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ABSTRACT 

 
 
ACTIVATED RESISTANCE OF BENTGRASS CULTIVARS TO MICRODOCHIUM NIVALE 

UNDER PREDICTED CLIMATE CHANGE CONDITIONS 
 
 
Sara Marie Stricker        Advisor: 
University of Guelph, 2017      Professor Dr. Tom Hsiang  
 
 
 

The potential impact of predicted climate change on Microdochium nivale, which causes 
Microdochium patch on turfgrasses was investigated. Turfgrasses exposed to temperature 
fluctuations exhibited increased yellowing caused by M. nivale compared to a constant lower 
temperature incubation. The effect of increased CO2 (from 400 ppm to 800 ppm) on M. nivale 
hyphal growth, percent yellowing, and biochemical response was assessed for Agrostis spp. and 
Poa annua cultivars. The efficacy of the resistance activator, Civitas + Harmonizer, was assessed 
under conditions of increased CO2, two temperatures, and field conditions. Civitas + Harmonizer 
often decreased disease symptoms, and suppression varied by cultivar and environmental 
conditions. Elevated CO2 did not affect the growth of M. nivale, although evidence from growth 
room trials suggests it may decrease Microdochium patch disease severity in the future. However, 
the interactive effects of temperature, snow cover conditions, and moisture availability in the 
field under future conditions is unknown.  
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Chapter 1 Literature Review 
1.1 Introduction 

 The effect of climate change on world ecosystems has become a growing concern. If 
atmospheric carbon dioxide (CO2) levels continue to increase at the current rate, they may nearly 
double the current level within the next fifty years (IPCC, 2014). Consequently, Canada and 
northern temperate zone locations may experience temperature increases of 1.5 to 4.0°C within 
the next 50 years, allowing for less stable snow cover environments and suboptimal cold 
hardening conditions (Feltmate and Thistlethwaite, 2012). This is especially important for 
overwintering plants such as perennial grasses, for which the critical winter hardening cues of 
temperature and day length will become increasingly out of synchronization for optimal winter 
dormancy. In addition, less stable snow coverage could lead to both abiotic injury and de-
hardening. These changes have the potential to increase damage of perennial grasses in Canada 
and other northern countries.  
 Societal resistance to pesticide use is also increasing worldwide, and alternatives are 
needed for conventional pesticide use. One of these newer directions is the use of resistance 
activators. Plants possess naturally occurring resistance mechanisms against pathogens, which 
can be stimulated by the application of resistance activator products (Cortes-Barco et al., 2010a; 
Cortes-Barco et al., 2010b). What is not known is how resistance activation might interact with 
potential climate change conditions. Increased atmospheric CO2 is known to stimulate plant 
growth, but the effect it could have on fungal plant pathogens is not known.  
 Climate change has been linked to changes in species distributions, abundances, 
extinctions and invasions (Alsos et al., 2012). The native range of many plant species has been 
directly affected by increasing global temperatures, putting species adapted to the cold at a 
disadvantage (Alsos et al., 2012). Changes in plant distribution and range can alter the range of 
plant pathogens and may increase the risk of invasive pathogens (Harvell et al., 2002). Two 
common diseases of turfgrasses in temperate climates are pink snow mold and Microdochium 
patch (also called Fusarium patch) caused by the fungus Microdochium nivale (Fries) Samuels & 
I.C. Hallett (Hsiang, 2009), and the effects of climate change on disease severity caused by this 
fungus on turfgrass has not been assessed. 

1.1.1 Turfgrass management 
 Managed turfgrass is a prevalent feature of the urban landscapes all around the world. 

Turfgrass management involves turf surfaces in residential, business, sports facility, or city park 
settings. Turfgrasses have been cultivated since early Persian gardens and became popularized by 
Alexander of Macedonia in 356 BC (Turgeon, 2008). Turfgrasses provide functional, 
recreational, and ornamental benefits such as wind and water erosion control, and the reduction 
of glare, noise, and air pollution. The aesthetic contributions of properly landscaped homes and 
businesses can also result in higher resale values (Des Rosiers et al., 2002). The management 
includes proper irrigation, trimming, disease/pest control and general turfgrass maintenance. 
 Turfgrass management in North America is a billion-dollar industry and is made up of 
golf courses, lawn equipment, lawncare services, and sod production, so the impact of disease 
can be enormous. It is estimated that two percent of land area in the United States is covered with 
turfgrass (Milesi et al., 2005), and in 2002 the lawn care industry was estimated at $57.8 billion 
(Haydu et al., 2006). In 2015 there were 2,346 public and private golf courses in Canada, and 
61% of these were in the provinces of Ontario and Quebec (Golf Canada, 2015). In 2007, there 
were 390,000 acres of turfgrass maintained in Ontario, which contributed $2.6 billion in gross 
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revenues and employed 33,000 full time employees (Tsiplova et al., 2008). The turfgrass industry 
has stringent standards for disease level, seed quality, playability, mowing-height and stress 
tolerance. 

Turfgrass species are generally classified as warm-season, with optimal growth 
temperatures between 27-35°C, or cool-season, with optimal growth temperatures of 18-24°C. 
Research has shown variation among turfgrass cultivars in resistance to low temperature stresses 
(Bertrand et al., 2013). Cultivar is used here to describe a seed lot, some of which are marketed 
by turfgrass breeding companies, that bear the same name and are considered to form a 
homogeneous set (Louett et al., 1997). Agrostis species (bentgrasses) are cool-season grasses 
commonly used as turfgrasses for fairways, tees, and putting greens due to their fine texture and 
resilience to low mowing heights (Ruemmele, 2003; Warnke, 2003). In temperate regions, such 
as grass growing zones of Canada, creeping bentgrass (Agrostis stolonifera L.) is most commonly 
used on golf course putting greens (MacBryde, 2005; Warnke, 2003). Annual bluegrass (Poa 
annua L.) commonly invades bentgrass putting greens and can become the dominant species, 
especially on older greens (Harivandi et al., 2008).  
1.1.2 Cold acclimation and cold hardening 
 Many plant species in temperate climates undergo the process of acclimation in late 
autumn, where freeze-tolerance intensifies after a period of chilling temperatures (Levitt, 1980). 
Hardening typically occurs at temperatures below 10°C, but this threshold varies by plant species 
and even by cultivar (Levitt, 1980). During cold acclimation, a number of changes occur 
including the expression level of many genes, alterations in membrane lipid composition, and 
accumulation of sugars, specific amino acids, soluble proteins, organic acids, and cyroprotective 
sugars (Hughes and Dunn, 1996; Janska et al., 2010). Cool-season turfgrasses undergo cold 
acclimation in response to shortened day length and temperatures around 10°C to protect against 
winter biotic and abiotic damage (Larsen, 1994). A second incubation period of cold hardening at 
temperatures just below freezing may be required (Livingston et al., 2007). During these 
processes water is transported out of the cells into intercellular spaces where nucleators elicit 
freezing so that ice crystals will not puncture membranes and cause leakage (Pearce, 2001). 
During freezing of water, the ionic concentration in the remaining liquid water increases, and this 
self-induced dehydration may cause freeze-induced desiccation. 
 (Gunde-Cimerman et al., 2003). This ability varies among turfgrass cultivars, with creeping 
bentgrass being one of the most freeze-tolerant (Beard and Beard, 2005).  

 During cold hardening, plants produce pathogenesis-related proteins (PR proteins) and 
peroxidases in preparation for attack by psychrophilic or “cold-loving” pathogens (Ergon et al., 
1998; Gaudet et al., 2003). Other antifreeze proteins and cryoprotective sugars, such as high 
degree of polymerisation (HDP) fructans are produced by grasses during this time to increase 
freeze tolerance, which has been linked to pink snow mold resistance (Bertrand et al., 2011; 
(Bertrand et al., 2013). The process also involves stockpiling sucrose and enhanced invertase 
activity, thus decreasing overall winter damage (Tronsmo, 1994). In a study of winter wheat, 
researchers found that this induced resistance only occurred in intact plants, not detached leaves, 
which indicates some role of the crown of the plant (Ergon and Tronsmo, 2006). In winter rye the 
crowns of resistant plants showed higher non-specific peroxidase activity (Pociecha et al., 2013). 
There have been multiple reports of inducing resistance of Microdochium nivale in grass species 
through the process of cold hardening (Bertrand et al., 2011; Ergon et al., 1998; Hiilovaara-Teijo 
et al., 1999; Miedanner et al., 1993, Tompkins et al., 2000; Tronsmo, 1984, 1993, 2001). 
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 The biochemical response by plants to cold hardening has been linked to induced 
resistance. Artificial hardening has been shown to increase resistance to snow molds in laboratory 
settings (Miedanner et al., 1993; Tronsmo, 1984, 1993). The production of PR proteins is induced 
by low temperatures and changing photoperiod (Ergon et al., 1998; Gaudet et al., 2003), and 
these PR proteins produced during cold acclimation may have additional antifreeze properties 
(Hiilovaara-Teijo et al.,1999). Increased levels of the plant hormone abscisic acid, which is 
linked to cold hardening, have been found in snow mold resistant forage grasses (Pociecha et al., 
2009a, 2009b). Other defence-related protein transcripts increase dramatically in response to cold 
hardening (Gaudet et al., 2003). In addition, levels of salicylic acid and phenolic compounds may 
also be related to snow mold resistance (Poeiecha et al., 2009b).  

 The process of vernalization also occurs in response to low temperatures, so those 
regulation genes may be linked to acclimation and cold hardening (Fowler et al., 1996). Grasses 
require exposure to short-day photoperiods followed by long-day photoperiods in order to 
transition from vegetative to reproductive growth (Heide, 2001), and the Vrn alleles are thought 
to be responsible (Danyluk et al., 2003). In the future, we may see asynchrony between the day 
length and low temperature signals due to climate change with respect to plant cold-hardening 
processes. One climate prediction model indicates that the duration of optimal hardening 
conditions for perennial grasses in eastern Canada will decrease by four days by the year 2069, 
with the snow-cover period reduced by 15.6 days (Bélanger et al., 2002). Therefore, research on 
acclimation, cold hardening, and vernalization processes will be important for turfgrass breeders.  

1.1.3 Turfgrass diseases 
 All plants, whether cultivated or wild, are susceptible to pathogen attack. Plant pathogens 
are very similar to the microorganisms that cause diseases in humans and animals, such as 
protozoa, nematodes, viruses, bacteria, and fungi. In addition, unfavourable environmental 
conditions including deficiency or excess of nutrients, moisture, light, or chemicals may cause 
disease-like symptoms (Agrios, 2005). The more that a plant is cultivated and studied, the greater 
the number of pathogens targeting that species is identified by plant pathologists (Fermanian et 
al., 2003).  

There are many diseases of turfgrasses in North America caused by fungi, bacteria, 
nematodes, viruses, and some abiotic factors (Table 1.1). A disease is an abnormality in 
appearance or function caused by the invasion by an infectious agent or pathogen (Agrios, 2005). 
In order for disease to occur, the host plant must be susceptible, there must be a virulent pathogen 
present, and a favorable environment for disease symptoms to occur (Agrios, 2005). An 
important factor in successful growth of turfgrass stands is the selection of species or cultivar, 
since the susceptibility to pathogens varies by cultivar (Vargas, 2005).  
1.1.4 Pink snow mold 

 Bentgrasses and bluegrasses in temperate regions worldwide are susceptible to infection 
by the fungus Microdochium nivale (Lees et al., 1995; Kammoun et al., 2009; Waalwijk et al., 
2003). During the winter, particularly after prolonged snow cover, M. nivale will attack 
turfgrasses and cereals causing pink snow mold (Tronsmo et al., 2001). The same pathogen 
causes Microdochium patch (also known as Fusarium patch) which occurs during periods of cool, 
wet weather particularly in the spring and fall (Tronsmo et al., 2001). In the United States, some 
pathologists refer to all symptoms with or without snow cover as Microdochium patch (Hsiang, 
2009). To clarify, the dual naming convention will be used here: pink snow mold after snow 
cover and Microdochium patch for symptoms without snow cover.  
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 In the spring, M. nivale can cause large unsightly orange-brown patches (pink snow mold) 
up to 20 cm in diameter on lawns that have been covered with snow for several weeks. 
Symptoms may vary by grass type, with creeping bentgrass expressing reddish-brown patches 
while Kentucky bluegrass will have lighter patches with a reddish ring (Hsiang, 2009). Pinkish-
white mycelium may be seen above the patches after snowmelt (Tronsmo et al., 2001). During 
spring and autumn, under cool and wet conditions, symptoms may appear without snow cover 
(Microdochium patch) and are characterized by smaller (< 5 cm in diameter) irregularly-shaped 
bleached patches with bronze edges (Figure 1.1) (Hsiang, 2009). 

1.2 Microdochium nivale 
1.2.1 Origin, distribution and host range of Microdochium nivale 

 Microdochium nivale has been described worldwide in North and South America, Asia, 
Europe, Africa, and Oceania (Roskov et al., 2015). This Ascomycete fungus attacks a range of 
plant species from the Poaceae family. The hosts include barley, oats, wheat, and cool-season 
turfgrasses (Simpson et al., 2000; Tronsmo et al., 2001). The Swedish mycologist Fries first 
described this fungus as Lanosa nivalis in 1825 but the name has since changed many times 
(Table 1.2). For nearly a century the anamorph (asexual stage) of this fungus was classified in the 
genus Fusarium, which is why today the disease is still commonly known as Fusarium patch, 
especially among turfgrass managers. The most recently accepted teleomorph (sexual stage) 
name was Monographella nivalis var. neglecta (Gams and Müller, 1980), but the currently 
accepted and most commonly used name for this fungus is Microdochium nivale under the one 
fungus, one name nomenclature system which typically uses only the teleomorph names to 
identify fungi (Hernández-Restrepo et al., 2016). M. nivale was previously classified into two 
varieties: M. nivale var. majus, which predominately attacks species of cereals (wheat and oat), 
and M. nivale var. nivale, which prefers rye and turfgrass species as a host (Simpson et al., 2000). 
They have since been reclassified as two separate species, M. majus and M. nivale, respectively 
(Glynn et al., 2005; Hernández-Restrepo, 2016; Jewell and Hsiang, 2013). The focus of this 
research is on M. nivale sensu stricto, which is more commonly found on turfgrasses (Jewell and 
Hsiang, 2013). 
 Some research on M. nivale has focused on the role in Fusarium head blight (FHB) due to 
the economic significance and mycotoxin production associated with this disease complex which 
can be economically disastrous for wheat and barley (Kammoun et al., 2009; Timmermans et al., 
2009; Xu et al., 2008). A negative correlation was found between the amount of seed-borne M. 
nivale and the establishment and grain yield in winter wheat (Humphreys et al., 1995). In severe 
epidemics, crop yields of wheat may be reduced by 50% (Agrios, 2005). Other fungal species 
that cause FHB, such as Fusarium graminearum Schwabe, Fusarium culmorum (W.G. Sm.) 
Sacc., Fusarium avenaceum (Fr.) Sacc., and Fusarium poae (Mart.) Sacc., produce mycotoxins 
which, if consumed, can have adverse effects on the health of animals and humans. M. nivale has 
been reported to produce the mycotoxins nivalenol and deoxynivalenol (Fujimoto et al., 1972; 
Timmermans et al., 2009) although other studies dispute whether M. nivale produces these toxic 
metabolites (Chełkowski et al., 1991; Xu et al., 2008). 

 Extensive research on pink snow mold and Microdochium patch on turfgrasses have been 
conducted because of the significant impact of these diseases, the high amount of fungicide used 
to control them, and the environmental impacts of the chemical disease suppression methods 
(Hsiang et al., 1999). Cases of fungicide resistance to strobilurin, benzimidazole, and iprodione 
fungicides have been reported in the past, so research into novel control methods is imperative to 
maintain acceptable levels of control (Chastagner and Vassey, 1982; Pennucci et al., 1990; 
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Walker et al., 2009). It is not known whether there might be an increase or decrease in disease 
symptoms in response to predicted climate change, and such research is needed to provide 
insights into future disease management issues. 
1.2.2 Microdochium nivale identification 

 Microdochium nivale reproduces sexually by forming ascospores, and asexually via 
conidia in sporodochia. The large genetic variability in M. nivale is thought to be maintained by 
the propagation of sexual spores, but ascospore production has rarely been observed (Mahuku et 
al., 1998; Smith, 1983). The sexual stage of M. nivale has red, globular perithecia that may 
appear as small black dots which are found on leaf sheaths near the base of the stem (Tronsmo et 
al., 2001). The asci are thin-walled and club-shaped (50-70 x 8-10 µm) and contain 6-8 
ascospores each. At maturity the ascospores are transparent, ellipsoid but slightly curved, with 1-
3 septa and are 10-17 µm in length and 3.5-4.5 µm in width (Booth, 1971). Isolates from wheat 
develop perithecia more readily than isolates from turfgrass (Jewell, 2013; Lees et al., 1995; 
Litschko and Burpee, 1987).  

 The asexual reproductive stage produces sickle-shaped, fusiform conidia which are 
transparent but appear pink when viewed en mass (Mahuku et al., 1998). These conidia are 
produced on aerial mycelium and often in discrete, slimy, salmon-coloured sporodochia on the 
surface of the host (Diamond et al., 1998; Tronsmo et al., 2001). The conidia are 8-27 µm in 
length and < 4.7 µm in width with 0-3 septa (Jewell, 2013). Fusarium species have a distinct foot 
cell on the conidia, whereas M. nivale does not. This distinction was important when the fungus 
was reclassified (Tronsmo et al., 2001). The optimum temperature for macroconidial production 
of M. nivale is estimated to be 26°C (Rossi et al., 2002).  

