DSI (χ2 = 67.33, df = 1, P < 0.0001) but not on
yield (χ2 = 0.10, df = 1, P > 0.05). There was no significant year x location interaction on
yield (P > 0.05). Individual effects of year (P = 0.0006) and location (P < 0.0001) were
significant on yield.
3.4.2. Experimental design and treatments
Brookings (2015): Test statistics indicated there was no significant host genetics x
treatment interaction effect on yield or DSI (P > 0.05). Treatment alone had no significant
effect on DSI or yield (P > 0.05). The effect of host genetics was significant on both DSI
(χ2 = 61.7, df = 1, P < 0.0001) and yield (χ2 = 30.4, df = 1, P < 0.0001), respectively.
Significant differences among yield and DSI treatment means were not observed for the
susceptible or partially resistant hybrid (P > 0.05) (Table 3.3).
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Highmore (2015): Test statistics resulted in a significant interaction between host
genetics x treatment on yield (χ2 = 14.4, df = 7, P = 0.04), but not on DSI (P > 0.05). Host
genetics had a significant effect on yield (χ2 = 37.4, df = 1, P < 0.0001) and DSI (χ2 = 21.4,
df = 1, P < 0.0001), respectively. Significant differences were observed among yield
treatment means for both the partially resistant and susceptible hybrids (P ≤ 0.02). For the
partially resistant hybrid, treatments V12, R3, V12 + R1, R1 + R3, V12 + R1 + R3 and
V12 + R3 had higher yields than the non-treated control (Table 3.4). For the susceptible
hybrid, yields of treatments V12, R1, R3, V12 + R1, V12 + R3, and V12 + R1 + R3 were
higher than that of the non-treated control (Table 3.4).
Onida (2015): Test statistics indicated no significant host genetics x treatment
interaction on yield or DSI (P > 0.05). Treatment alone had no significant effect on yield
or DSI (P > 0.05). Host genetics had a significant effect on yield (χ2 = 48.1, df = 1, P <
0.0001). No significant differences among yield and DSI treatment means were observed
for the susceptible or partially resistant hybrid (P > 0.05) (Table 3.4).
Brookings (2016): Test statistics indicated no significant host genetics x treatment
interaction on yield or DSI (P > 0.05). In addition, neither treatment nor host genetics had
a significant effect on yield (P > 0.05). Host genetics had a significant effect on DSI (χ2 =
17.4, df = 1, P < 0.0001). No significant differences among yield treatment means were
observed in the susceptible or partially resistant hybrid (P > 0.05). However, significant
differences were observed among DSI treatment means for both the susceptible and
partially resistant hybrids (P ≤ 0.04). In the susceptible hybrid, treatments R1, R1 + R3,
R3 + R5, and R1 + R3 + R5 had lower DSI when compared to the untreated control (Table
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3.6). In the partially resistant hybrid, the R1, R3 + R5, and R1 + R5 treatments had a DSI
lower than the non-treated control.
Highmore (2016): Test statistics showed no significant host genetics x treatment
interaction on yield or DSI (P > 0.05). Host genetics had a significant effect on yield (χ2 =
13.2, df = 1, P = 0.0003) but not on DSI (P > 0.05). Treatment had a significant effect on
DSI (χ2 = 20.5, df = 7, P = 0.005) but not on yield (P > 0.05) (Table 3.7). Significant
differences among DSI treatment means were observed in the susceptible and partially
resistant hybrids (P ≤ 0.05). Treatments R1, R3, R5, R3 + R5, R1 + R3, and R1+ R3 + R5
had lower DSI than that of the non-treated control in the susceptible hybrid. In the partially
resistant hybrid, treatments R1, R5, R1 + R3, R3 +R5, R1 + R5 and R1 + R3 + R5 had
lower DSI values when compared to the non-treated control (Table 3.7).
3.5. Discussion
The use of host genetics and foliar fungicide applications are two critical tools in
plant disease management. In this study, an integrated approach for management of
Phomopsis stem canker which includes the use of fungicides and host genetics were
evaluated. This research was carried out in a total of 6 field locations over a course of two
years in South Dakota at sunflower production locations with a history of Phomopsis stem
canker. Over the course of the two-year study, weather observations were conducive in all
locations (temperatures between 15 oC to 30 oC) for disease development. Host genetics
had consistent significant effects on both sunflower yield and DSI (P < 0.05). In contrast,
fungicide treatments did not provide consistent significant effects on either sunflower yield
or DSI (P > 0.05). The results obtained from this study further confirms preliminary results
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showing fungicide applications alone are not sufficient for management of Phomopsis stem