1.2.3 Life cycle of Microdochium nivale  
 Microdochium nivale is a plant pathogen that is dormant during the summer, surviving in 

soil or grass thatch as spores and mycelium (Hsiang, 2009). M. nivale can grow and reproduce at 
temperatures as low as -5°C yet still survive in temperatures over 30°C (Snider et al., 2000). In 
late autumn the mycelium begins to infect new turfgrass tissue and spores can be carried to new 
host plants by wind or water (Hsiang, 2009). If autumn weather is cool and damp, symptoms may 
occur in the absence of snow cover and the disease is referred to as Microdochium patch 
(Tronsmo et al., 2001), which is characterized by irregularly-shaped bleached patches < 5 cm in 
diameter with bronze edges (Hsiang, 2009). Early symptoms include water-soaked patches and 
pinkish-white mycelium which later coalesce into larger patches of dead vegetation (Tronsmo et 
al., 2001). M. nivale damages plant tissues at it grows below snow cover during the late fall, 
winter, and early spring in temperate climates (Hoshino et al., 2009). After snow melt, M. nivale 
can cause large unsightly orange-brown patches < 20 cm in diameter. When the temperatures 
increase in the summer, M. nivale reverts to dormancy for survival (Figure 1.2) (Tronsmo, 2001). 

1.2.4 Effect of low temperature on Microdochium nivale 
 Microdochium nivale is considered a psychrophilic fungus and has developed adaptations 

that allow it to survive and maintain pathogenicity at low temperatures (Snider et al., 2000). M. 
nivale produces lipases that are able to maintain activity at 0°C, with the highest activity at 20°C 
(Hoshino et al., 1996). Since M. nivale is a cool-season fungus but does not specifically require 
snow cover to cause disease, there is some speculation that it will be able to replace other strictly 
psychrotrophic fungi in the future (Gaudet et al., 2012). Snow molds caused by other fungi 
produce proteins with antifreeze properties in response to cold temperatures, however, M. nivale 
has not been documented as producing these antifreeze proteins (Snider et al., 2000). In order to 
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maintain fluidity of the cell membrane in response to temperature, M. nivale can modify the 
quantity and quality of lipid components in the lipid bilayer (Okuyama et al., 1998). 

 The optimal growth temperature for some isolates of M. nivale for in vitro studies is 
between 18-22°C (Snider et al., 2000), and the optimal temperature for infection and greatest 
disease severity is between 0-15°C (Brennan et al., 2003). This enzyme activity profile describes 
M. nivale as metabolically mesophilic and does not explain the low optimal growth temperature 
(Cairns et al., 1995a). Hoshino et al. (1996) have shown that M. nivale produces extracellular 
lipolytic enzymes that have a higher activity at low temperature than those of mesophilic fungi. 
However, intracellular lipase activity was detected in M. nivale mycelia only during the early 
exponential phase (Tronsmo et al., 2001). The extracellular lipolytic enzyme activity was the 
highest at 20°C and retained 19% of its maximum activity at 0°C (Hoshino et al., 1996). This 
suggests that activity of extracellular cell wall-degrading enzymes of M. nivale is optimal at the 
same temperature range as that of other phytopathogens, but that some enzymes maintain 
substantial activity at low temperatures. The isolates originating in cooler climate regions may 
have adapted to maintain pathogenicity at low temperatures, and they may exhibit a fitness trade-
off at the predicted increased temperatures in the future (Brennan et al., 2003). 

1.3 Management methods for Microdochium patch 
1.3.1 Cultural control methods 
 There is a push in today’s society towards decreasing pesticide use, which makes cultural 
control methods more desirable than chemical applications. Cultural control methods refer to 
management methods that reduce pathogen levels, or reduce the rate of disease development, by 
modifing the pathogen's environment. New environmental legislations and public awareness 
campaigns are pressuring the golf industry to look into alternative pest control measures 
(Christie, 2010). The cosmetic ban on lawn care pesticides in some provinces of Canada restricts 
the use of chemicals on lawns for aesthetic purposes (Health Canada, 2011). For the moment, 
golf courses in Canada are permitted to use synthetic pesticides for cosmetic purposes, but it is 
likely that stricter controls will come in the future, and hence a major direction in turfgrass 
research is focused on finding alternatives to chemicals for the control of turfgrass pests (Mattox, 
2015).  

In the autumn, traditional cultural control methods for Microdochium nivale include 
minimizing thatch and discouraging succulent growth (OMAFRA, 2015). Decreasing thatch 
improves overall grass health and can remove some over-summering inoculum. Turfgrass 
managers are advised to apply slow-release nitrogen, rake frequently, and avoid heavy 
topdressings (OMAFRA, 2015). Improving the air circulation and moderating irrigation is also 
important during this time to avoid conditions that favor M. nivale growth. In the winter, it is 
imperative to prevent damage to the grass by exposure to cold winds. When spring disease 
symptoms are seen, the grass should be raked to promote drying and heavy spring fertilizer 
applications should be avoided since they cause succulent growth (OMAFRA, 2015). Some 
recommendations include strategies that promote hardening such as increasing the leaf area 
index, breaking up ice cover in the winter to allow gas exchange, reducing late-fall irrigation, and 
the use of semi-permeable greens covers under certain conditions (Torello, 2007).  

Another recently developed cultural practice being applied on golf courses for the control 
of foliar diseases is the use of rolling. Research has shown that rolling can significantly reduce 
dollar spot, and this disease suppression was cumulative over three years (Giordano et al., 2012). 
Dew removal in general can increase the performance of fungicides, and can decrease the 
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incidence of some fungal pathogens (Delvalle et al., 2011). Rolling reduces leaf wetness duration 
which is necessary for fungal infection, and also displaces fungal inoculum (Mattox, 2015).  
 Several studies have reported differential responses to pathogens by grass species and 
cultivar (Bertrand et al., 2009, 2011; Casler et al., 2001; Hofgaard et al., 2006b, 2006c; Pociecha 
et al., 2013; Tronsmo, 1984, 1993; Wang et al., 2005), so efforts have been made to breed 
naturally resistant plants. The National Turfgrass Evaluation Program (NTEP) is an organization 
that screens grass species for resistance to diseases and insects, as well as responses to 
temperature and drought. Part of the NTEP research project is to coordinate evaluation trials of 
commonly used cultivars from the United States of America and Canada, and these data can be 
used by plant breeders to develop more resistant cultivars. Breeding programs for turfgrasses face 
the challenges of an open-pollinated species, a large genome, and that these traits are controlled 
by multiple complex genes (Bertrand et al., 2013). Conventional breeding methods such as 
phenotypic and genotypic recurrent selection are widely used in grasses that are cross-pollinated 
and self-incompatible, such as creeping bentgrass (Bonos et al., 2006). Breeding for disease 
resistance in creeping bentgrass is particularly important for golf courses because disease control 
is achieved mostly through fungicides use (Bonos et al., 2006). Since creeping bentgrass flowers, 
or tissues leading to flowering, are mowed off when cut at greens height, no actual cross-
fertilization takes place so the bentgrass plants on a green should theoretically be genetically 
identical to what was seeded (Huff and Landschoot, 2000). Virulence varies significantly among 
M. nivale isolates, so cultivars bred for resistance against one or a few isolates of a specific 
pathogen may not hold up their resistance levels over time, since the host genotype remains the 
same and the pathogen is able to adapt (Huff and Landschoot, 2000). 
 Previous studies have used artificial inoculation using M. nivale to screen for naturally 
occurring resistance in plant hosts. Genotypic variation resulting in variable natural resistance has 
been reported for winter rye (Secale cereale L.), timothy (Phleum pretense L.), perennial ryegrass 
(Lolium perenne L.), reed canary grass (Phalaris arundinacea L.), orchard grass (Dactlyis 
glomerata L.), annual bluegrass (Poa annua L.), colonial bentgrass (Agrostis capillaris L.), 
creeping red fescue (Festuca rubra L. var. rubra), chewings fescue (Festuca rubra L. var. 
commutate), and creeping bentgrass (Agrostis stolonifera L.) (Bertrand et al., 2009, 2011; Casler 
et al., 2001; Hofgaard et al., 2006b, 2006c; Pociecha et al., 2013; Tronsmo, 1984, 1993; Wang et 
al., 2005). Miedaner et al. (1993) found that there was significant quantitative resistance between 
inbred lines of winter rye, and a significant genotype x growth stage interaction. Pociecha et al. 
(2013) found that resistant lines of winter rye had significantly higher peroxidase activity with 
decreased initial ß-D-glucosidase activity (an enzyme involved in cell wall reorganization). 
Resistant genotypes of annual bluegrass may maintain higher concentrations of high degree of 
polymerisation (HDP) fructans, which are associated with freeze-tolerance in plants (Bertrand et 
al., 2011). Cultivars of annual bluegrass that evolved in regions experiencing cold winters with 
shallow snow cover displayed fewer disease symptoms caused by inoculation with M. nivale 
(Bertrand et al., 2009). The genotypes that originate in regions with longer sub-freezing 
temperatures but less snow, like Pennsylvania, seem more freeze tolerant (Dionne et al., 2010). 
The evolution of these ecotypes or cultivars resistant to M. nivale may have been driven by 
environmental factors such as winter temperatures and duration of snow cover (Bertrand et al., 
2009). 
 There has been evidence of cultivar x isolate interactions in the grass/M. nivale 
pathosystem. Using Random amplified polymorphic DNA analysis of 100 M. nivale isolates, 
Mahuku et al. (1998) found that samples isolated from the same turfgrass hosts shared clusters of 
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markers, whereas isolates from other turfgrass hosts were more genetically different despite being 
geographically closer. This implies a level of host specialization within M. nivale isolates. The 
pathogenicity of these isolates may be linked to the timing of ß-glucosidase activity (Hofgaard et 
al., 2006c). In the screening for naturally occurring resistance in turfgrass hosts it is essential to 
consider both the genetic variation of the pathogen and the host, and it is important to expose 
plants to the potential variation in the pathogen population (Peever et al., 2000). 

The search for new non-fungicide control methods has led to research into biostimulants. 
A biostimulant is a compound that, when applied to soil or plants, increases the plant’s vigor and 
health. One such product that shows some control of M. nivale is potassium phosphite. Phosphite 
products are often sold as fertilizers, and they possess disease suppressive characteristics 
(Mattox, 2015). The application of phosphite can suppress Microdochium patch symptoms when 
the disease pressure is low and potentially reduce the number of annual fungicide applications 
necessary to control the pathogen (Golembiewski and McDonald, 2011). There is abundant 
research stating that phosphite alone does not work as well as fungicides against turf diseases 
(Burpee, 2005; Cook et al., 2009; Dempsy, 2015). This control method is further discussed in 
Chapter 5.  

A study in Oregon, USA tested the application of Sulfur DF Fungicide/Acaracide 
(Wilbur-Ellis, Colorado, USA), which contains elemental sulfur for the control of Microdochium 
patch symptoms (Hsiang and Koch, 2017). This product, when used in combination with a 
resistance activator product (Civitas One, Petro-Canada), increased the efficacy of the resistance 
activator alone and effectively suppressed 99% of Microdochium patch disease symptoms 
(Hsiang and Koch, 2017). In another study, researchers found that Microdochium patch 
symptoms can be increased when treated with lime, but the application of sulphur ameliorated 
this effect (Golembiewski et al., 2009). In addition, a high rate of sulfur alone can decrease 
Microdochium patch disease (Brauen et al., 1975, Golembiewski et al., 2009).  
 Another cultural control method is the use of biocontrol agents. Biocontrol is a 
management method of using antagonistic organisms that target pathogens. The fungus Typhula 
phacorrhiza (Reichard) Fr. has been shown to control grey snow mold (Wu et al., 1998), and 
pink snow mold (Hsiang and Cook, 2001). Another fungus, Trichoderma harzianum Rifai, can 
control M. nivale under optimal temperatures (20°C) but is less effective under low temperatures 
(Hudek, 2000). Biocontrol fungicide products containing T. phacorrhiza or T. harzianum are 
currently registered for use in Canada to control M. nivale (Table 1.3). These products can be 
applied before snowfall and in the spring to suppress symptoms of pink snow mold. Another 
biocontrol option is an application of compost in the fall to improve spring recovery from pink 
snow mold symptoms (Boulter et al., 2002). These applications are designed to be applied shortly 
before snowfall and thus will not target the autumn Microdochium patch symptoms, but can 
improve spring green-up (Boulter et al., 2002).  
1.3.2 Chemical control methods 

Many fungicides have been registered for use in Canada for Microdochium nivale in 
multiple mode of action groups (Table 1.3). Fungicides in the same mode of action group will 
have the same biochemical mechanism to disrupt the lifecycle of the fungus. There are fungicides 
from six fungicide groups currently registered in Canada: Methyl-benzimidazole carbamates 
(Group 1), Dicarboximide fungicides (Group 2), Demethylation-inhibiting fungicides (Group 3), 
Strobilurin fungicides (Group 11), Phenylpyrrole fungicides (Group 12) and multi-site 
Chloronitrile fungicides (Group M5) (Health Canada, 2017). Reports have been made on M. 
nivale resistance to strobilurin, benzimidazole, and iprodione fungicides in USA, New Zealand 
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and France (Chastagner and Vassey, 1982; Pennucci et al., 1990; Walker et al., 2009). In order to 
reduce the chance of fungicide resistance, which leads to a loss of disease control by the 
fungicide, it is important to select multiple modes of action and rotate among them (McGrath, 
2004). Fungicides for M. nivale should be applied in the fall if the season is cool and damp to 
manage Microdochium patch symptoms (Hsiang, 2009). An additional preventative application at 
a higher rate should be applied just before snowfall to prevent pink snow mold over the winter. 
After snowmelt in the spring, fungicides can be applied if pink snow mold is severe, and with 
continued cool weather fungicides may be used to manage Microdochium patch symptoms 
(Hsiang, 2009). 
1.3.3 Activated resistance 
 An alternative to traditional pesticide applications is resistance activators. A resistance 
activator is a synthetic chemical that, when applied to a plant, activates natural resistance 
responses to decrease damage caused by abiotic or biotic stresses (Walters and Fountaine, 2009). 
There are two main forms or pathways for activated resistance: systemic acquired resistance 
(SAR) and induced systemic resistance (ISR) in plants (Walters and Fountaine, 2009). Thakur 
and Sohal (2013) claim that resistance activator products may have an acute toxicity to plant 
hosts, pathogens, or non-target organisms, but this is lower than that of pesticides. Multiple 
resistance-inducing agents have been reported for various plant diseases in the literature (Table 
1.4). Some products show promise as an alternative to chemical controls against M. nivale 
(Hofgaard et al., 2006a, 2010; Hsiang et al., 2013). 
 One such product is Civitas™ mixed with Harmonizer™ Pigment Dispersion (Previously 
manufactured by Petro-Canada, Mississauga, ON, Canada) which has been registered for use in 
the United States and Canada against a variety of turfgrass diseases. It is recommended for use on 
fairways and roughs of golf courses, but can also be applied to tees and greens 
(http://www.civitasturf.com). Civitas is a clear, colorless liquid, consisting of food-grade 
isoparaffins (mineral oil). Harmonizer contains a polychlorinated copper (II) phthalocyanine 
pigment. Civitas has an ISR mode of action (Cortes-Barco et al., 2010a), while the mode of 
action of Harmonizer may involve both ISR and SAR components (T. Hsiang, personal 
communication, 2017). When mixed together, these products can be used as a preventive 
treatment for the control of Microdochium patch and pink snow mold caused by M. nivale (Petro-
Canada, 2016). It has also been registered for the control of spring leaf spot (caused by 
Drechslera poae (Baudy) Shoemaker), grey snow mold (caused by Typhula ishikariensis S. Imai  
 and Typhula incarnata Lasch, Epicr.), dollar spot (caused by Sclerotinia homoeocarpa F.T. 
Benn), brown patch (caused by Rhizoctonia solani J.G. Kühn), anthracnose (caused by 
Colletotrichum cereale Manns), as well as some insects.  
 Previous research in this lab has shown that application of Civitas results in effective 
control of M. nivale, R. solani, and S. homoeocarpa on creeping bentgrass (Cortes-Barco et al., 
2010a), and Colletotrichum orbiculare (Berk. & Mont.) Arx on wild tobacco (Cortes-Barco et al., 
2010b). When tested in vitro, Civitas + Harmonizer did not have significant inhibitory effects on 
the growth of M. nivale (Hsiang et al., 2013). However, this product can activate 
jasmonate/ethylene-dependent ISR, and has similar effects as beneficial rhizobacteria (Cortes-
Barco et al., 2010b).  