canker.
Host genetics clearly had a positive impact on sunflower yield and DSI in this study.
The effect of the host genetics was significant (P < 0.05) on sunflower yield at all locations
except the Brookings location in 2016, and the effect of host genetics on DSI was also
significant (P < 0.05) at all locations except the 2016 Highmore location and the 2015
Onida location. The hybrids that were partially resistant to Phomopsis stem canker had
consistently higher yields than the susceptible hybrids in all 5 locations (Table 3.3, Table
3.4, Table 3.5, Table 3.6, Table 3.7). Higher yields consistently seen in the partially
resistant hybrids can possibly be attributed to factors including less lodging, larger heads,
and higher seed counts/head. For disease severity, we evaluated lesions caused by the
causal pathogens on the stem as opposed to the symptoms seen in the leaves. This is
because leaf symptoms from Phomopsis stem canker pathogens can be easily confused
with those produced by Verticillium dahliae Kleb., causal agent of Verticillium wilt of
sunflower. For stem lesions, these were observed on the partially resistant and susceptible
plants in this study; while the partially resistant hybrids had smaller, shallower lesions with
less pith damage (a disease rating of 2.0 based on the rating scale) lesions found on
susceptible hybrids were much longer with more pith damage (a disease rating of 4.0 based
on the rating scale) (Degener et al. 1999; Gulya et al. 1997; Viguie et all. 2000). The lower
disease severity observations on the partially resistant hybrids as compared to susceptible
hybrids as seen in this study agreed with the findings by Debaeke and Moinard (2010).
Foliar fungicides and timing of fungicide applications are a critical component in
managing plant diseases as they offer adequate control for a wide range of diseases. In this
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study, FRAC Group 11 (Qo inhibitors (QoI), or quinone outside inhibitors) fungicides were
used to test their efficacy on managing Phomopsis stem canker of sunflower. The QoI
fungicides were chosen based on a preliminary study where the QoI fungicides were
determined most effective when compared against various DMI (DeMethylation
Inhibitors; FRAC Group 3) and carboxamide (FRAC Group 7) fungicides. In 2015, three
different QoI fungicides were chosen, however it was hard to compare the efficacy among
them due to the variability in disease pressure among experimental sites. For example, in
Brookings, the overall disease pressure was much higher than what was seen both in
Highmore and Onida, making it difficult to make a direct comparison among the fungicides
used at each location. In 2016, only Headline was selected based on the preliminary study
by and reproductive growth stages (R1, R3 and R5) were selected based on the disease
cycle. Again, the Brookings location had higher overall disease pressure when compared
to the disease pressure seen in the Highmore location. For yield, the treatment effects
differed greatly between the susceptible and partially resistant hybrids. For example, in the
susceptible hybrids, a single application of a fungicide at sunflower growth stage R1
delivered the highest yield in the Brookings location in both years. A similar trend was
seen in the Highmore location, where a single application of a fungicide at sunflower
growth stage R3 had the highest yields in both 2015 and 2016. In the partially resistant
hybrids, highest yields were seen in a single fungicide application at sunflower growth
stage R1 in both Brookings and Highmore locations in 2016. The results observed in our
South Dakota trials were consistent with those observed in similar fungicide trials
conducted in North Dakota and Nebraska, where applications of Headline at R1 were also
deemed most effective (F. Mathew, B. Harveson, and S. Markell, unpublished).
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Overall, the effect of the timing of fungicide applications on sunflower DSI and
yield were mixed. The varying results seen for fungicide applications in this study may be
caused by the application timing not coinciding with the release and spread of ascospores
by the Phomopsis stem canker pathogens (Kovics and Zsombik 2001). A relative humidity
of 90% is critical for the spread and distribution of ascospores (Gulya et al. 1997). The
average humidity throughout all locations in this study was highly variable in 2015 and
2016. Due to the relative humidity being lower in the Onida and Highmore locations in
both years (Table 3.1), ascospore development could have been slightly behind the
development of ascospores in the Brookings locations, causing sunflower infection by
Diaporthe to take place at a different time. Variablility in our results may also be attributed
to the spray coverage. The active ingredient in Headline, pyraclostrobin, is locally
systemic, and is only capable of translaminar movement across the leaf, and can take
several days for full effect. (Vincelli 2002). Also, since the active ingredient in Headline is
not a true systemic, the fungicide cannot compensate for incomplete spray coverage
(Vincelli, 2002). Since the trials were sprayed with a backpack sprayer, it is likely the spray
could not have penetrated the canopy enough to completely protect the lower leaves of the
sunflowers where infection by ascospores typically takes place. Lastly, the high
precipitation amounts in the five trial locations may have caused the protectant fungicides
(without complete systemic activity) to be washed off plant surfaces after heavy rain
events, leaving them unprotected and more prone to infection by ascospores.
Even though effects of the foliar fungicide treatments were not significant at some
locations, some trends could still be seen among the five locations when looking at
sunflower DSI. For example, when applied on a susceptible hybrid, three fungicide
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applications at V12+R1+R3 or R1+R3+R5 had the lowest DSI in all locations except the
2015 Highmore location. Treatment 8 also saw the lowest DSI in the resistant hybrids at
the Highmore location in 2015 and 2016. Unfortunately, at all locations but Highmore in
2015, fungicide treatment effects were not significant (P > 0.05) on sunflower yield.
However, improvements in yield were still seen with a fungicide application that could
possibly be attributed to the suppression of other common sunflower diseases seen under
field conditions. In the Brookings location both years, a fungicide application at R1 resulted
in the highest yield for both hybrids. In Highmore 2016, highest yields in the partially
resistant hybrid occurred with a single application at R1. Since no published studies in the
United States have been conducted on fungicide timing for the management of Phomopsis
stem canker of sunflower, the results from this research was compared to the current
fungicide recommendations followed by farmers in Europe for managing Phomopsis stem
canker. Results from our study agree with work previously done in Europe by Debaeke and
Estragnat (2003), who found that an application of a fungicide at the early bud stages
resulted in fewer infected plants. Even though plants with three applications of the
fungicide at R1, R3, and R5 seemed to have the lowest DSI at all locations, a single
application at R1 to R3 is still recommended to help reduce the development of fungicideresistant pathogen strains. The more a fungicide is repeatedly used, the stronger the
selection pressure becomes towards the development of a resistant population (Vincelli
2002). QoI fungicides are also at risk for potential resistant pathogen strains, due to it being
a site-specific fungicide. Because of this, it only takes one mutation at the single, specific
biochemical binding site to form a new fungicide resistant strain (Vincelli 2002).
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Upon combining results from the two location years in South Dakota, it is
possible that fungicide applications at early reproductive stages (R1-R3) in combination
with partially resistant hybrids can protect sunflower yield from Phomopsis stem canker.
The data reported in this study is an important stepping stone for further research efforts
to determine consistent results for fungicide timing and applications for management of
Phomopsis stem canker. Due to foliar fungicides being most effective when spraying
corresponds with the spread of ascospores produced by the Phomopsis stem canker
pathogens (Bekesi 1999; Zsombik 1999), further research focusing on the development of
a disease forecasting model is essential to identify the start of the dispersion of
ascospores to aid in improved fungicide efficacy for management of Phomopsis stem
canker of sunflower.
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Table 3.1. Weather variable values for all three experimental field locations in 2015 and
2016.
Weather Variablesa
Temperature (oC)b Humidity (%) Precipitation (mm)c
Brookings
19.0
72.0
426.0
2015
Highmore
18.5
66.0
516.0
Onida
20.0
66.0
387.0
Brookings
19.0
63.0
328.0
2016
Highmore
20.0
52.0
115.0
Onida
21.0
49.0
169.0
a
Weather variable data courtesy of R. Magary and Real Time Mesoscale Analysis
Year