In Vincelli et al. (2017), Civitas was given an efficacy rating of 1 out of 4, which means 
the control is inconsistent between experiments but performs well in some instances for control 
of pink snow mold/Microdochium patch in the field (Table 1.5). Vincelli and Munshaw (2014) 
gave Civitas an efficacy rating of 3 (good to excellent control in most experiments) for control of 
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Colletotrichum cereale, 2 (fair to good control in most experiments) for S. homoeocarpa, 1 
(control is inconsistent between experiments but performs well in some instances) for M. nivale, 
and L (limited published data on effectiveness) for R. solani. The application of this product can 
suppress disease symptoms in field and lab tests, and may prove to be an alternative to fungicides 
(Cortes-Barco et al., 2010a, 2010b; Hsiang et al., 2011). 
1.4 Climate change and effects on turfgrass health 

1.4.1 Winter de-hardening and environmental conditions 
 The ability of grasses in temperate climates to resist winter injury and infection by 
psychrophilic fungi is largely dependent on the cold hardening process. However, a de-hardening 
process will occur if the grasses are exposed to increased soil temperatures or increased moisture 
(Tompkins et al., 2000). Overall there has been a shift in extreme record temperature events since 
the middle of the 20th century, resulting in fewer cold extremes and more frequent warm extremes 
worldwide (IPCC, 2013). This may lead to unseasonable temperature fluctuations and thus 
increase the occurrence of de-hardening. De-hardening causes a decrease in freezing resistance, 
but has little effect on snow mold resistance, which uses a different mechanism (Tronsmo, 1985). 
If an early thaw occurs it is advisable to maintain snow cover using snow fencing, artificial 
covers, and not removing snow (a common practice of golf course superintendants in the spring 
to encourage earlier green-up) to delay the loss of cold hardiness (Tompkins et al., 2000). This 
can be particularly important in areas where the spring temperatures may be unseasonably high, 
or fluctuate around 0°C. The cold hardening process may also be disturbed by increased seasonal 
temperatures and a reduced period of optimal conditions for hardening (Thorsen and Höglind, 
2010; Uleberg et al., 2014). Unstable snow cover, particularly during sharp temperature 
decreases, may allow for abiotic injury such as frost and ice encasement (Bertrand et al., 2013). 
Plants are then more prone to infection by psychrophilic pathogens as storage materials are 
depleted when tissues are wounded (Bertrand et al., 2013). It is important to study these effects of 
climate change on turf health and pathogens to better prepare for the future climatic conditions. 

1.4.2 Effects of increased CO2 
Increases in atmospheric CO2 levels may directly or indirectly affect plants and plant 

pathogens. Grasses often demonstrate higher net primary production in response to increased 
CO2 (Chen et al., 1996), which generates a microclimate with higher relative humidity (Burdon 
and Chilvers, 1976). This increase in turf density generates more carbohydrates which could 
improve plant health, but may also favor pathogen development and lead to imbalances in the 
normal plant phenological cycle. For instance, these conditions would be optimal for foliar plant 
pathogens such as rusts, mildew, blights, and leaf spots. In addition, the potential for more 
overwintering crop debris generates a higher inoculum potential in the spring (Manning and 
Tiedemann, 1995). Excessively high soil CO2 concentrations in conjunction with high daytime 
temperatures have been shown to be detrimental to turfgrass growth (Huang et al., 1998; 
Rodriguez et al., 2005) although increased CO2 concentrations may mitigate negative effects on 
turf growth caused by increased temperature (Song et al., 2014). Climate change may also 
directly affect a pathogen’s ability to infect, reproduce, disperse, and survive (Garrett et al., 
2006). Taken together, this may indicate that certain combinations of atmospheric CO2 
concentrations and temperature favor turfgrass growth, but outside of this optimal range, there are 
conditions that are detrimental to grass growth or which might promote pathogen development. 
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1.4.3 Climate change and winter injury 
The survival and spring regrowth of turfgrasses after winter is affected by many biotic 

and abiotic factors. Turfgrasses in temperate locations may be exposed to low temperature 
stresses which includes ice encasement, desiccation, and snow molds. Abiotic factors such as 
elevation, topography, exposure, aspect direction, and shading can all affect turfgrass quality at 
low temperatures (Bertrand et al., 2013; Dudeck and Peacock, 1992). Low temperature stress has 
the potential to greatly degrade turfgrass quality, and de-hardening can accelerate bud break 
which increases the risk of frost damage (Kreyling, 2013).  

The predicted climate change conditions have the potential to alter the types of winter 
injury that typically occur in temperate locations (Bertrand et al., 2013). Ice damage may be 
decreased or eliminated in areas where it has previously dominated but may increase in other 
areas where plants, possibly with lower ice tolerance, are growing (Gudliefsson, 2009). During a 
freeze-thaw cycle, water from melting snow may percolate downward and then refreeze, resulting 
in ice encasement where there had previously been an insulating effect from the snow layer 
(Andrews, 1996). Ice encasement results in anaerobic conditions which may generate phytotoxic 
metabolites, reduce membrane permeability, and may result in cell death (Bertrand et al., 2003). 
Without an insulating layer of snow cover, low temperature stress may cause damage to plant cell 
membranes, leakage of chlorophyll from chloroplasts, changes in enzyme activity, necrotic 
lesions, interruption of growth, and a decrease in photosynthetic and respiration rates (DiPaola 
and Beard, 1992; Moon et al., 1990). When cold temperatures follow a warm period, exposed 
plants are more susceptible to freezing injury (Tompkins et al., 2000) and thus can be more 
susceptible to infection by M. nivale. 

1.4.4 Influence of climate change on plant diseases 
The severity and spread of plant diseases caused by fungi, bacteria, and viruses is linked 

to conditions such as temperature, humidity, moisture levels, and weather events. Plants often 
exhibit higher growth rates under conditions of higher temperatures, longer growth seasons, 
rising CO2 levels, and increased precipitation. However, plant pathogens may be favoured by the 
warmer, shorter winters with more rain (Tronsmo, 2013). Some researchers suggest that the 
warmer temperatures will increase the winter survival of most plant pathogens, particularly with 
polycyclic organisms, and the predicted climate will increase vectoring by insects and extreme 
weather events, resulting in an overall increase in plant disease severity (Harvell et al., 2002). 
 The effect of climate change on creeping bentgrass and its pathogens has been disputed. 
Increased global temperatures and CO2 concentrations due to climate change is predicted to have 
a positive effect on the amount of Microdochium nivale primary inoculum since there will be 
increased survival through the milder winters (Boland et al., 2004). Bunnell et al., (2002) 
reported that over-exposure of soil CO2 can decrease root growth of grasses, however other 
research states that grasses can exhibit stimulated root growth and increased net primary 
production when exposed to increased levels of CO2 (Burgess and Huang, 2014; Mortensen, 
1997; Rodriguez et al., 2005). In addition, some researchers predict that the rate of disease 
progress, duration of epidemics, and the overall amount of disease will decrease in the predicted 
climate conditions (Boland et al., 2004).  

Whether climate change will increase or decrease plant disease severity is largely 
dependent on the pathogen, the host, and the geographical zones. Soil-borne primary inoculum 
may be decreased due to milder winters and microbial competition, debris-born and insect-borne 
inoculum will likely increase, and summer pathogens may out-compete psychrophilic species 
(Boland et al., 2004). Zones that are increasing in aridity have exhibited increased powdery 



 12 

mildew diseases (Erysiphales species) and post-harvest loses due to Aspergillus flavus Link 
attributed to drought conditions (Rosenzweig et al., 2000, 2001). Foliar pathogens, such as M. 
nivale, that rely on water availability for infection may be favoured by increased humidity and 
host density, due to increased above-ground plant biomass, and increased rain in temperate 
regions (Harvell et al., 2002). In addition, some plants may experience a fitness cost at higher 
temperatures, resulting in a reduction in resistance to diseases (Harvell et al., 2002). For instance, 
increases in Fusarium head blight disease across the Great Plains have been linked to temperature 
increases (Rosenzweig et al., 2000, 2001).  

Overall, shorter periods of snow cover, weather extremes such as rain or drought, 
increased temperature and CO2, less photosynthetically active radiation due to cloudy periods, 
plus early frost and fluctuating temperatures, will have variable affects on plant growth and 
distribution, winter survival and plant disease (Bélanger et al., 2002; Tronsmo, 2013). The key to 
managing disease caused by M. nivale in the future is understanding the host-pathogen 
interactions under these changing climatic conditions. 

1.5 Turfgrass biochemistry under biotic and abiotic stresses 
1.5.1 Changes in free amino acids when under stress 

Various stresses such as drought, heat, and pathogen invasion cause the accumulation of 
free amino acids, including proline, which is thought to function in stress adaptation (Barker et 
al., 1993; Liu and Zhu, 1997; Man et al., 2011). Proline has been suggested for use as an 
evaluation tool of the tolerance or sensitivity of plants to various stresses (Mwadzingeni et al., 
2016). Many studies have linked various stresses to increases in other amino acids aside from 
proline. In one such study, increases in serine, methionine, isoleucine, histidine, and arginine 
were linked with heat stress in spring wheat (Behl et al., 1991).  
An increase in isoleucine also occurs in Arabidopsis thaliana (L.) Heynh plants when inoculated 
with a bacterial pathogen (Ward et al., 2010), although the inoculation with a fungal pathogen 
results in decreased levels of serine, methionine, and arginine (Less et al., 2011). When exposed 
to a fungal pathogen, Arabidopsis plants up-regulated hormone metabolism associated with 
abscisic acid (Less et al., 2011) and Arabidopsis plants inoculated with a bacterial pathogen 
showed an increase in tyrosine, valine, and tryptophan amounts while glutamate and aspartate 
decreased in comparison with non-inoculated plants (Less et al., 2011; Ward et al., 2010). Amino 
acids also play a role in cold hardiness and cold acclimation of plants. Certain plants may 
accumulate arginine, proline, or a combination of both in response to winter temperatures 
(Sagisaka and Araki, 1983). In another study, after subfreezing temperatures a high accumulation 
of proline, glutamine, and glutamic acid in annual bluegrass crown was observed, indicating a 
possible function of proline as a natural cryoprotectant (Sarkar et al., 2009).  
1.5.2 Water soluble carbohydrate stress responses 

The chemical composition of grasses changes with advancing maturity and in response to 
various stresses. Plant carbohydrates are typically divided into two fractions based on their 
functions and localisation. The total non-structural carbohydrates (TNC) fraction is composed of 
water soluble carbohydrates (WSC) including soluble sugars, fructans, and starches, and is used 
as a source of energy for the plants. The other fraction is composed of structural carbohydrates 
such as cellulose, hemicellulose, and lignin which make up the plant cell wall and, as such, have 
mainly structural and protective functions (Gill et al., 1989). The role of carbohydrates in grasses 
includes intermediary metabolism, energy transport, energy storage, and plant structure (Moore 
and Hatfield, 1994). The TNC composition of grasses, such as glucose, fructose, sucrose, starch, 
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and fructans is influenced by many factors (Jafari, 2012). There are positive relationships 
between WSC and light intensity and night temperature, while WSC concentration decreases in 
response to defoliation events (Alberda, 1957). The highest concentration of TNC in forage 
grasses is observed in the afternoon, and forage cut at this time captures more of this extra sugar 
than when cut in the morning (Fisher et al., 1999). In addition, the concentration of TNC appears 
to be related to malic acid content, and to vary by genotype (Boland et al., 1977). Sugar signaling 
pathways interact with stress-induced pathways in a complex network to regulates growth- and 
stress-related gene expression (Ho et al., 2001). Abiotic stresses such as drought, salinity, low 
temperature, and flooding may increase soluble sugar concentrations, while high light irradiance, 
heavy metals, nutrient shortage, and ozone typically decrease sugar concentrations (Rosa et al., 
2009). 

For most of the growing season, starch forms a minor component of the total reserve 
carbohydrate within the plant and, prior to flowering, grasses will accumulate soluble 
carbohydrates such as monosaccharides, sucrose, and fructans in high concentrations (Pollock 
and Cairns, 1991). Fructans are a polymer of fructose; they are accumulated as an energy reserve 
in the cytoplasm of leaf sheaths in temperate grasses during periods of photosynthesis (Pollock 
and Cairns, 1991). Fructan production varies by genera and environmental conditions, and may 
be a unique trait of C3 grasses, which includes Agrostis species (Chatterton et al., 1989; Concert, 
1986; Pollock and Cairns, 1991). Seasonal changes in fructan and other nonstructural 
carbohydrates in crested wheatgrass have been documented by Chatterton et al. (1988). Fructan 
production is up-regulated when there is low demand for fixed carbon (under cool temperatures, 
low nutrient availability ect.) and under treatments that increase the supply of carbon (increased 
leaf area, more light, increased CO2) (Pollock and Cairns, 1991; Smouter and Simpson, 1989). In 
a study by Barbehenn et al. (2004) C3 grass species were grown under ambient (370 ppm) or 
elevated (740 ppm) CO2, and levels of fructan in the grasses tripled under elevated CO2. Grasses 
native to northern temperate zones produce more fructans than grasses of tropical or subtropical 
origin (Smouter and Simpson, 1989). Cool-season grasses grown under cool temperatures 
produce sugars and fructans, whereas warm-season grasses produce sugars and starch with less 
fructans (Jensen et al., 2014). It has been long proposed that fructans may function as 
cryoprotectants (Levitt, 1980; Pontis and Del Campillo, 1985), and increased levels of fructans 
significantly improve the viability of frozen rakkyo cells (Terada et al., 2013). High degree of 
polymerisation (DP) fructans are most efficient in stabilizing membranes under stress, and cold 
stress can induce fructan exohydrolases to degrade higher DP fructans into lower DP (Valluru 
and Van den Ende, 2008). Drought and freezing tolerance increased in plants that were 
transformed with the ability to synthesize fructan (Livingston et al. 2007). 
1.6 Hypotheses and objectives 
The hypotheses of the proposed work are as follows: 
1) Inherent and induced disease resistance of A. stolonifera (creeping bentgrass) to 

Microdochium nivale is equal among cultivars. 
2) Under conditions of temperature fluctuations percent yellowing caused by M. nivale is 

increased.  
3) An increase of CO2 concentration from 400 ppm to 800 ppm, which increases plant growth, 

will decrease the severity of disease caused by M. nivale, increase sugar concentration, and 
decrease amino acid concentrations in turfgrasses. 

4) Inoculation with M. nivale decreases the concentration of amino acid and sugar 
concentrations in turfgrasses.  
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5) Civitas + Harmonizer affects levels of specific sugars and amino acids involved in turfgrass 
resistance to abiotic and biotic stresses.  

6) An increase of CO2 concentration from 400 ppm to 800 ppm will not affect M. nivale hyphal 
growth rate.  

7) Low environmental temperatures (such as -20ºC) and high environmental temperatures (such 
as 35ºC) inhibit M. nivale hyphal growth, but the dormant hyphae are still viable after 
prolonged exposure. 

 
The general objective of this work was to assess the efficiency of Civitas + Harmonizer to control 
plant disease caused by M. nivale in various turfgrass cultivars under current and future climate 
conditions. Specifically, the objectives were: 
1) Assess the inherent and induced resistance of several turfgrass cultivars to M. nivale, with 

Civitas + Harmonizer, through several experiments under growth room and field trial 
conditions at temperatures between 0-20°C and under conditions of temperature fluctuations.  

2) Assess the percent yellowing of a variety of turfgrass cultivars inoculated with M. nivale at 
two CO2 levels (400 ppm vs. 800 ppm), treated with Civitas + Harmonizer™ or water. 

3) Analyze the effects of CO2 (400 ppm vs. 800 ppm), Civitas + Harmonizer, and inoculation 
with M. nivale on free amino acid and sugar composition of eight turfgrass cultivars. 

4) Assess the growth rate of several M. nivale isolates at different CO2 levels (400 ppm vs. 800 
ppm) on potato dextrose agar (PDA). 