Location

(RTMA).
b

Temperature and humidity values are an average measurement calculated from the time

the trial was planted until it was harvested.
c

Precipitation values are the total amount that occurred at the trial location from the time

it was planted until it was harvested.
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Table 3.2. Experimental plot details and field locations used for studies evaluating host genetics and fungicide application timings for
management of Phomopsis stem canker of sunflower.

Location

Year

Commercial
Varieties

Onida
Highmore
Brookings
Onida
Highmore
Brookings

2015
2015
2015
2016
2016
2016

Mycogen
Syngenta
CHS
Mycogen
CHS
CHS

Fungicide Name
and Rate

Planting
Date

Priaxor (4 fl oz/A)
Aproach (6 fl oz/A)
Quadris (6 fl oz/A)
Headline (6 fl oz/A)
Headline (6 fl oz/A)
Headline (6 fl oz/A)

June 5
June 1
June 9
June 17
June 16
June 1

Row
Plot
Spacing Length
(m)
(m)
Corn
0.76
12
Corn
0.76
9
Sunflower
0.76
7.6
Corn
0.76
12
Sunflower
0.76
6
Sunflower
0.76
6
Previous
Crop

Date Disease
Rated

Harvest Date

September 23
September 18
September 15
September 19
September 19
August 25

November 1
November 6
October 13
November 1
November 2
October 28
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Table 3.3. Fisher’s least significant difference (LSD) treatment means for the Brookings
location in 2015.
S.
Susceptibleb
Partially Resistantb
Treatmenta
No.
DSIc (%)
Yield (kg/ha)
DSI (%)
Yield (kg/ha)
1
NTC
94.1 a
736.9 a
58.8 ab
1150.9 a
2
Quadris @ V12
86.9 ab
751.2 a
62.2 ab
1003.3 a
3
Quadris @ R1
84.1 ab
804.6 a
57.5 b
887.3 a
4
Quadris @ R3
93.8 a
564.5 a
69.1 a
906.7 a
5
Quadris @ V12 + R1
85.9 ab
711.5 a
67.2 ab
1202.9 a
6
Quadris @ R1 + R3
90.3 ab
688.4 a
61.6 ab
1146.1 a
7
Quadris @ V12 + R3
88.4 ab
778.2 a
65.0 ab
1132.2 a
8 Quadris @ V12 + R1 + R3
75.9 b
706.7 a
64.1 ab
1068.3 a
LSD @ P ≤ 0.05
16.6
320.7
10.7
360.2
CV
12.9
30.4
11.5
23.1
a
Fungicide timing treatments; Quadris (Syngenta, Greensboro, NC) foliar fungicide was
applied at sunflower growth stages V12 (12 true leaves), R1 (bud formation), R3 (bud
elongation), V12 + R1, R1 + R3, V12 + R3, and V12 + R1 + R3. NTC= non-treated
control.
b

Sunflower hybrids that were susceptible and partially resistant to Phomopsis stem canker

were provided by CHS (Inver Grove Heights, MN) for the study.
c

DSI = disease severity index. The DSI percentage for each plot was calculated using the

formula {[(0 * # plants rated ‘0’) + (1 * # plants rated ‘1’) + (2 * # plants rated ‘2’) + (3 *
# plants rated ‘3’) + (4 * # plants rated ‘4’)] / [(4 * 20)] * 100}.
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Table 3.4. Fisher’s least significant difference (LSD) treatment means for the Highmore
location in 2015.
Susceptibleb
Partially Resistantb
DSIc (%)
Yield (kg/ha)
DSI (%)
Yield (kg/ha)
NTC
55.3 b
738.4 b
50.9 ab
1784.3 c
Aproach @ V12
52.8 b
1012.5 ab
51.6 ab
2134.1 abc
Aproach @ R1
64.1 ab
1204.9 ab
50.6 b
1698.8 c
Aproach @ R3
55.9 b
1865.7 a
50.6 b
1915.8 bc
Aproach @ V12 + R1
60.9 ab
1098.7 ab
52.8 a
2355.5 ab
Aproach @ R1 + R3
71.3 a
744.4 ab
50.9 ab
2187.4 abc
Aproach @ V12 + R3
60.3 ab
1598.4 ab
50.9 ab
2493.2 a
Aproach @ V12 + R1 + R3
64.1 ab
1392.3 ab
50.3 b
2341.1 ab
LSD @ P ≤ 0.05
15.5
1122.8
2.0
525.3
CV
15.6
30.6
2.7
16.9
a
Fungicide timing treatments; Aproach (DuPont, Wilmington, DE) foliar fungicide was
S.
No.
1
2
3
4
5
6
7
8

Treatmenta

applied at sunflower growth stages V12 (12 true leaves), R1 (bud formation), R3 (bud
elongation), V12 + R1, R1 + R3, V12 + R3, and V12 + R1 + R3. NTC= non-treated
control.
b

Sunflower hybrids that were susceptible and partially resistant to Phomopsis stem

canker were provided by Syngenta (Basel, Switzerland) for the study.
c

DSI = disease severity index. The DSI percentage for each plot was calculated using the

formula {[(0 * # plants rated ‘0’) + (1 * # plants rated ‘1’) + (2 * # plants rated ‘2’) + (3 *
# plants rated ‘3’) + (4 * # plants rated ‘4’)] / [(4 * 20)] * 100}.
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Table 3.5. Fisher’s least significant difference (LSD) treatment means for the Onida
location in 2015.
S.
No.

Treatment

a

Susceptibleb
DSIc (%)

Yield (kg/ha)

Partially Resistantb
DSI (%)

Yield (kg/ha)

1
2
3
4
5
6
7
8

NTC
36.6 a
2016.9 ab
26.6 a
2998.2 a
Priaxor @ V12
34.4 a
2213.4 ab
18.8 a
2887.7 a
Priaxor @ R1
30.0 ab
2088.0 ab
21.9 a
2857.9 a
Priaxor @ R3
37.5 a
1697.6 b
36.6 a
2874.8 a
Priaxor @ V12 + R1
23.8 ab
2487.9 a
25.0 a
3000.9 a
Priaxor @ R1 + R3
34.1 a
1967.4 ab
31.3 a
3114.1 a
Priaxor @ V12 + R3
26.3 ab
2207.3 ab
24.1 a
2942.6 a
Priaxor @ V12 + R1 + R3
18.8 b
2033.1 ab
28.4 a
2795.5 a
LSD @ P ≤ 0.05
14.8
649.8
18.3
540.1
CV
33.3
21.2
46.9
12.5
a
Fungicide timing treatments; Priaxor (BASF, Research Triangle, NC), foliar fungicide
was applied at sunflower growth stages V12 (12 true leaves), R1 (bud formation), R3
(bud elongation), V12 + R1, R1 + R3, V12 + R3, and V12 + R1 + R3. NTC= non-treated
control.
b

Sunflower hybrids that were susceptible and partially resistant to Phomopsis stem

canker were provided by Mycogen (Indianapolis, IN) for the study.
c

DSI = disease severity index. The DSI percentage for each plot was calculated using the

formula {[(0 * # plants rated ‘0’) + (1 * # plants rated ‘1’) + (2 * # plants rated ‘2’) + (3 *
# plants rated ‘3’) + (4 * # plants rated ‘4’)] / [(4 * 20)] * 100}.
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Table 3.6. Fisher’s least significant difference (LSD) treatment means for the Brookings
location in 2016.
Susceptibleb
Partially Resistantb
DSIc (%)
Yield (kg/ha)
DSI (%)
Yield (kg/ha)
NTC
56.6 bc
887.6 a
31.9 b
1105.5 a
Headline @ R1
48.4 bcd
1234.7 a
28.1 b
1221.2 a
Headline @ R3
64.7 ab
914.5 a
33.8 b
979.2 a
Headline @ R5
81.3 a
769.3 a
51.6 a
855.4 a
Headline @ R1 + R3
38.1 cd
1100.1 a
33.8 b
906.5 a
Headline @ R3 + R5
37.2 cd
1159.3 a
28.1 b
1194.3 a
Headline @ R1 + R5
62.5 ab
968.3 a
30.3 b
1030.2 a
Headline @ R1 + R3 + R5
34.4 d
1205.1 a
32.5 b
1153.9 a
LSD @ P ≤ 0.05
21.7
503.6
15.2
453.8
CV
27.9
33.3
30.6
29.2
a
Fungicide timing treatments; Headline (BASF, Research Triangle, NC) foliar fungicide
S.
No.
1
2
3
4
5
6
7
8

Treatmenta

was applied at sunflower growth stages R1 (bud formation), R3 (bud elongation), R5
(beginning of flowering), R1 + R3, R3 + R5, R1 + R5, and R1 + R3 + R5. NTC= nontreated control.
b

Sunflower hybrids that were susceptible and partially resistant to Phomopsis stem

canker were provided by CHS (Inver Grove Heights, MN) for the study.
c

DSI = disease severity index. The DSI percentage for each plot was calculated using the

formula {[(0 * # plants rated ‘0’) + (1 * # plants rated ‘1’) + (2 * # plants rated ‘2’) + (3 *
# plants rated ‘3’) + (4 * # plants rated ‘4’)] / [(4 * 20)] * 100}.