5) Conduct trials in controlled temperature chambers to assess the effect of extended periods of 
supra-optimal temperatures on M. nivale. 
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Table 1.1 Turfgrass diseases in North America and causal pathogens (Adapted from Couch, 
2000; Smiley et al., 2005; Vargas, 2005). 
Disease name Pathogen or causal agent 
Algae Chlamydomonas, Cosmarium, Cylindrocystis, 

Lyngbya, Oscillatoria, and Phormidium spp. 
Anthracnose Colletotrichum cereale Manns 
Bacterial wilt Xanthomonas campestris (Pammel) Dowson 
Black layer Sulphur and anaerobic root conditions 
Copper Spot Gloeocercospora sorghi D.C. Bain & Edgerton 
Dollar spot Sclerotinia homoeocarpa F.T. Benn 
Downy mildew/yellow tuft Sclerophthora macrospora (Sacc.) Thirum., 

Sclerophthora graminicola Sacc. 
Fairy ring Agaricales and Lycoperdales spp. 
Grey leaf spot Pyricularia grisea Sacc. 
Grey snow mold Typhula incarnata Lasch, Epicr., Typhula ishikariensis 

S.Imai  
Helminthosporium leaf spot Cochliobolus sativus (S. Ito & Kurib.) Drechsler ex 

Dastur 
Leaf Spot/ stem, root, and crown rot Bipolaris sorokiniana (Sacc.) Shoemaker 
Leaf Spot /melting-out/crown rot Drechslera poae (Baudy) Shoemaker 
Microdochium patch/pink snow mold Microdochium nivale  
Necrotic ring spot Ophiosphaerella korrae (J. Walker & A.M. Sm. bis) 

Shoemaker & C.E. Babc. 
Nematodes Numerous species within Nematoda phylum 
Net-blotch Drechslera dictyoides (Drechsler) Shoemaker 
Pink patch Limonomyces roseipellis Stalpers & Loer 
Powdery mildew Blumeria graminis (DC.) Speer 
Pythium blight/ root and crown rot Pythium spp. 
Red Thread Laetisaria fuciformis (McAlp.) Burds 
Rhizoctonia blight/ brown patch Rhizoctonia solani J.G. Kühn 
Rust Puccinia and Uromyces spp. 
Slime mold Mucilago, Didymium, Physarum, and Fuligo spp. 
St. Augustine decline  Panicum Mosaic Virus 
Stripe smut/ flag smut/ blister smut Ustilago and Entyloma spp. 
Summer patch Magnaporthe poae Landschoot & N. Jackson 
Take-all patch Gaeumannomyces graminis var. avenae (E.M. Turner) 

Dennis 
Yellow patch Rhizoctonia cerealis E.P. van der Hoeven 

 



 16 

Table 1.2 Synonyms of Microdochium nivale (Roskov et al., 2015; Tronsmo et al., 2001). 
Anamorphs Telomorphs 
Fusarium nivale (Fries) Sorauer 1901 
Fusarium nivale Cesati ex Berlese & 
Voglino 1886 
Fusarium hibernans Lindeau 1909 
Fusarium nivale f. graminicola (Berkeley & 
Boome) W.C. Synder & H. N. Hansen 1945 
Fusarium nivale f. nivale Ces. ex Berl. & 
Voglino 1886  
Fusarium nivale var. nivale Ces. ex Berl. & 
Voglino 1886  
Fusarium nivale var. oryzae Zambett. 1950  
Gerlachia nivalis (Ces. ex Berl. & Voglino) 
W. Gams & E. Müller 1980  
Gerlachia nivalis var. nivalis (Ces. ex Berl. 
& Voglino) W. Gams & E. Müll. 1980  
Lanosa nivalia Fries 1849 
Microdochium nivale (Fries) Samuels & 
Hallett 1983  
Microdochium nivale var. nivale (Fries) 
Samuels & I.C. Hallett 1983  

Calonectria graminicola F. Stevens 1918 
Calonectria graminicola var. neglecta Krampe 
1926 
Calonectria nivalis Schaffnit 1913  
Calonectria nivalis f. nivalis Schaffnit 1913  
Griphosphaeria nivalis (Schaffnit) E. Müller & 
Arx 1955 
Melioliphila graminicola Speg. 1921  
Micronectriella nivalis (Schaffnit) C. Booth 
1971 
Monographella nivalis (Schaffnit) E. Müll. 
1977 
Monographella nivalis var. neglecta (Krampe) 
Gerlach 1980  
Monographella nivalis var. nivalis (Schaffnit) 
E. Müll. 1977  
Nectria graminicola Krieg. 1899  
Nectria pseudograminicola Weese 1910  
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Table 1.3 Products registered in Canada to control Microdochium nivale as of 2016 (Adapted 
from Health Canada, 2017). 
Product Name Active Ingredient Fungicide Group 
Nivalis Typhula phacorrhiza Biofungicide 
Trianum G  Trichoderma harzianum Biofungicide 
Trianum P  Trichoderma harzianum Biofungicide 
Civitas™  Mineral oil Resistance activator 
Civitas Turf Defense™ Pre-M1xed Mineral oil Resistance activator 
Thiophanate-Methyl 500 SC Thiophanate-methyl 1 
Senator® 70WP Thiophanate-methyl 1 
Senator® 70WP 1 Thiophanate-methyl 1 
Senator® 70WP WSB1 Thiophanate-methyl 1 
Renovo™ Fungicide  Thiophanate-methyl 1 
Iprodione Turf and Ornamental Iprodione 2 
Proturf® Iprodione 2 
Quali-Pro Iprodione 240SE Iprodione 2 
Rovral® Iprodione 2 
Rovral® Green GT Iprodione 2 
Rovral® WGD Iprodione 2 
Banner Maxx®  Propiconazole 3 
Banner® 130EC Propiconazole 3 
Chipco® Triton™  Triticonazole 3 
Eagle™ Myclobutanil 3 
Premis ®200 F  Triticonazole 3 
Quali-Pro Propiconazole 14.3 ME Propiconazole 3 
The Andersons 0.72% Prophesy on DGPro  Propiconazole 3 
Tourney®  Metconazole 3 
Concert®  Propiconazole, Chlorothalonil 3, M5 
Headway™  Propiconazole, Azoxystrobin 3, 11 
Ascernity™ Benzovindiflupyr  7 
A19188 Benzovindiflupyr  7 
Compass™ 50WG Trifloxystrobin 11 
Interface STRESSGARD™ Trifloxystrobin 11 
Disarm™ 480 SC  Fluoxastrobin 11 
Disarm™ Turf  Fluoxastrobin 11 
Heritage Maxx® Azoxystrobin 11 
Heritage®  Azoxystrobin 11 
Insignia™ EG  Pyraclostrobin 11 
Medallion™  Fludioxonil 12 
Instrata II™ Fludioxonil 12 
Chlorothalonil 720 F Chlorothalonil M5 
Equus® 82.5 DF Chlorothalonil M5 
Daconil® 2787 Flowable  Chlorothalonil M5 
Daconil® 720  Chlorothalonil M5 
Daconil® Ultrex  Chlorothalonil M5 
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Table 1.4 Resistance activators reported or speculated to provide plant disease control and the 
pathogens they target (Adapted from Cortes-Barco et al., 2010b; Hofgaard et al., 2010; Hsiang et 
al., 2013; Walters et al., 2013). 
Resistance Activator Plant host Target Pathogen 
(2R,3R)-butanediol Tobacco Colletotrichum orbiculare 
2,6-dichloroisonicotinic         
   acid  

Cotton Alternaria macrospora, Xanthomonas 
campestris pv. Malvacearum, Verticillium dahlia 

Acibenzolar-S-methyl  Wheat, Faba bean,  
Rice, Squash 

Microdochium nivale, Uromyces viciae-fabae, 
Xanthomonas oryzae, Phytophthora capsici 

Biochar Pepper, Tomato, 
Strawberry 

Leveillula taurica, Botrytis cinerea 
Colletotrichum acutatum 

Chitosan Wheat Microdochium nivale 
Potassium phosphite Wheat, Grapevine, 

Arabidopsis 
Microdochium nivale, Plasmopara viticola, 
Phytophthora cinnamomi 

Probenazole Maize Bipolaris maydis 
Saccharin Soybean Phakopsora pachyrhizi 
Silicon Rose Podosphaera pannosa 
Synthetic isoparaffins 
   (Civitas) 

Turfgrass, Tobacco Microdochium nivale, Rhizoctonia solani 
Sclerotinia homoeocarpa, Colletotrichum orbiculare 

Thiamine Pearl millet Sclerospora graminicola 
β-Aminobutyric acid Apple, Pea, 

Cabbage, Tomato 
Penicillium expansum, Uromyces pisi 
Peronospora parasitica, Phytophthora infestans 
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Table 1.5 Fungicide efficacy summarized from hundreds of tests (modified from Vincelli and 
Munshaw, 2017). 

Active Ingredient Product name 
Fungicide Group Efficacy 

Rating 
Mineral oil Civitas n/a 1 
Iprodione  Chipco 26GY, Proturf  2 3 
Vinclozolin Curalan, Touche, Vorlan 2 2 
Fenarimol Rubigan 3 2 
Metconazole Tourney 3 3.5 
Myclobutanil Eagle 3 2 
Propiconazole Banner Maxx, Spectator 3 3 
Fluxapyroxad  Xzemplar 7 L 
Azoxystrobin Heritage 11 2.5 
Fluoxastrobin Fame 11 4 
Pyroclostrobin Insignia 11 3 
Trifloxystrobin Compass 11 3.5 
Fludioxonil  Medallion 12 4 
Polyoxin D Affirm 19 3.5 
Fluazinam  Secure 29 L 
Mancozeb Fore, Protect T/O M3 2 
Chlorothalonil Daconil Ultrex, Manicure M5  2.5 
Inconsistent disease control between experiments but performs well in some instances=1, Fair to good control in 
most experiments =2, Good to excellent control is most experiments = 3, Consistently good to excellent disease 
control =4, L = limited published data on effectiveness 
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Figure 1.1 Symptoms on Agrostis stolonifera caused by Microdochium nivale showing (a) pink 
snow mold patches after snowmelt in early spring and (b) smaller Microdochium patch 
symptoms in the absence of snow cover during wet, cool periods in spring or autumn (images 
from Hsiang, 2009). 
 
 
 

 
Figure 1.2 Disease cycle of Microdochium nivale (Adapted from Tronsmo et al., 2001). 

	 a                                                                b     
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Chapter 2 Effects of Predicted Climate Change on Microdochium 
nivale 

2.1 Introduction 
Climate change predictions include increases in atmospheric CO2 concentrations and 

more frequent warm extremes worldwide (IPCC, 2013; IPCC, 2014). In the most extreme 
predictions, CO2 levels will reach 800 ppm by the year 2080, and in the lowest increase 
predictions, the CO2 levels will peak at approximately 475 ppm (IPCC, 2013). There is a paucity 
of literature on the in vitro effects of atmospheric CO2 increases on fungi, including foliar fungal 
pathogens. Currently there have not been any studies on the direct effects of increased carbon 
dioxide on the fungus Microdochium nivale. Certain concentrations of CO2 can have deleterious 
effects on fungi, and this varies with species, environmental factors, and the oxygen requirements 
of these species (Tabak and Bridge Cook, 1968). In general, five distinct phases have been 
distinguished in the growth of filamentous fungi, namely, the lag phase, the first transition period, 
the log phase, the second transition period, and the stationary phase (Meletiadis et al., 2001). 
2.1.1 In vitro effects of CO2 on Microdochium nivale 

Much of the research on the effects of gaseous environments on fungi and their 
requirements for growth, sporulation, fermentation, and metabolic activities conclude that most 
fungi are obligately aerobic and expel carbon dioxide (McCrea, 1931). Many fungi tolerate and 
thrive in low O2 environments (Gupta, 2004) and many species can tolerate high CO2 
concentrations (Lacey et al., 1991). Some anaerobic fungi exist, typically used for fermentation, 
that can grow in an atmosphere of 100% CO2 (Theodorou et al., 1995). Most of the literature 
available on the in vitro effect of increased CO2 on fungal growth have focused on the effect on 
post-harvest storage conditions, where CO2 is purposely kept very high (up to 200,000 ppm) to 
delay ripening (Kader, 1980) or prevent microbial growth related to food spoilage (Dixon and 
Kell, 1989). Some of the literature on the effects of CO2 on diseases caused by fungal plant 
pathogens is summarized in Chapter 3.  
2.1.2 Effect of temperature on Microdochium nivale 

Fungi can be divided into groups according to optimal growth temperatures. 
Psychrophiles have optima less than 15°C, mesophiles have optima between 20-44°C, and 
thermophiles have optima above 40°C (Willey et al., 2008). There are also categories such as 
psychrotolerant and thermotolerant fungi, that can grow at either low or high temperatures, but 
not optimally (Dix and Webster, 1995). Another form of temperature tolerance is exhibited by 
spores, which can often withstand temperature extremes more so than hyphae (Dix and Webster, 
1995). The effects of high temperatures on fungi depend on the genotype and strain of the fungus, 
nutrient availability, and many other factors. Temperature tolerance is also tied to water 
availability, so that wet heat is much more effective at damaging spores than dry heat (Burge, 
2006). Most of the literature on temperature relationships for fungi is based on the food industry 
where high heat is commonly used to prevent fungal growth (Juneja, 2001), but these 
temperatures are well beyond typical physiological and environmental ranges experienced by 
fungi such as Microdochium nivale.  
 M. nivale is considered a psychrophilic fungus, with an optimal growth temperature 
between 18-22°C, and has thus developed adaptations that allow it to survive and maintain 
pathogenicity at low temperatures (Snider et al., 2000). When the conditions become warm and 
dry (> 30°C) M. nivale reverts to dormancy for survival (Tronsmo, 2001). Snow molds caused by 
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other fungi such as Coprinus psychromorbidus Redhead & Traquair, Sclerotinia borealis Bubák 
& Vleugel and Typhula species produce proteins with antifreeze properties in response to cold 
temperatures (Snider et al., 2000). Ice-nucleators and antifreeze proteins (AFPs) lower the 
freezing temperature and draw water into extracellular spaces to reduce the damage done by ice 
on living cells. Ascomycetes, such as M. nivale, typically do not produce extracellular AFPs and 
researchers have not found M. nivale to produce AFPs (Snider et al., 2000; Hoshino et al., 2003a, 
Hoshino et al., 2009). M. nivale instead produces extra-cellular polysaccharides such as cellulose 
(Schweiger-Hufnagel et al., 2000) and fructans (Cairns et al., 1995a). These extracellular 
polysaccharides bind plant antifungal peptides and reduce the activity of these peptides (Hoshino 
et al., 2009). M. nivale can produce an extracellular cellulose polysaccharide in high amounts 
when incubated at low temepratures such as 4°C (Schweiger-Hufnagel et al., 2000). 

Homeoviscous adaptation, a common feature of all organisms that adapt to different 
temperatures, involves the modification of the fatty acid composition or the degree of 
unsaturation of fatty acids in the lipid bilayer (Gargano et al., 1995). Low temperatures cause a 
decrease in the membrane fluidity (membrane rigidification), while high temperatures cause 
fluidization of the membranes (Los et al., 2013). M. nivale is able to alter the fatty acid 
composition of its cell membrane quantitatively and qualitatively at low temperatures (Okuyama 
et al., 1998). The abundance of polyunsaturated fatty acids in the phospholipid bilayer of M. 
nivale greatly enhances the ability of this organism to grow and survive in cold conditions 
(Istokovics et al., 1998). The tolerance of M. nivale to low temperatures is thought to be linked to 
the storage of neutral lipid triacylglycerol which is rich in α-linolenic acid (18:3) and linolenic 
acid (18:2) (Istokovics et al., 1998). At low temperatures, M. nivale accumulates triacylglycerols 
while decreasing biomass production; researchers suggest this is a survival mechanism that 
focuses on accumulating storage metabolites instead of initiating cell division (Okuyama et al., 
1998).  

In a Fusarium head blight (FHB) study that included several fungal species, M. nivale was 
the least pathogenic of the group at 30°C, but was by far the fastest growing in vitro at 5°C 
(Brennan et al., 2003). M. nivale isolates originating from cooler climates have adapted to 
maintain pathogenicity at low temperatures, thus, isolates originating from different climates may 
not be able to cause the same levels of infection, but may be able to adapt to regain their original 
levels of pathogenicity over time with changing environmental conditions (Brennan et al., 2003). 
Overall, snow mold fungi and other pathogens causing overwintering diseases are predicted to 
decrease due to milder winters and less snow cover in the future (SJV, 2007). 
2.2 Hypotheses and Objectives 
Hypotheses: 

• Microdochium nivale hyphal growth rate does not differ between CO2 concentrations of 
400 ppm and 800 ppm. 

• M. nivale hyphal growth is inhibited by low environmental temperatures (such as -20ºC), 
or high environmental temperatures (such as 35ºC), but the dormant hyphae are still 
viable after prolonged exposure. 
 

The general objective of this work was to assess the impact of current and elevated CO2 
concentration and of various temperature regimes on the hyphal growth of M. nivale under 
control conditions. Specifically, the objectives were: 

• Assess the growth rate of several M. nivale isolates at different carbon dioxide levels (400 
ppm vs. 800 ppm) on potato dextrose agar (PDA). 
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• Assess the growth rate of M. nivale at several temperatures between 10- 35°C  
• Assess the regrowth of M. nivale colonies after exposure to -20ºC and 35°C for various 

lengths of time. 

2.3. Materials and Methods 
2.3.1 Hyphal growth rates in agar tubes 
 Screw-top glass tubes (15 mm diameter x 150 mm long, 14-959-25D, Fisher Scientific, 
Fair Lawn, NJ, USA) were filled with 5 ml of 1% potato dextrose agar (PDA), loosely capped, 
and autoclaved. After autoclaving, the caps were tightened and the tubes laid horizontally flat 
until the agar set. A 5-mm-diameter plug from the edge of an actively growing colony of M. 
nivale was placed on the agar near the mouth of each test tube (Figure 2.1). The mouth of each 
tube and the lid were flamed before the placement of the inoculum plug, and the opening was 
plugged with autoclaved cotton to allow for gas exchange. The extent of fungal growth was 
marked on the tubes with permanent markers of alternating colours every two days. 

2.3.2 Effect of CO2 on Microdochium nivale  
Nine isolates of Microdochium nivale (Table 2.1), representing different geographic 

regions and host plants, were tested for growth at two CO2 concentrations (400 and 800 ppm) in 
growth chambers using screw-top glass tubes (15 mm diameter x 150 mm long) filled with 5 ml 
of PDA, that were plugged with cotton. Immediately after inoculation, the tubes were placed in 
an incubator room at 15°C day temperature/10°C night temperature, 16 h light/ 8 h dark. Three 
replicate tubes were made for each CO2 by isolate combination, and the extent of fungal growth 
was marked on the tubes every two days, starting at five days post inoculation. After two weeks 
the hyphae had reached the end of the tubes, and all of the markings on the tubes were measured 
and the data were recorded. The linear phase of growth was determined to be between day five 
and eleven after visualizing the data in scatterplots (Appendix 2.1). Mycelial growth rates were 
calculated by taking the measurements on day five, subtracting these from the measurements on 
day eleven and dividing by the total number of days.  
2.3.3 Optimal growth temperature of Microdochium nivale  

Seven isolates of Microdochium nivale were tested for growth at different temperatures at 
ambient CO2 using screw-cap glass test tubes (15 mm diameter x 150 mm long) filled with 5 ml 
of PDA media, that were plugged with cotton (Table 2.4). Immediately after inoculation, the 
tubes were placed in an incubator room at 21°C, 16 h light/ 8 h dark, and allowed to establish for 
2 days before placing the tubes at the appropriate temperatures (0, 4, 10, 15, 20, 25, 30, and 
35°C), no light, for the next two weeks. Three replicate tubes were made for each temperature by 
isolate combination. The extent of fungal growth was marked on the tubes with permanent 
markers of alternating colours on day 4, 6, 9, 11 and 13. After day 13, the hyphae had reached the 
end of some tubes, so the markings on the tubes were measured and the data were recorded. 
Mycelial growth rates were calculated by taking the measurements on day four, subtracting these 
from the measurements on day eleven, and dividing by the total number of days.  