105
Table 3.7. Fisher’s least significant difference (LSD) treatment means for the Highmore
location in 2016.
Susceptibleb
Partially Resistantb
DSIc (%)
Yield (kg/ha)
DSI (%)
Yield (kg/ha)
NTC
29.2 a
914.5 ab
13.1 ab
2525.8 ab
Headline @ R1
7.5 ab
1484.8 ab
7.5 ab
3525.4 a
Headline @ R3
28.1 a
1705.4 a
19.4 a
1942.1 b
Headline @ R5
23.1 ab
1189.0 ab
7.8 ab
2361.7 ab
Headline @ R1 + R3
9.4 ab
1662.3 a
7.9 ab
1552.9 b
Headline @ R3 + R5
13.8 ab
1108.2 ab
6.3 b
2574.2 ab
Headline @ R1 + R5
29.1 a
1213.2 ab
10.6 ab
2049.6 ab
Headline @ R1 + R3 + R5
3.4 b
1584.4 ab
3.8 b
2829.7 ab
LSD @ P ≤ 0.05
36.6
1242.6
25.0
1343.1
CV
68.1
29.9
80.6
36.6
a
Fungicide timing treatments; Headline (BASF, Research Triangle, NC) foliar fungicide
S.
No.
1
2
3
4
5
6
7
8

Treatmenta

was applied at sunflower growth stages R1 (bud formation), R3 (bud elongation), R5
(beginning of flowering), R1 + R3, R3 + R5, R1 + R5, and R1 + R3 + R5. NTC= nontreated control.
b

Sunflower hybrids that were susceptible and partially resistant to Phomopsis stem

canker were provided by CHS (Inver Grove Heights, MN) for the study.
c

DSI = disease severity index. The DSI percentage for each plot was calculated using the

formula {[(0 * # plants rated ‘0’) + (1 * # plants rated ‘1’) + (2 * # plants rated ‘2’) + (3 *
# plants rated ‘3’) + (4 * # plants rated ‘4’)] / [(4 * 20)] * 100}.
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CHAPTER 4.
General Conclusions
The research included in this thesis was an investigation into the advancement of
management strategies for Phomopsis stem canker of sunflower by improved diagnosis
and quantification of the causal pathogens, D. helianthi and D. gulyae. The specific
objectives of this research were (1) to develop quantitative polymerase chain reaction
(qPCR) assays for specific detection and quantification of D. helianthi and D. gulyae
causing Phomopsis stem canker of sunflower; and (2) to evaluate the effects of an
integrated approach using host genetics combined with foliar fungicide application for
management of Phomopsis stem canker of sunflower.
The two qPCR assays designed were proven highly specific and sensitive to D.
helianthi and D. gulyae. Both assays were capable of detecting D. helianthi and D.
gulyae from symptomatic sunflower samples, and these results were validated by
traditional isolation of the pathogens onto potato dextrose agar (PDA). In some cases, the
qPCR assays were sensitive enough to detect the presence of both D. helianthi and D.
gulyae when only one species was isolated onto PDA. The qPCR assays also proved to be
highly effective in genotype screening for stem resistance to D. helianthi and D. gulyae
under greenhouse conditions. The assay can identify 27 genotypes with potential
resistance to D. helianthi, 32 genotypes with potential resistance to D. gulyae and 16
genotypes with potential resistance to both D. helianthi and D. gulyae. In future, the
qPCR assays will allow for quick and accurate diagnosis of D. helianthi and D. gulyae in
seed samples, as well as support the evaluation of strategies to manage Phomopsis stem
canker of sunflower.
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To evaluate an integrated approach combining fungicide and host genetics for
management of Phomopsis stem canker, 6 field trials were conducted over a course of two
years in South Dakota. The first-year fungicide treatments included; V12 (12 true leaves),
R1 (bud formation), R3 (bud elongation), V12 + R1, R1 + R3, V12 + R3, and V12 + R1 +
R3. Treatments were slightly different in the second year of the study, including R1, R3,
R5 (beginning of flowering), R1 + R3, R3 + R5, R1 + R5, and R1 + R3 + R5. Data from
the study clearly displayed that sunflower hybrids with partial resistance to the disease have
significantly larger yields and reduced disease severity when compared to the susceptible
hybrids. Fungicide timing treatments did not consistently have significance on disease
severity or yield, but a single fungicide application at R1 to R3 appeared most effective for
protecting yield. Even though data from this study was not strongly conclusive, it is an
important stepping stone for supplementary research efforts to develop a fungicide spray
program for management of Phomopsis stem canker, and will strongly support
development of a disease forecasting model to improve timing of fungicide applications
for management of Phomopsis stem canker of sunflower.
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Appendix 1. First Report of Diaporthe stewartii causing Phomopsis Stem Canker of
Sunflower (Helianthus annuus) in Minnesota

T. R. Olson and B. Kontz, Department of Agronomy, Horticulture, and Plant Science,
South Dakota State University, Brookings, SD 57007; S. G. Markell, Department of Plant
Pathology, North Dakota State University, Fargo, ND 58102; T. J. Gulya, USDA-ARS
Northern Crop Science Laboratory, Fargo, ND 58108, Retired; and F. M. Mathew,
Department of Agronomy, Horticulture, and Plant Science, South Dakota State University,
Brookings, SD 57007

Phomopsis stem canker is one of the most economically important sunflower
pathogens in the Northern Great Plains (Mathew et al. 2015). In October 2015, lesions
consistent with Phomopsis stem canker were observed on sunflower (Helianthus annuus
L.) in a commercial field in Polk County, MN (N 47o46’12.00”, W -96o24’0.00”). Five
plants displaying elongated, brown stem lesions were obtained. Stems were cut into small
pieces (10 mm), surface-sterilized, and plated onto potato dextrose agar (PDA). The plates
were incubated for 10 days at 22oC under 12 h of alternating light and dark conditions.
Two isolates of brown colonies were hyphal-tipped and transferred to fresh PDA plates.
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The isolates were detected according to their morphology (conidial formation and stroma
pattern); Diaporthe helianthi Muntañola-Cvetkovic, Mihaljcevic and Petrov (isolate DH1),
a known causal agent of Phomopsis stem canker (Mathew et al. 2015), and an unknown
Diaporthe sp. (isolate MN1). DNA was extracted from the mycelium of isolate MN1 and
sequenced using the ITS (White et al. 1990) and EF1-α primers (Carbone and Kohn 1999).
Using BLAST analysis, the sequence of isolate MN1 (Genbank accession nos. ITS:
KX668416 and Ef1-α: KX852355) showed 100% identity to Diaporthe stewartii Harrison
isolate CBS 193.36 from Cosmos bipinnatus. To verify the pathogenicity, six four-weekold sunflower (cv. HA 288) plants were inoculated with isolates DH1 and MN1 by the stem
wound method (Mathew et al. 2015). Inoculation was performed at the second internode
by placing infested plugs into a wound created with a micropipette tip (1000 µl) and
wrapped with Parafilm. At 14 days after inoculation, all inoculated plants developed
significant necrosis and wilting based on the Phomopsis disease severity rating scale (rated
4 or 5 using a 0-to-5 rating scale), and it was impossible to differentiate between the
symptoms produced by the two Diaporthe species. In contrast, control plants displayed no
symptoms. D. stewartii was re-isolated from the inoculated plants and confirmed by
sequencing the ITS region. Previously, Mathew et al. (2011) detected D. stewartii as a
Phomopsis stem canker pathogen on sunflower using DNA sequence analysis, but Koch’s
postulates were not completed. To the best of our knowledge, this is the first confirmed
report of D. stewartii causing Phomopsis stem canker of sunflower. It remains to be
establish if D. stewartii is capable of causing yield loss similar to previously identified
causal agents, such as D. helianthi. Importantly, it is also unknown if genotypes resistant
to D. helianthi will also be resistant to D. stewartii.

110

Literature cited
(1) Carbone, I., and Kohn, L. M. 1999. Mycologia 91: 553.
(2) F. Mathew et al. Phytopathology 101:S115.
(3) F. Mathew et al. Phytopathology 105: 990-997.
(4) White, T. J., et al. 1990. Page 315 in: PCR Protocols: A Guide to Methods and
Applications. Academic Press, San Diego.