2.3.4 High temperature exposure of Microdochium nivale  
 Seven isolates of Microdochium nivale were tested for growth and recovery after 

exposure to 35°C for various lengths of time. Preliminary tests (data not presented) used actively 
growing colonies of M. nivale on Petri dishes (9 cm diameter x 1.5 cm height, sterile polystyrene, 
FB0875712 Fisher Scientific, Fair Lawn, NJ, USA) filled with 10 ml of 1% PDA media, and 
sealed with Parafilm (Bemis Company, Inc., Wisconsin, USA). The incubation at 35°C melted 
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the parafilm and dehydrated the PDA and actively growing hyphae, resulting in high mortality 
(LT50= 22 h).  
 The same seven isolates of M. nivale were grown on autoclaved wheat seeds in 15 ml 
capped glass vials (03-339-22F, 70 mm length x 21 mm diameter, Fisher Scientific, Ottawa, ON, 
Canada). The wheat seeds were soaked in lukewarm water for 24 h, then placed into 15 ml 
capped glass vials and autoclaved twice, with 24 h between autoclave cycles. To each vial two 
0.25 cm x 0.25 cm pieces of agar, cut from the edge of actively growing M. nivale colonies, were 
added. These vials were incubated at 21°C, 12 h light/ 12 h dark, for two weeks until the wheat 
seeds were fully colonized. The vials were placed into an incubator set at 35°C (no light) for 
various lengths of time (6, 12, 24, 36, 48, 72, or 96 h). One vial per isolate was removed at each 
time point, and five wheat seeds from each vial were placed onto plates of 1% PDA media and 
assessed for regrowth 10 days after the exposure. This experiment was not a true evaluation of 
dormant hyphae, since the wheat seeds were slightly moist when exposed to the high 
temperature. 

This experiment was repeated, and the colonized seeds were removed from the vials, 
arranged in a single layer on a weigh dish, and dried in a running fume hood for five days. The 
wheat seeds were dried to the final moisture content of approximately 20% by mass [(weight of 
soaked seeds- weight of dry seeds)/weight of soaked seeds]*100%, until no further changes in 
their mass were observed. The seeds, covered in dormant hyphae, were replaced into clean 15 ml 
capped glass vials, and placed into an incubator set at 35°C (no light) for various lengths of time 
(0, 1, 6, 12, 24, 48, 72, 144, 168, 192, 336, and 504 h). One vial per isolate was removed at each 
time point, and five wheat seeds from each vial were placed onto plates of 1% PDA media and 
assessed for regrowth 14 days after the exposure. 
2.3.5 Low temperature exposure of Microdochium nivale 

Ten isolates of Microdochium nivale were tested for growth and recovery after exposure 
to 4°C and -20°C for various lengths of time. Capped glass vials (70 mm length x 21 mm 
diameter) filled with 5 ml of wheat seed and 1 ml deionized water were autoclaved three times, 
with a period of 24 hours between autoclave cycles. Once cooled, the vials were inoculated with 
a 0.25 cm x 0.25 cm piece of agar from the edge of an actively growing M. nivale colony. These 
were incubated at 21°C until abundant hyphae were visable, then sealed with Parafilm (Bemis 
Company, Inc., Wisconsin, USA) and stored in 4°C or -20°C (dark) for various lengths of time. 
Some isolates were stored as mycelium on 0.25 cm x 0.25 cm pieces of PDA in capped glass 
vials filled with 5 ml of autoclaved deionized water. 

Fifteen vials consisting of different M. nivale isolates were selected to represent various 
geographic regions, host plants, and lengths of time under cold temperatures. Three wheat seeds 
or PDA pieces from each vial were placed onto plates of 1% PDA media, incubated at 21°C, 12 h 
light/ 12 h dark and assessed for regrowth 14 days later.  
2.3.6 Statistical analysis  

Growth rates were subjected to analysis of variance (ANOVA) using the general linear 
model (PROC GLM) in SAS University Edition (SAS, 2016). When significant treatment effects 
were found, means were separated using Fisher’s Least Significant Difference test (LSD, 
p=0.05). In addition, the when the data was not normally distributed it was subjected to non-
parametric rank analysis. The data were first sorted by isolate, and the growth rates were ranked 
(PROC RANK) for each temperature or CO2 treatment. These rankings were then subjected to 
analysis of variance using the general linear model in SAS University Edition (SAS, 2016). 
When significant treatment effects were found, means were separated using Fisher’s LSD test 
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(p=0.05). The 35°C exposure data were analyzed using PROC PROBIT analysis in SAS 
University Edition (SAS, 2016) to determine the LT50 value, which is the median lethal time at 
35°C required to kill 50% of the population. 
2.4 Results 

2.4.1 Effect of CO2 on Microdochium nivale  
The growth rate for M. nivale was calculated from day five to thirteen after a preliminary 

analysis of the data to determine the linear growth phase (Appendix 2.1). The length growth 
between 5 and 13 days was used for the analysis because the first 3 days of growth may show 
variability due to establishment effects. After 13 days some isolates entered the stationary growth 
phase as the fungi reached the limit of their container and nutrients were depleted. Growth rates 
varied significantly according to the isolate, the slowest growing isolate under 400 ppm and 800 
ppm CO2 was isolate 11037 with a growth rate of 3.5 mm/day (Table 2.1). The isolate 10178 
from creeping bentgrass in Guelph, ON, had a significantly lower growth rate (-20%) under 
elevated CO2 as compared to 400 ppm (Table 2.1).  

2.4.2 Optimal growth temperature of Microdochium nivale  
The growth rate for this experiment was calculated from day 4 to 11 after a preliminary 

analysis of the data to determine the linear growth phase for temperatures 0, 4, 10, 15, 20, 25, 30, 
or 35°C (Appendix 2.2). Significant interactions between isolate x temperature were found, so the 
data could not be grouped for analysis. To eliminate the impact of interactions, data were 
separated by temperature, and rank analysis was done for each temperature using rankings rather 
than the raw growth rates (Table 2.3). The highest growth rate on average occurred between 20 
and 25°C, and there was no growth recorded under the 30°C and 35°C treatments for all isolates, 
indicating there is an optimum temperature for M. nivale growth (Table 2.2; 2.5, Figure 2.2). For 
several cases, the growth under the 0°C-treatment was greater than under the 4°C-treatment.  

2.4.3 High temperature exposure of Microdochium nivale  
Seven isolates of M. nivale were grown on autoclaved wheat seeds until fully colonized, 

then exposed to 35°C for various lengths of time (6, 12, 24, 36, 48, 72, or 96 h). Five seeds were 
then placed on PDA media and assessed for regrowth after the exposure. The seeds with no 
growth after 14 days of recovery at 20°C were considered as dead (Figure 2.3). The number of 
surviving M. nivale colonies decreased with length of exposure to 35°C, with zero colonies 
surviving 72 hours of exposure. A PROBIT analysis was used to determine the median Lethal 
Time (time until death) LT50 which was 33.0 hours of exposure to 35°C.  

The same seven isolates of M. nivale were grown on autoclaved wheat seeds until fully 
colonized, then fully dried in a fume hood for five days to induce dormancy before exposure to 
35°C for various lengths of time (0-504 hours). The seeds with no growth after 14 days of 
recovery on PDA media were considered dead (Figure 2.4). The number of surviving M. nivale 
colonies did not significantly decrease over time, suggesting that dried M. nivale hyphae has 
increased tolerance to high temperatures. The LT50 was not calculated for this dataset since the 
longest exposure time (504 hours) did not result in significant mortality of the dormant hyphae.  
2.4.4 Low temperature exposure of Microdochium nivale  
 Fifteen isolates of M. nivale were assessed for regrowth after various lengths of time 
under storage conditions at 4°C or -20°C. Dormant hyphae were able to survive 4°C for up to 87 
months, and -20°C for up to 24 months, and could potentially survive longer exposure. Isolates of 
M. nivale in our collection are still virulent after more than 20 years (isolate 96083) when 
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maintained in storage conditions if they are periodically revived and regrown on PDA, and 
returned to storage conditions afterwards (capped glass vials filled with inoculated wheat seed, or 
0.25 cm x 0.25 cm pieces of PDA in autoclaved water).  
2.5 Discussion 

The results presented in this chapter provide insight on how predicted climate changes, 
including higher atmospheric CO2 concentration, warmer temperatures, and longer summers, 
might affect the growth and survival of M. nivale. The growth rate and mortality of M. nivale 
isolates were assessed through three separate experiments. The isolates that were examined in 
these experiments were from various locations in Canada, as well as from Asia and Europe. 

Previous research has reported the optimal growth temperature for M. nivale for in vitro 
studies to be 22°C (Snider et al., 2000), which is corroborated by our findings that the optimal 
growth rate occurs between 20 and 25°C on PDA. A skewed growth rate curve with a steep drop 
was documented in growth rates at temperatures >25°C. This is supported by Brennan et al. 
(2003) who found that in vitro growth rate for M. nivale at 5°C was relatively high compared to 
other fungi, but it was the least pathogenic at 30°C. In addition, isolates from the UK and Ireland 
generally grew better at lower temperatures (10–25°C), while the growth rates of Italian and 
Hungarian isolates peaked at a higher temperature range (20–30°C) (Brennan et al. 2003). In our 
study, an isolate from British Columbia exhibited a lower growth rate at 0°C, 4°C, and 10°C 
when compared to an isolate from Alberta, which has a colder climate. When comparing these 
two isolates at 25°C, the isolate from British Columbia exhibited a greater growth rate (Table 
2.4). This suggests that the origin and adaptation of the isolate may have an effect on optimal 
growth temperature. However, this trend was not consistent for all isolate comparisons, and 
further research is needed.  

A slightly higher growth rate for M. nivale at 0°C than at 4°C was observed, although this 
was not significantly different (Figure 2.2). Brennan et al. (2003) stated that the optimal 
temperature for infection and greatest disease severity is between 0-15°C. One reason for the 
higher growth rate at 0°C may be due to differences between the controlled-environment 
chambers. The 0°C chamber used was a Hotpack Environmental Chamber (SP Scientific, PA, 
USA) which may have allowed for conditions of higher humidity. In addition, when the tubes 
were marked for measurement daily, the door was opened the the tubes were exposed to room 
temperatures (approximately 22°C) for the duration of the marking. The 4°C treatment was 
incubated in a walk-in cooler (Cold Stream incubator room, Johnson Controls, WI, USA) so the 
temperature was constant even during the measurement periods. 

If atmospheric CO2 levels continue to increase at the current rate they may reach 500-
1000 ppm before the end of the century (IPCC, 2014). This predicted increase in atmospheric 
CO2 concentration will not likely directly affect the growth rate of M. nivale based on the results 
from this research. There were minor statistically significant differences, but the slight difference 
between 5.9 and 4.8 mm/day in growth rate is not likely biologically significant. Chitarra at al. 
(2015) demonstrated that elevated CO2 had no effect on a plant pathogen’s (Erysiphe 
cichoracearum DC.) morphology and conidiophore production, yet the pathogen infected the 
host plant (Arabidopsis thaliana) more aggressively under 800 ppm CO2 than at 400 ppm 
(ambient). This suggests that even though there is no direct effect on the fungi, a change in the 
host/pathogen interaction could be induced by conditions of elevated CO2.  

Canada and other northern temperate zone locations may experience temperature 
increases of 1.5 to 4.0°C within the next 50 years (Feltmate and Thistlethwaite, 2012). Increased 
mean global temperatures and more frequent high temperature extremes may have a negative 
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effect on the survival and growth of M. nivale populations unless they are able to adapt via 
selective pressure to the new environmental conditions. Taylor and Taylor (1997) suggest that 
global warming in Canada could result in southern fungal species migrating northwards. The 
ranges of some plant diseases (such as Fusarium head blight, soybean sudden death syndrome, 
and grey leaf blight of corn) have already expanded northward (Rosenzweig et al., 2000). 
Research from the United Kingdom have reported shifts in the phenology of fungal fruiting over 
the last 50 years, with an extension of the autumnal fruiting season in both directions (i.e., earlier 
onset and later finish) which has been documented both for mycorrhizal and saprotrophic species 
(Gange et al., 2007). Changes in snow cover patterns in northern Japan due to climate change 
have resulted in an altered snow mold population distribution (Matsumoto and Hsiang, 2016). 
The Typhula ishikariensis “biotype B”, which typically exists in areas with shallow snow cover, 
was out-competed by “biotype A”, when the snow cover occurred much earlier than usual in 
eastern Hokkaido (Matsumoto and Hoshino, 2013). This change in mycoflora has occurred 
rapidly over the past two decades, and is likely linked to climate change (Matsumoto et al., 
2000). Some researchers suggest that the warmer temperatures will increase the winter survival 
of most plant pathogens, particularly with polycyclic organisms, and the predicted climate will 
increase vectoring by insects and extreme weather events, resulting in an overall increase in plant 
disease severity (Harvell et al., 2002). M. nivale is a psychrophilic pathogen and may be out-
competed in southern locations by plant pathogens that are favoured by the warmer, shorter 
winters with more rain (Tronsmo, 2013), so the range of M. nivale may expand northwards.  

During unfavorable conditions, such as hot and dry summers, M. nivale survives as 
conidia and dormant hyphae in the soil and in plant debris (Tronsmo et al., 2001). In temperate 
climates such as southern Ontario, daily summer temperatures often exceed 30°C, though these 
temperatures are not maintained for a long time as the temperature dips down during the night. 
The historical record high temperature in southern Ontario is 40.1°C (Environment Canada, 
2015). M. nivale has been reported as far south in the USA as Florida (Foy, 2015), where average 
temperatures can range from 24°C to 33°C (U.S. Climate Data, 2017) and California (French, 
1989) where average air temperatures temperatures can range from 12°C to 35°C (U.S. Climate 
Data, 2017). In Fallbrook, California, summer soil temperatures can be as high as 49°C (from 
2011-2016, average highest daily soil temperature was 47°C, average lowest daily soil 
temperature was 21°C). 

Exposure of M. nivale to 30°C terminated growth when it was grown in capped glass 
vials, which raised the question whether the colonies had been killed by this high temperature or 
induced into a dormant state. Prolonged exposure to temperatures slightly above the maximum 
optima, or short exposure to temperatures much above the maximum optima, can be lethal. In 
order to test this, isolates of M. nivale were exposed to 35°C for various lengths of time and 
evaluated the regrowth at 21°C afterward. The M. nivale hyphae were able to survive and regrow 
after one and four hours of exposure to 35°C, but not after 72 hours (Figure 2.3). In this study, a 
PROBIT analysis was used to determine the median Lethal Time (time until death) LT50, which 
was 33.0 hours on moist wheat seeds. Sub- and supra-optimal temperatures can cause fungi to 
enter dormancy, and the return to original temperatures may be insufficient to restore metabolic 
activity (Samson, 2016). Exogenous dormancy, dormancy imposed by environmental conditions, 
can be triggered by changes in temperature, pH, as well as nutrient and moisture availability 
(Ravichandra, 2013). When the wheat seeds infested with M. nivale were dried and then exposed 
to high temperatures the extinction point (i.e. the exposure which killed all replicates) for 
dormant M. nivale hyphae was not be found after three weeks (504 hours) of exposure to 35°C 
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(Figure 2.4). In this study, moisture content was a key factor allowing for dormant survival of M. 
nivale hyphae, and when dried, dormant hyphae can withstand >500 hours of exposure to high 
temperatures (35°C). Future experiments could be conducted to simulate diurnal temperature 
fluctuations with higher maximum temperatures to determine the southernmost range of M. 
nivale, and maximum length of warm period that M. nivale might survive under future predicted 
climate conditions.  
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Table 2.1 Growth rates of M. nivale isolates at two CO2 concentrations (400 or 800 ppm) in glass 
tubes.  

      
Average growth rate 

(mm/day) by CO2 
concentration 

Isolate  Origin Host 400 ppm 800 ppm 
11037 Guelph, ON Kentucky bluegrass 2.5 f 3.6 b ns 
10106 Italy Wheat 4.3 e 4.1 b ns 
10101 Germany Creeping bentgrass/Annual bluegrass 5.7 d 4.4 b ns 
10178 Guelph, ON Creeping bentgrass 5.9 d 4.8 b * 
13408 Hokkaido Turfgrass 6.2 bcd 6.6 a ns 
12262 Ottawa, ON Wheat 6.8 abc 7.0 a ns 
12055 Guelph, ON Kentucky bluegrass 7.0 ab 7.2 a ns 
11101 Alberta Turfgrass 7.1 a 7.4 a ns 
13407 Hokkaido Wheat 6.7 abc 7.5 a ns 
Average     5.8   5.8     

“ns” indicates not significant (p>0.05), whereas the asterisk indicates significant difference 
(p<0.05) between means growth at 400 ppm and 800 ppm, with 3 replicates based on ANOVA 
analysis and Fisher’s protected Least Significant Difference (LSD) test (p<0.05). Values with a 
letter in common are not significantly different within column. 
 
 
 
 
 
 
Table 2.2 Growth rates of M. nivale isolates at eight temperatures in glass tubes.  
    Average growth rate (mm/day) by incubation temperature 
Isolate Origin Host 0°C 4°C 10°C 15°C 20°C 25°C 30°C 35°C 
10101 Germany CB/AB  1.7aD  0.9E 3.8C 5.5B 6.7A 5.8B 0.0F 0.0F 
10106 Italy Wheat 2.0D 1.7D 4.5C 5.8BC 6.5B 7.9A 0.0E 0.0E 
10179 Guelph, ON CB 2.3E 1.7E 5.2D 6.8C 9.5A 8.7B 0.0F 0.0F 
11101 Alberta Turfgrass 2.0C 1.7C 4.7B 5.7B 8.6A 5.6B 0.0D 0.0D 
12002 British Columbia AB 0.5B 0.8B 1.9B 5.5A 6.2A 7.5A 0.0B 0.0B 
12262 Ottawa, ON Wheat 2.0C 1.7C 4.5B 6.9A 7.4A 7.4A 0.0D 0.0D 
13407 Hokkaido Wheat 1.6E 1.5E 3.2D 4.6C 6.5B 7.3A 0.0F 0.0F 
Column LSD (p<0.05) 0.5 0.7 1.1 1.0 2.6 1.1 0.0 0.0 
Temperature Mean 1.7  D 1.4  D 4.0  C 5.8  B 7.3  A 7.0  A 0.0  E 0.0  E 
CB= Creeping bentgrass, AB= Annual bluegrass 
a Growth values are calculated from day 4 to 11 and averaged from 3 replicates, subjected to 
ANOVA analysis and Fisher’s protected Least Significant Difference (LSD) test (p<0.05).  
Values with a letter in common are not significantly different within row. 
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Table 2.3 Ranked growth rates of M. nivale isolates at eight temperatures in glass tubes.  
  Average rank of growth rate by incubation temperature 
Isolate 0°C 4°C 10°C 15°C 20°C 25°C 30°C 35°C 
10101   4.0a 3.0 5.0 6.0 8.0 7.0 1.5 1.5 
10106 4.0 3.0 5.0 6.0 7.0 8.0 1.5 1.5 
10179 4.0 3.0 5.0 6.0 8.0 7.0 1.5 1.5 
11101 4.0 3.0 5.0 7.0 8.0 6.0 1.5 1.5 
12002 3.0 4.0 5.0 6.0 7.0 8.0 1.5 1.5 
12262 4.0 3.0 5.0 6.0 7.0 8.0 1.5 1.5 
13407 4.0 3.0 5.0 6.0 7.0 8.0 1.5 1.5 
Temperature Mean Rank 3.9b D 3.1 E 5.0 C 6.1 B 7.4 A 7.4 A 1.5 F 1.5 F 

a Rank is based on the average growth of 3 replicates from day 4 to 11  
b Average rank was calculated 7 isolates at each temperature and subjected to ANOVA analysis 
and Fisher’s protected Least Significant Difference (LSD) test (p<0.05). Values with a letter in 
common are not significantly different within row. 
 
 
 
 
 
 
Table 2.4 Regrowth rates of M. nivale isolates after exposure to low temperatures for extended 
periods of time. The isolates were stored as either dormant hyphae on wheat seeds (Wheat) or 
hyphae on pieces of PDA in autoclaved water (Water).  

Isolate Origin Host 

Isolation 
date 

(yy/mm/dd) 

Length of 
time 

(months) Temperature 
Wheat or 

Water 
Regrowth? 
(Yes/No) 

12262 Ottawa, ON Wheat 12/07/11 5 -20°C Wheat Yes 
13407 Hokkaido Wheat 13/11/11 6 -20°C Wheat Yes 
12002 Vancouver, BC AB 12/01/30 9 -20°C Wheat Yes 
10106 Italy Wheat 10/07/21 11 -20°C Wheat Yes 
10179 Guelph, ON CB 10/12/06 15 -20°C Wheat Yes 
11101 Alberta Turfgrass 11/07/05 21 -20°C Wheat Yes 
10101 Germany CB/AB 10/07/21 24 -20°C Wheat Yes 
15117 Victoria, BC CB 15/10/27 14 4°C Water Yes 
12063 Guelph, ON KB 12/03/02 14 4°C Water Yes 
11072 Guelph, ON CB 11/07/05 17 4°C Wheat Yes 
10082 England CB 10/04/21 23 4°C Water Yes 
96083 Cambridge, ON AB/CB 96/05/01 57 4°C Wheat Yes 
12247 Capilano, BC turfgrass 12/07/11 60 4°C Water Yes 
12004 Vancouver, BC PR 12/01/30  63 4°C Water Yes 
10082 England CB 10/04/21 87 4°C Wheat Yes 
CB= creeping bentgrass, AB= annual bluegrass, PR=perennial ryegrass, KB= Kentucky 
bluegrass 
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Figure 2.1 Microdochium nivale grown in 15-cm long glass tubes filled with 5 ml of PDA and 
incubated under 400 or 800 ppm CO2 at 15°C day temperature/10°C night temperature, 16 h 
light/ 8 h dark for 15 days. Growth was marked every two days. 
 
 

 
Figure 2.2 Growth rates of M. nivale isolates at different temperatures in 15 cm glass tubes. Error 
bars indicate standard error of the mean growth values calculated from day 4 to 11 and averaged 
from 3 replicates. 
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Figure 2.3 Percent survival of seven M. nivale isolates after exposure to 35°C on moist wheat 
seeds, plated onto PDA and incubated at 21°C to determine recovery. Mortality was evaluated ten 
days later and averaged from 3 replicates for seven isolates. 
 

 
Figure 2.4 Percent survival of seven M. nivale isolates after exposure to 35°C on fully dried 
wheat seeds, plated onto PDA and incubated at 21°C to determine recovery. Mortality was 
evaluated fourteen days later and averaged from seven isolates. 

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50 60 70 80 90 100

Pe
rc
en
t	o

f	a
ct
ive

ly	
gr
ow

in
g	
co
lo
ni
es
	(%

)

Hours

Survival	of	M.	nivale isolates	after	exposure	to	35°C

0

20

40

60

80

100

0 100 200 300 400 500

Pe
rc
en
t	o

f	a
ct
ive

ly	
gr
ow

in
g	
co
lo
ni
es
	(%

)

Hours	exposed	to	35°C

Survival	of	M.	nivale	colonies	after	exposure	35°C



 33 

Chapter 3 Effects of Predicted Climate Change on Disease Caused 
by Microdochium nivale 

3.1 Introduction  
Climate change prediction models suggest that northern temperate zone climates may 

experience increased temperatures, elevated CO2, less stable snow cover environments, and 
suboptimal temperate-related cold hardening conditions (Feltmate and Thistlethwaite, 2012). Due 
to these changes, the cues for initiating cold hardening such as temperature and day-length may 
become misaligned, which may impact plant disease severity for perennial grasses in Canada and 
other northern countries. Current extrapolations, predictions, and limited climate change research 
on the effect of elevated CO2 on other foliar diseases show conflicting results, ranging from an 
800% reduction in disease severity to an increase of 83% (Table 3.1). 

A major objective of this research was to screen commonly used turfgrass cultivars from 
Canada and Norway for naturally occurring resistance to Microdochium patch, a disease caused 
by Microdochium nivale, and to test the response of these cultivars to changing temperatures and 
atmospheric conditions. This research will be useful to provide recommendations for turfgrass 
managers on the choice of cultivars and on improved management practices to face the 
challenges and opportunities of climate change. 

3.1.1 Effects of CO2 on plant diseases 
 The predicted increase in atmospheric CO2 may directly or indirectly affect plants and 
their pathogens. Plants often demonstrate higher growth rates in response to increased CO2 (Prior 
et al., 2012), and this can generate a microclimate with higher relative humidity (Burdon and 
Chilvers, 1976). In both C3 and C4 grasses, increased CO2 concentration has a positive effect on 
plant annual net primary production (Chen et al., 1996). An increase in turf density would be 
advantageous for some plant pathogens such as rusts, mildew, blights, and leaf spots (Burdon, 
1987). In addition, the greater amounts of overwintering crop debris can lead to higher inoculum 
potential in the spring (Manning and Tiedemann, 1995). Burgess and Huang (2014) exposed 
creeping bentgrass (Agrostis stolonifera) to current ambient (400 ppm) or elevated CO2 (800 
ppm), and plants grown under elevated CO2 displayed a significantly higher growth rate but a 
reduced leaf area per unit dry weight compared to those at ambient CO2 levels. Mortensen (1997) 
grew a mixture of three grass species at 375 or 760 ppm CO2, and demonstrated that elevated 
CO2 increased the dry matter production by 30%. Excessively high soil CO2 concentrations 
(10%) in conjunction with daytime temperatures >30°C were found to be detrimental to turfgrass 
shoot growth (Rodriguez et al., 2005), and decreased root growth of creeping bentgrass (Bunnell 
et al., 2002) which could lead to decreased vigor and increased disease susceptibility. High 
temperatures (35°C day/25°C night) cause reduced root and shoot growth of creeping bentgrass 
(Huang et al., 1998), although Song et al. (2014) reported that increased CO2 concentrations can 
mitigate negative effects on turf growth caused by increased temperatures. These data indicate 
that certain combinations of atmospheric CO2 concentrations and temperature favor turfgrass 
growth, but outside of this optimal range, there are detrimental conditions for grass growth which 
might promote pathogen development. More detailed studies are needed on the effects of 
increased CO2 concentrations on specific plant pathogens and the interactions with their hosts. 
 Currently there have been no studies on the direct effects of increased CO2 on disease 
caused by Microdochium nivale. Of the research that has been conducted on the effect of CO2 on 
other fungal plant pathogens, the results are not consistent (Table 3.1). A recent study of 
Fusarium head blight (FHB) of wheat caused by Fusarium graminearum exhibited an increase in 
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FHB disease severity, measured as the percentage of diseased leaf area bearing pycnidia, under 
elevated (780 ppm) CO2 levels compared to ambient (390 ppm) conditions (Vàry et al., 2015). 
Wheat inoculated with the fungal pathogen Fusarium pseudograminearum O'Donnell & Aoki 
exhibited increased stem browning and fungal biomass when exposed to increased (550 ppm) 
CO2 conditions (Melloy et al., 2010). On the contrary, Fusarium circinatum Nirenberg & 
O'Donnell, which causes pitch canker on pine trees, has been reported to exhibit decreased 
disease incidence under conditions of increased CO2 (720 ppm) conditions (Runion et al., 2010). 
The variation in responses between these fungal plant pathogens implies that other plant diseases, 
such as those caused by M. nivale, might be positively or negatively affected by increasing CO2 
concentrations.  
 In a study on the impacts of rising atmospheric CO2 on model terrestrial ecosystems by 
Jones et al. (1998), some soil fungi under increased CO2 (550-600 ppm) exhibited increased 
biomass than under ambient (350-400 ppm) conditions (17.2 x 102 colonies g-1 soil under 
ambient CO2, compared to 35.0 x 102 colonies g-1 soil in elevated CO2 conditions). However, of 
the 33 fungal species inoculated into the systems, nine months later 9 species were found only in 
the ambient CO2 treatment ecosystems and ten were only found in the elevated CO2 treatment, 
indicating the effect of atmospheric CO2 varies by fungal species (Jones et al. 1998). In a study 
on decomposing fungi of European ash (Fraxinus excelsior) leaf litter, the abundance of Mucor 
hiemalis Wehmer (measured by ergosterol content of leaf litter) nearly doubled under 600 ppm 
when compared to ambient 350 ppm conditions (Conway et al., 2000).  

Antoninka et al. (2011) used a free-air CO2 enrichment system to study the impact of 
increased CO2 on mycorrhizal fungi in a grassland ecosystem, and found that fungal spore 
volume per gram soil was increased from 5.3 x 104 to 7.3 x 104 spores g-1 soil by CO2 enrichment 
(368 ppm vs. 560 ppm) (Antoninka et al., 2011). Elevated CO2 (680 ppm) led to shifts in 
phylogenetic composition of arbuscular mycorrhizal fungi (AMF) of a grassland ecosystem in 
central California (compared to ambient conditions of ~350-400 ppm CO2), which suggested 
altered host selection for AMF under increased CO2 (Mueller and Bohannan, 2015). Other studies 
have found positive effects of CO2 on AMF (Antoninka et al., 2011; Lovelock et al., 1996; Rillig 
et al., 2000; Sanders et al., 1998; Tingey et al., 1995) but this is not a consistent pattern (Dhillion 
et al., 1996; Godbold and Berntson, 1997; Jongen et al., 1996; Runion et al., 1994). 

The foliar populations of Penicillium spp., measured by colony forming units per gram 
fresh leaf weight on cotton plants (Gossypium hirsutum L.), were lower under increased CO2 (370 
ppm vs. 550 ppm), numbers of Aspergillus spp. were unchanged, populations of bacteria and 
actinomycetes per mm2 of leaf tissue were not affected by CO2 level, and relative infestation 
(percentage of stem traps colonized by the pathogen) of Rhizoctonia solani increased by 16% 
under elevated CO2 (Runion et al. 1994). A tropical pasture legume (Stylosanthes scabra Vog.) 
inoculated with the anthracnose pathogen Colletotrichum gloeosporioides exhibited 42% less 
disease symptoms under elevated CO2 (700 ppm) compared to ambient conditions in a growth 
chamber (Chakraborty et al., 2000). However, in field conditions Chakraborty et al. (2000) 
observed increased anthracnose disease severity (foliar lesion size) and sporulation (measured 
using a sample of leaf tissue to make a spore suspension and spores counted on haemocytometer) 
when exposed to elevated CO2. Such conflicting data serves to emphasize the complexity of 
interactions of host plants with pathogens or other micro-organisms under conditions of 
increasing CO2. The impact of increased CO2 on turfgrass biochemistry is further described in 
Chapter 4. 
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The effect of elevated CO2 on foliar fungal disease severity may depend on the plant's 
photosynthetic pathway (Thompson and Drake, 1994). Diseases caused by foliar pathogens on 
C4 plants are predicted to increase in disease severity in due to increased fungal sporulation 
(Thompson and Drake, 1994), yet decrease on C3 plants due to decreased foliar nitrogen 
concentration (Wand et al., 1999). The disease severity of a foliar rust caused by Puccinia 
sparganioides was evaluated on a C3 sedge (Schoenoplectus americanus [Pers.] Volkart) and a 
C4 grass (Spartina patens [Aiton] Muhl), and researchers observed a 22% reduction on the C3 
plant, but a 83% increase on the C4 plant, based on leaf area infected rankings, when grown 
under elevated CO2 (plus 340 ppm) compared to ambient conditions (Thompson and Drake, 
1994). Another C3 plant, spring wheat (Triticum aestivum L. cv. Turbo), grown under current 
(374-380 ppm) or enriched (611- 615 ppm) CO2 conditions was inoculated with leaf rust fungi 
(Puccinia recondita Dietel & Holw. f. sp. tritici) and exhibited 8-64% increased leaf area damage 
(Tiedemann and Firsching, 2000). Elevated CO2 increases C3 plant growth (Wand et al., 1999), 
which increases host abundance, canopy humidity, and canopy spore-trapping, all of which can 
increase foliar fungal disease severity (Burdon and Chilvers, 1976; Chakraborty et al., 2000). The 
hypothesis that the effect of elevated CO2 on foliar fungal disease severity may depend on the 
plant's photosynthetic pathway (C3 vs C4) has been supported by studies on powdery mildew, 
rusts, and anthracnose, for which disease severity has been quantified under elevated CO2 
(Thompson et al., 1993; Thompson and Drake, 1994; Tiedemann and Firsching, 1998; 
Chakraborty et al., 2000). Creeping bentgrass is a C3 plant, and under this hypothesis should 
exhibit decreased disease symptoms when exposed to elevated CO2, although data on 
necrotrophic pathogens are limited.  

 3.1.2 Grass response to changing temperatures 
Agrostis species (bentgrasses) are cool-season grasses with optimal growth temperatures 

between 18°C and 24°C, and are commonly used as turfgrasses in temperate regions. Creeping 
bentgrass (Agrostis stolonifera) is the most commonly used golf course putting green turfgrass in 
Canada and the Northern USA (MacBryde, 2005; Warnke, 2003). Research has shown variation 
between turfgrass cultivars in resistance to stress (Bertrand et al., 2013) and resistance to 
Microdochium nivale by turfgrass cultivars varies under different temperature conditions 
(Tronsmo et al., 2001).  
 High temperatures can be detrimental to creeping bentgrass root development and overall 
turf quality (Pote et al., 2006). Some heat tolerant cultivars of creeping bentgrasses exhibit 
increased AsEXP1 expression, a gene encoding an expansin protein which is involved in cell 
growth through alteration of cell wall extensibility, while heat-sensitive genotypes may have little 
to no expression of this gene (Xu et al., 2007). When soil temperature was maintained at 37°C the 
photosynthetic rate of creeping bentgrass decreased (compared to 20°C), resulting in a net loss of 
carbon, leading to carbon starvation and death of roots (Lyons et al., 2007). Creeping bentgrass 
exposed to aerial heat stress (33°C/28°C, day/night) exhibited decreased turf quality (colour and 
density), and this decrease in quality was exacerbated by decreased light photoperiod (14 h versus 
22 h light) (Xu et al., 2004). Prolonged light cycles increase carbohydrate accumulation which 
can ameliorate the effects of heat stress, and thus heat stress that occurs earlier or later in the 
season when the light photoperiod is shorter could result in decreased turf quality (Xu et al., 
2004). 
3.1.3 Cold hardening and plant disease severity 
 The biochemical response by plants to cold hardening has been linked to induced 
pathogen resistance. Artificial hardening has been shown to increase resistance to snow molds in 
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laboratory settings (Miedanner, 1993; Tronsmo, 1984, 1993). The production of pathogenesis-
related proteins (PR proteins) such as chitinase, ß-1,3-glucanase, and peroxidase is induced by 
low temperatures and changing photoperiod (Ergon et al., 1998; Gaudet et al., 2003). Other 
defence-related protein transcripts such as g-thionin, chitinase, lipid transfer protein, 
phenylalanine ammonia-lyase, and PR-1a increased dramatically in response to cold hardening 
(Gaudet et al., 2003). Hiilovaara-Teijo et al. (1999) concluded that PR proteins produced during 
the cold acclimation period have additional antifreeze properties. It has also been reported that 
the production of cryoprotective sugars such as high degree of polymerisation (HDP) fructans, 
which are present in freeze-tolerant genotypes, are linked to pink snow mold resistance (Bertrand 
et al., 2011). Increased levels of abscisic acid, a plant hormone linked to cold hardening, are 
found in snow mold-resistant forage grasses (Pociecha et al., 2009a, 2009b). In addition, levels of 
salicylic acid and phenolic compounds may also be related to snow mold resistance (Poeiecha et 
al., 2009b).  
 The age of the plant also has an impact on disease resistance; the level of resistance to 
Microdochium nivale was highest in 7-week-old winter wheat plants (Nakajima and Abe, 1996). 
However, a measurable drop in resistance was observed in the 2-week pre-hardening growth 
treatment, which may indicate a relationship between growth stage and disease resistance 
(Nakajima and Abe, 1996). In a study of snow molds on creeping bentgrasses caused by Typhula 
incarnata, Typhula ishikariensis, and M. nivale, the severity of disease symptoms decreased with 
plant age (15 versus 27 weeks old) which also suggests age-related resistance (Chang and Jung, 
2009).  
 Future climatic conditions may lead to temperate-related cold-hardening conditions that 
are out of synchronization with evolutionarily evolved day-length cues for cold hardening, thus 
leading to shortened or suboptimal cold-hardening conditions (Thorsen and Höglind, 2010; 
Uleberg et al., 2014). Bélanger et al. (2002) predict that the optimal hardening period for 
perennial grasses in eastern Canada may decrease by 4 days by the year 2069 out of the current 
estimated 24.3 days. Winter wheat inoculated with M. nivale requires a minimum of two days at 
cold-hardening temperatures < 14ºC to observe significant differences between cold-hardened 
treatments and the non-hardened control (Nakajima and Abe, 1996). Some winter wheat cultivars 
required temperatures < 6°C to develop significant levels of cold-hardening-induced resistance 
(Nakajima and Abe, 1996). Winter wheat incubated at 2°C for seven weeks exhibited increased 
disease resistance to M. nivale and freeze tolerance compared to winter wheat with 1 week of 
cold hardening (Nakajima and Abe, 1996). 
 Light quality can also have an impact on the cold-hardening period. Winter wheat plants 
hardened at 2°C for two weeks with 250 µmol m-2 s-1 light exhibited superior resistance to M. 
nivale infection than those incubated with 75 µmol m-2 s-1 light (Nakajima and Abe, 1996). 
Paulsen (1968) reported that cold hardening of winter wheat occurred when the temperature was 
decreased (< 0°C), and this effect was more significant under long photoperiod (18 h light) than 
under a shorter photoperiod. The lowest degree of cold hardening occurred when the photoperiod 
was decreased yet the temperature remained constantly high (15.5°C) (Paulsen, 1968). If cold-
hardening conditions occur under decreased light duration, which occurs later in the season, the 
cold hardening process may not be as effictive at inducing disease resistance (Paulsen, 1968).  

3.1.4 Effects of temperature fluctuations on plant diseases 
 Fewer cold extremes and more frequent warm extremes have been observed in the 20th 
and 21st centuries, than ever before (IPCC, 2013). These unseasonable temperature fluctuations 
may lead to imbalances in the phenological cycles of plants. For example, slightly warmer 



 37 

temperatures in autumn may prevent grasses from going into dormancy or trigger the de-
hardening process, so a subsequent sudden onset of frost or snow could allow for plant injury 
while still favoring pathogen growth (Walther et al., 2002). Similarly, if there are warmer 
conditions in the spring, plants can emerge sooner from dormancy and face sudden temperature 
drops and suffer from cold injury (Walther et al., 2002). Once cold acclimation of winter wheat 
and rye has taken place, a high level of hardiness can be maintained for several months with 
freezing temperatures, yet a loss of cold hardiness will result if temperatures linger just below 
freezing (Gusta and Fowler, 1977). In addition, rapid fluctuations between freeze and thaw 
temperatures will reduce the cold-hardiness potential, and returning plants to conditions for cold 
acclimation may not reverse the de-hardening process (Gusta and Fowler, 1977). This de-
hardening due to climate change may have an impact on cool-season plant pathogens and disease 
severity (Bertrand et al., 2013). 

3.1.5 Temperature-growth relationships of Microdochium nivale 
The predicted increase in temperature due to climate change has the potential to affect 

plant disease severity, especially for overwintering plants such as perennial grasses, in Canada 
and other northern countries. The documented optimal in vitro growth temperatures for 
Microdochium nivale range from 9 to 22°C (Cairns et al., 1995a; Okuyama et al.,1998; Parry et 
al., 1994, Snider et al., 2000). In the field, M. nivale infects turfgrasses at temperatures just above 
freezing and under snow cover, when plants are dormant or in a slow growth phase (Puhalla et 
al., 2010). Microdochium patch symptoms occur under cool wet conditions with temperatures 
between 0-15°C (Hsiang, 2009). Some research suggests that M. nivale, as a psychrophilic 
pathogen, may be out-competed in southern locations by plant pathogens that are favoured by the 
predicted warmer, shorter winters with more rain (Tronsmo, 2013). As southern areas have 
higher temperatures, and become less favorable for this fungus, northern climates may become 
more favorable for M. nivale (Feltmate and Thistlethwaite, 2012). The response M. nivale to 
temperature changes is more extensively discussed in Chapter 1.  

3.1.6 Disease control through activated resistance 
 A more recently developed control method for plant diseases is the use of resistance 
activators: synthetic products that result in the activation of natural resistance responses to 
decrease damage caused by abiotic and biotic stresses. Resistance activator products reduce 
damage from insects, fungi, pests, and herbivores, and their acute toxicity to other organisms is 
lower than that of pesticides (Thakur and Sohal, 2013). There are two main described forms, 
systemic acquired resistance (SAR) and induced systemic resistance (ISR). Some products have 
low efficacy of disease control on grass species (ASM, BABA and BTH) but other products, such 
as foliar applications of potassium phosphite and synthetic isoparaffins, demonstrate suppression 
of symptoms caused by Microdochium nivale (Hofgaard et al., 2006a, 2010; Hsiang et al., 2013).  
 The resistance activator Civitas™ mixed with Civitas Harmonizer™ Pigment Dispersion 
(Petro-Canada Lubricants Inc., Mississauga, ON, Canada) has been registered for use in the 
United States and Canada for control of M. nivale (http://www.civitasturf.com). They are mixed 
together to create Civitas + Harmonizer which has an ISR mode of action, and may also involve 
SAR components, for the prevention and control of several turfgrass diseases (Cortes-Barco et 
al., 2010a; T. Hsiang, personal communication, 2017). Vincelli et al. (2017) gave Civitas an 
efficacy rating of 1 (control is inconsistent between experiments but performs well in some 
instances) for M. nivale. In lab tests, Civitas + Harmonizer effectively controlled M. nivale, 
Rhizoctonia solani, and Sclerotinia homoeocarpa on creeping bentgrass (Cortes-Barco et al. 
2010a), and Colletotrichum orbiculare on wild tobacco (Cortes-Barco et al., 2010b). The 
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application of isoparaffins (the active ingredient in Civitas) in vivo increased the expression of 
the jasmonate synthesis gene AsAOS1, which encodes for allene oxide synthase (Cortes-Barco et 
al., 2010a). Civitas + Harmonizer can suppress disease symptoms in field and lab tests, and may 
prove to be an alternative to fungicides (Cortes-Barco et al., 2010a, 2010b; Hsiang et al., 2011).  

3.2 Hypotheses and Objectives 
Hypotheses:  

• Disease severity caused by Microdochium nivale is increased under conditions of 
temperature fluctuations.  

• Inherent disease resistance of Agrostis stolonifera (creeping bentgrass) to M. nivale does 
not vary by cultivar. 

• Induced disease resistance in A. stolonifera against M. nivale caused by resistance 
activators (growth room trials) does not vary by cultivar.  

• Exposure to elevated CO2 concentration (800 ppm) vs. ambient (400 ppm) can decrease 
severity of disease caused by M. nivale.  

• An increase of CO2 concentration from 400 ppm to 800 ppm does not affect induced 
resistance by Civitas + Harmonizer against disease caused by M. nivale.  

• A decrease in ambient pre-inoculation temperature from 20°C to 5°C will decrease 
percent yellowing caused by M. nivale through cold hardening. 
 

The general objective of this study was to assess the impact of elevated CO2 concentration and of 
various temperature regimes on disease severity caused by M. nivale. Another objective was to 
test the efficacy of Civitas + Harmonizer as a control agent under contrasting CO2 concentrations. 
Specifically, the objectives were:  

• Assess the resistance of several turfgrass cultivars to M. nivale at temperatures between 0-
20°C and temperature fluctuations (±10°C).  

• Assess the efficacy of Civitas + Harmonizer™ as a control agent of M. nivale in growth 
room trials at various temperatures using a variety of turfgrass cultivars.  

• Assess the percent yellowing of a variety of turfgrass cultivars inoculated with M. nivale 
at two CO2 levels (400 ppm vs. 800 ppm).  

• Assess the efficacy of Civitas + Harmonizer™ as a control agent of M. nivale through 
growth room trials using a variety of turfgrass cultivars at two CO2 levels (400 ppm vs. 
800 ppm).  

• Conduct trials in growth rooms to assess the ability of different cultivars to initiate disease 
resistance through hardening at low temperatures.  

3.3 Materials and Methods 

3.3.1 Inoculum preparation 
Seeds of hard red winter wheat (Triticum aestivum L., Woodrill Seed, Guelph, ON) were 

soaked in water and autoclaved three times, with a period of 24 hours between autoclave cycles, 
in autoclavable self-venting bags (19 × 6 × 47 cm Western Biologicals Ltd., BC, Canada). Five 
isolates of M. nivale, originally isolated from turfgrasses between 2011-2012 (11101, 11227, and 
12055) or wheat (10106 and 12262), were grown on 39 g/L potato dextrose agar (PDA) in petri 
dishes. Once the colonies covered the PDA plates, they were cut into small pieces, mixed into the 
autoclaved wheat at one plate per bag, which contained 500 g of wheat seed (dry weight), and 
incubated in the resealed bag at room temperature. When abundant hyphae were visible 
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throughout the bags three to five weeks later, the seeds were laid out in a fume hood to dry for 
several days. The dried inoculum was ground into a fine powder using a grain mill (Bosch motor 
powered Family Grain Mill, FL, USA) and stored at 4°C until use. The five isolates of inocula 
were mixed in equal proportions for use.  

3.3.2 Cone-tainer experiments 
Black plastic cone-tainers (3.8 cm diameter x 14 cm depth; SC7R Cell, Ray Leach “Cone-

tainer”™, Stuewe and Sons, Tangent, OR, USA), held upright in trays (RL98 tray with 98 cells, 
Stuewe and Sons, Tangent ,OR, USA), were plugged with one third of a paper towel and a 
packing peanut to keep sand from spilling out through the drain holes. To each cone-tainer 70-80 
g of autoclaved topdressing sand was added, leaving a 2 cm gap from the top. This sand was a 
rootzone mix composed of 80% high pH sand (8.0) from Hutcheson sand (Huntsville, ON, 
Canada) plus 20% peat moss (v/v), autoclaved three times with 24 hours between autoclave 
cycles. The cone-tainers were watered to capacity with tap water and allowed to drain for one 
hour before sowing 0.04 g of seed per cone-tainer.  

The 98-cell trays of cone-tainers were placed onto flat plastic cafeteria trays with two 
layers of wet paper towels, to maintain a constant level of humidity, and covered with unsealed 
clear plastic boxes. Artificial lighting was provided by fluorescent lamps (Philips cool white, 
F34T12/CW/RS/EW/ALTO, USA) with a photon flux density of 30-50 µmol m-2 s-1 at the soil 
surface. During the first three days, the cone-tainers were misted gently (1 ml per cone-tainer) by 
hand daily so that all of the seeds received moisture without dislodging them. Once the seedlings 
reached a height > 0.5 cm, the cone-tainers were watered by hand as needed using a small beaker. 
Once a week they received ~5 ml fertilizer solution (1.25 g/L of 20-8-20 fertilizer, 250 ppm N, 
Master Plant-Prod Inc., Brampton, ON, Canada, with phosphoric acid added to adjust pH to 6), 
and each cone-tainer twice per week received ~5 ml of distilled water.  

3.3.3 Inoculation experiments  
 The A. stolonifera cultivars PennA4, Focus, and Kingpin were used to determine the 
optimal inoculum rate for growth chamber experiments. Fourteen day-old plants grown in cone-
tainers were incubated in a growth chamber at 20°C, 16 h light/8 h dark (lights at 50 µmol m-2 s-1) 
and inoculated with 0.002, 0.01, 0.05, or 0.5 g of dried inocula consisting of five M. nivale 
isolates. The percent yellowing and percent mycelium coverage was evaluated visually at 3, 4, 5, 
6, and 7 days post inoculation (DPI) on a scale of 0-100% yellowing as per Cortes-Barco et al. 
(2010b). During rating, a scale of yellowing was established for comparison (Figure 3.1) 

3.3.4 Civitas + Harmonizer preliminary trial  
To determine an appropriate amount of Civitas + Harmonizer to apply, the A. stolonifera 

cultivar Penncross was grown in cone-tainers and incubated at 20°C/16 h light/8 h dark for two 
weeks. The grass foliage was then sprayed using a small finger sprayer with either 0.25 ml, 1.0 
ml, or 3.0 ml of 5% Civitas + 0.3% Harmonizer with water as control. One week later, the grass 
was wetted with 0.5 ml water and inoculated with 0.04 g per cone-tainer of mixed M. nivale 
inoculum, which was less than 6 months old and stored at 4ºC, and moved back to 20°C,16 h 
light/8 h dark. After inoculation, the trays of cone-tainers were covered with clear plastic bags for 
3 d to allow high humidity conditions required for infection. Disease severity was rated at 3, 5, 7, 
and 14 days post inoculation (DPI) on a scale of 0-100% yellowing as per Cortes-Barco et al. 
(2010b), with five replications and two non-inoculated controls per treatment. The Civitas-treated 
cone-tainers were compared to a the Civitas-treated non-inoculated treatment to account for the 
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bright green colour of the product. In a subsequent CO2 experiment using square pots (7.2 x 7.2 
cm), the rate used was 1.0 ml per pot with a concentration of 5% Civitas + 0.3% Harmonizer. 

3.3.5 Vial experiments on temperature and cultivar interactions with Microdochium nivale 
To test the effect of increased temperatures and differences among cultivars, 18 turfgrass 

cultivars were grown in capped glass vials (03-339-22F, 70 mm length x 21 mm diameter, Fisher 
Scientific, Ottawa, ON, Canada). The vials were filled with 6 g of dried autoclaved sand mix (pH 
8.0, composed of 80% sand and 20% organic material, moistened with 1 ml of deionized water 
and then autoclaved). Thirteen creeping bentgrasses, two colonial bentgrasses (Agrostis capillaris 
L.), two velvet bentgrasses (Agrostis canina L.), and one annual bluegrass (Poa annua L.) 
cultivar were used for this experiment (Table 3.2). The cultivars Independence, Declaration, 
Leirin, Villa, CY-2, Greenspeed and Nordleys were suggested for use by Dr. Trygve Aamlid, 
Bioforsk Landvik (Grimstad, Norway) as a representative of cultivars commonly used in 
Scandinavia, and the others were selected from those commonly used in North America. To each 
vial, 0.015 g of seed were added and then further moistened by spraying with 0.25 ml of sterile 
deionized water with a hand sprayer. The vials were incubated under constant fluorescent light 
(50 µmol m-2 s-1) at 23°C for 14 days until inoculation with M. nivale at a rate of 0.015 g dried 
ground inoculum per vial. The vials were incubated at 10°C or 20°C, both under constant 
fluorescent light. The 20°C vials were rated daily for one week after inoculation, with yellowing 
and mycelial growth assessed daily following Cortes-Barco et al. (2010b). The 10°C tubes were 
rated every third day for two weeks. Each cultivar had five replicate tubes with a single non-
inoculated control tube, and this experiment was repeated five times. 
3.3.6 Cold hardening and disease resistance in cone-tainers 

To evaluate the impact of pre-inoculation temperature on disease development, four A. 
stolonifera cultivars (Alpha, Focus, Penncross, and Tyee) were grown in cone-tainers with five 
replicates per treatment combination (Table 3.2). The cone-tainers were incubated at 22°C, 12 h 
light /20°C, 12 h dark, 80% humidity, for two weeks, and then subjected to one of the four 
temperature regimes described in Figure 3.2 for the next three weeks, under 12 h photoperiod and 
80-85% average humidity. All of the grass was trimmed to 2 cm height, then half of the cone-
tainers from each cultivar were randomly chosen and inoculated with 0.05 g inocula per cone-
tainer composed of a mixture of five M. nivale isolates. The other half were considered as non-
inoculated (NI) controls. A small hand sprayer was used to spray the grass with 1.0 ml of water 
per cone-tainer, covered with a clear plastic bag for 3 d, and incubated at 17°C light/13°C dark 
for the next two weeks, with percent yellowing rated at 3, 7, 9, and 12 days post inoculation 
(DPI). After two weeks, the cone-tainers were incubated at 22°C light/20°C dark and percent 
yellowing/recovery was rated at 15, 18, and 22 DPI (Figure 3.2).  
3.3.7 Temperature fluctuations in cone-tainers 
 Seven cultivars of A. stolonifera (Alpha, Cato, Focus, Independence, Kingpin, 
Mackenzie, OO7, Penncross, PennA4, T1, and Tyee) and one P. annua cultivar (wild seed lot) 
were grown in cone-tainers with three replications for each treatment combination (Table 3.2). 
The grass was incubated at 20°C, 16 h light/8 h dark for three weeks, and then half of the cone-
tainers were treated with a temperature fluctuation treatment described in Figure 3.3. The 
temperature fluctuation cone-tainers were moved to a chamber at 10°C, 8 h light/16 h dark for 
one week, the then returned to 20°C for three days, then back to 10°C for four days. Half of the 
cone-tainers were then inoculated with 0.04 g per cone-tainer of mixed M. nivale inoculum and 
then all cone-tainers were incubated at 10°C, 8 h light/16 h dark (Figure 3.3). After inoculation, 
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the trays of cone-tainers were covered with clear plastic bags for three days to allow high 
humidity conditions required for infection. Disease severity was rated at 5, 7, 12, and 14 days 
post inoculation (DPI) on a scale of 0-100% yellowing as per Cortes-Barco et al. (2010b).  
 3.3.8 Activated resistance with temperature treatments in cone-tainers 
 Seven A. stolonifera cultivars (Independence, Penncross, Focus, Tyee, Alpha, and T1) 
and one P. annua cultivar (wild seed lot) were grown in cone-tainers, with four replications for 
each treatment combination, referred to as Experiment A (Table 3.2). Turfgrasses were grown at 
20°C, 16 h light/8 h dark for two weeks, and then half of the cone-tainers were moved to a 
chamber at 10°C, 8 h light/16 h dark. After one week, half of the grass was sprayed with 0.5 ml 
of 5% Civitas + 0.3% Harmonizer with water as control using a small finger sprayer. One week 
later, the grass was wetted with 0.5 ml water and inoculated with 0.04 g per cone-tainer of mixed 
M. nivale inoculum, and then moved back to 20°C, 16 h light/8 h dark, with non-inoculated 
controls. After inoculation, the trays of cone-tainers were covered with clear plastic bags for three 
days to allow high humidity conditions required for infection. Disease severity was rated at 5, 7, 
9, 12, and 14 days post inoculation (DPI) on a scale of 0-100% yellowing as per Cortes-Barco et 
al. (2010b). This experiment was repeated using seven different A. stolonifera cultivars (PennA4, 
Kingpin, Cato, Mackenzie, OO7, L93, and V8), referred to as Experiment B (Table 3.2).  

To evaluate the impact of photoperiod under cool temperatures on disease development, 
five A. stolonifera cultivars (Alpha, Focus, Penncross, T1, and Tyee) and one Poa annua wild 
seed lot were grown in cone-tainers with four replicates per treatment combination. The cone-
tainers were incubated at 20°C, 16 h light /20°C, 8 h dark, for three weeks, then treated with .5 ml 
of 5% Civitas + 0.3% Harmonizer or water. These cone-tainers were then incubated at 10°C with 
either 8 h light/12 h dark or 12 h light/12 h dark. One week after treatment with Civitas the 
turfgrasses were inoculated with with 0.04 g per cone-tainer of mixed M. nivale inoculum and 
rated for percent yellowing 5 and 7 DPI on a scale of 0-100% yellowing.  
3.3.9 Elevated CO2 and activated resistance in square pots 
 Eight turfgrass cultivars were selected for testing their response to atmospheric and 
elevated CO2 concentrations in a growth chamber-experiment conducted at Agriculture and Agri-
Food Canada, Quebec City. Six A. stolonifera cultivars (Independence, Penncross, Focus, Tyee, 
T1, and Alpha), one P. annua cultivar (LaBelle, transplants from La Belle et La Bête golf course, 
QC, Canada), and one A. capillaris cultivar (Leirin) were selected for use in this trial based on 
previous experiments. The turfgrasses were sown at a seeding rate of 12 g/m2 in square pots (8.3 
cm square x 7.2 cm tall, Kord Products, Brampton, ON, Canada) filled with sand (Topdressing 
sand, 20% organic matter). A thin layer of geotextile was used in the bottom of the pots to 
prevent the sand from falling out. The pots were then placed in 3 x 6 pot carrying trays (TRK 
18350, Kord Products, Brampton, ON, Canada). They were incubated at 20°C, 16 h light/15°C, 8 
h dark with a light intensity of 400 µmol m-2 s-1 at plant level. Pots were equally distributed into 
four growth chambers equipped with gas analyzers and CO2 regulators (Model PGW40, 
Conviron, Winnipeg, Canada): two were set at an atmospheric CO2 concentration of 400 ppm 
(control) and two at 800 ppm of CO2 (elevated CO2 concentration). A preliminary test was 
conducted using 400, 600, and 800 ppm of CO2 (data not presented) and 800 ppm was chosen to 
demonstrate a more contrasting response for all genotypes. The pots were watered once a day, 
and fertilized with a 35-5-10 soluble fertilizer for turfgrass (1 g/L) twice a week. After 10 weeks 
of growth, the fertilizer was switched to 20-20-20 soluble fertilizer to replenish micronutrients. 
There were four replicates for each treatment combination. To avoid confounding treatment 
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effects with a chamber effect, pots were rotated between growth chambers of the same CO2 level 
every week (Frenck et al., 2011).  
 After eight weeks of growth, all of the plants were cut to 1 cm height, and leaf tissue was 
collected as described in Chapter 4. The temperature within the growth chambers was lowered to 
15°C, 16 h light/10°C, 8 h dark and three weeks later the grass was cut to 2 cm and leaf tissue 
collected again. The next day, 5% Civitas + 0.3% Harmonizer was applied to half of the pots at a 
rate of 1.0 ml per pot (label rate), the non-treated pots were sprayed with 1.0 ml of water per pot, 
using small hand sprayers. One week later, a third fresh-tissue sample was taken. The next day 
the remaining pots were wetted with 1.0 ml of water, and then half of the pots were inoculated 
with 0.25 g per pot of mixed M. nivale inoculum (isolates 13407, 13408, 12262, 10178, and 
10179). After inoculation, the trays of pots were covered with clear plastic bags for the remainder 
of the experiment, with control non-inoculated plants also bagged. The loose knots at the side of 
the bags allowed the constantly blowing CO2- regulated air to enter the bags (Chapter 4, Figure 
4.1) The bags were carefully removed and replaced to prevent cross contamination between trays 
of inoculated and non-inoculated pots for watering and disease rating purposes. Disease severity 
was visually assessed at 7, 9, 15, and 21 days post inoculation (DPI) on a scale of 0-100% 
yellowing as per Cortes-Barco et al. (2010b), with non-inoculated controls. Disease suppression 
was calculated as the Civitas + Harmonizer treatment percent yellowing compared to the average 
percent yellowing of the control water treatment [(Normalized average water treatment - 
Normalized Civitas treatment)/ Normalized average water treatment] *100. Normalized treatment 
refers to the average yellowing of the non-inoculated treatment subtracted from the inoculated 
treatment, to adjust for baseline yellowing due to abiotic factors, for the water and Civitas 
treatments. In this experiment, ten obvious outliers from the water non-inoculated treatment that 
exhibited >10% after 7 days were removed from the analysis, due to yellowing caused by abiotic 
factors. The grass was sampled three times during the disease period; early disease (3 DPI), mid 
disease (7 DPI) and late disease (14 DPI). Each of the treatment combinations was destructively 
sampled and frozen for the assessment of biochemical compounds (Chapter 4) and future 
RNAseq analysis of creeping bentgrass growing under current and future climatic conditions.  

3.3.10 Statistical analysis  
All statistical analyses were conducted using general linear models procedure (PROC 

GLM) in SAS 9.1 (SAS Institute Inc., Cary, NC, 2016). Replications were treated as a random 
effect and cultivars within species and isolates as fixed effects. Means were compared with 
Fisher’s protected least significant differences test at p < 0.05. For all primary and derived 
parameters, analysis of variance (ANOVA) was used to test the significance of main effects and 
the first order interactions.  

Ranking analysis was conducted for some experiments to analyze the overall effect of 
cultivar in repeated experiments. For each repeated experiment, the cultivars were ranked using 
PROC RANK in SAS 9.1 based on their mean percent yellowing values, from three or four 
repeated experiments, which was based on 4-5 replicates (high rank= high percent yellowing). 
The mean rank value was then calculated and subjected to analysis of variance (ANOVA) at p < 
0.05. 
3.4 Results 

3.4.1 Determination of amount of inoculum  
When different amounts (0.002, 0.01, 0.05, or 0.5 g) of Microdochium nivale inoculum 

were applied to three cultivars of A. stolonifera the percent yellowing was directly correlated to 
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the increasing amount of inoculum. Differences in disease severity (percent yellowing) and 
colonization (percent mycelium coverage) for the three cultivars were significantly different for 
the treatments of 0.01 g and 0.05 g ground inocula per cone-tainer at seven days post inoculation 
(Table 3.3). Inoculation with 0.5 g resulted in severe disease symptoms, resulting in total death of 
the grass after 14 days (data not shown). Therefore, ~0.05 g ground dried inocula per cone-tainer 
was chosen for future experiments in cone-tainers since it consistently caused disease symptoms 
within the first week after inoculation. 
3.4.2 Civitas + Harmonizer preliminary trial  

To determine an appropriate amount of Civitas + Harmonizer to apply to cone-tainers, the 
A. stolonifera cultivar Penncross was grown in cone-tainers, treated with water or 0.25, 1.0, or 
3.0 ml of 5% Civitas + 0.3% Harmonizer (C+H). The percent yellowing of the turfgrass 
inoculated with M. nivale was rated for two weeks (Table 3.4). Three and five days post 
inoculation, the treatments did not differ in percent yellowing (Table 3.4). At seven and fourteen 
days post inoculation, the 0.25 ml-treatment did not differ from the water control.  

For control of pink snow mold, the label rate of Civitas + Harmonizer is 660-930 ml 
Civitas + 330-460 ml Harmonizer mixed in 4-20 L water per 100 sq. metres. At a rate of 20 L per 
sq. metres, one cone-tainer would receive 0.23 ml of 5% Civitas + 0.3% Harmonizer. In our 
experiment, this rate was insufficient to protect the plant, likely because not all of the product 
reached the leaf blades due to run-off on the sides of cone-tainer and extraneous product lost 
outside of the cone-tainer. Based on this trial, 0.5 ml of 5% Civitas + 0.3% Harmonizer per cone-
tainer was used for future experiments which is approximately the double of the recommended 
rate for the field.  

3.4.3 Vial experiments on temperature and cultivar interactions 
The preliminary screening tests, where 18 turfgrass cultivars were grown in 15-ml capped 

glass vials, were completed and data pooled from five replicate trials. The percent yellowing 
differed significantly by cultivar and the degree of yellowing varied in response to temperature 
(Table 3.5). The yellowing data of the cultivars in each repeated experiment was ranked (low 
rank equates to low percent yellowing). In three of the repeated experiments, the cultivars 
Nordleys, Villa, and Independence were not available, and thus these experiments were not 
included in the ranking data analysis. In the 20°C treatment, the cultivars with the lowest ranking, 
and thus the lowest percent yellowing were Alpha, T1, Tyee, and Greenspeed. The cultivars with 
the highest percent yellowing under this temperature treatment were Leirin, PennA4, and 
Penncross. In the 10°C treatment, the cultivars with the lowest ranking, and thus the lowest 
percent yellowing were Kingpin, Focus, Nordleys, Greenspeed, Tyee, and T1. The cultivar with 
the highest percent yellowing under the 10°C temperature treatment was the Poa annua wild seed 
lot (Table 3.6).  

3.4.4 Cold hardening and disease resistance in cone-tainers 
Cone-tainers of four creeping bentgrass cultivars were treated to various temperature 

treatments, inoculated with M. nivale and percent yellowing rated at 3, 7, 9, and 12 days post 
inoculation (DPI). The treatment with the highest amount of percent yellowing (39%) was 20°C, 
which was significantly higher than the percent yellowing under 4°C, 10°C, and 15°C treatments 
(Table 3.7). The non-inoculated turfgrasses exhibited 0-2% yellowing on average and did not 
differ by temperature treatment.  
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3.3.5 Temperature fluctuations in cone-tainers inoculated with Microdochium nivale 
Seven A. stolonifera cultivars and one P. annua cultivar were grown in cone-tainers, half 

of the cone-tainers were exposed to fluctuating temperatures, and then inoculated with M. nivale. 
There was a significant effect of cultivar on the percent yellowing of the turfgrasses inoculated 
with M. nivale in this experiment (Table 3.8) The effect of temperature fluctuation on percent 
yellowing was significant (data not presented), but when sorted as inoculated or non-inoculated, 
these effects were no longer significant (Table 3.8). In the previous experiment, a pre-inoculation 
treatment of 10°C decreased percent yellowing when compared to the constant 20°C treatment, 
but in this case a three-day interruption of pre-inoculation cold treatment negated this effect. In 
the inoculated treatment Only the cultivar T1 exhibited a difference in yellowing between 
temperature treatments, with the fluctuation treatment exhibiting 60% more symptoms than the 
constant 20°C treatment (Table 3.8). The non-inoculated turfgrasses exhibited 2-50% yellowing 
on average and only one cultivar differed by temperature treatment. Mackenzie exhibited lower 
yellowing under the fluctuation treatment. The yellowing in the non-inoculated treatment may 
have been due to the evapotranspiration rate exceeding the rate of water absorption by the roots.  
3.4.6 Activated resistance to Microdochium nivale with temperature treatments  
 Seven A. stolonifera cultivars and one P. annua cultivar were grown in cone-tainers, and 
half of the grass was sprayed with Civitas + Harmonizer (C+H) or with water using small finger 
sprayers. One week later, the grass was inoculated with M. nivale. This was referred to as 
Experiment A, and when it was repeated with seven different A. stolonifera cultivars it was 
referred to as Experiment B. The application of Civitas + Harmonizer decreased disease 
symptoms by 0-100%, and the amount of disease varied significantly by cultivar and temperature 
treatment (Table 3.9). Because the cultivars differed between experiments A and B, the data were 
not pooled. 
 In Experiment A, the cultivar with the most disease at 10°C was Independence, and the 
cultivar with the least disease symptoms at this temperature was Penncross. At 20°C, the cultivar 
with the highest percent yellowing was T1, and the lowest was Poa annua. For Experiment B, the 
cultivar with the most disease at 10°C was PennA4, and the cultivar with the least disease at this 
temperature was V8. At 20°C, the cultivar with the highest percent yellowing was L93, and the 
lowest was V8. The cultivars which showed the greatest reaction to C+H were Alpha and T1, for 
10°C and 20°C respectively in Experiment A, and PennA4 and Mackenzie for 10°C and 20°C 
respectively in Experiment B. In both experiments the lower temperature treatment resulted in 
increased disease suppression by C+H for two out of fourteen cultivars (Table 3.9). 

When turfgrasses were inoculated with M. nivale and incubated at 10°C, the average 
yellowing was increased under 12 h light/ 12 h dark, compared to 8 h light /16 h dark conditions, 
when treated with water or C+H (Table 3.10). This effect was very pronounced for the Poa 
annua cultivar and less prominent for the A. stolonifera cultivars Focus, Penncross, T1, and Tyee. 
Alpha treated with C+H exhibited increased yellowing under 12 h light (Table 3.10).  

3.4.7 Elevated CO2 and activated resistance to Microdochium nivale 
After inoculation, there was significant variation in yellowing among cultivars and CO2 

treatments, and percent yellowing was reduced by the application of Civitas + Harmonizer (C+H) 
(Tables 3.13, 3.14). The turfgrasses in the non-inoculated treatments also exhibited a degree of 
yellowing, likely due to depletion of micronutrients in the soil, so yellowing is presented as an 
average of the non-inoculated treatments subtracted from the inoculated treatment replicates.  

 There was a significant impact of CO2 on the disease symptoms caused by M. nivale on 
turfgrass cultivars 15 d post inoculation (DPI) (Table 3.11). The application of C+H resulted in 
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increased yellowing for T1 at 7 DPI under 400 ppm CO2, and for Independence at 21 DPI under 
800 ppm CO2 (Table 3.11). There was some variation in percent yellowing among cultivars, with 
the cultivars Penncross and Leirin exhibiting the least amount of yellowing when treated with 
water at 400 ppm and 800 ppm CO2, respectively (Table 3.12). At 15 DPI the activator treatment 
decreased the percent yellowing by 33-100%, and this effect was more pronounced under 
elevated CO2. The cultivar Focus was chosen as a representative A. stolonifera cultivar with a 
low response to C+H at 400 ppm CO2, and Independence was chosen as a representative cultivar 
due to the high amount of suppression at current ambient conditions and since it is a commonly 
used cultivar in Scandinavia. The data from amino acid and carbohydrate concentrations of these 
two cultivars were further examined in Chapter 4.  

When the cultivars in each CO2 concentration and water/C+H treatment were ranked 
based on yellowing (low rank=low percent yellowing) the cultivar Leirin was ranked lowest on 
average, and LaBelle was ranked highest (high rank= high amount of yellowing) (Table 3.13). Of 
the A. stolonifera cultivars, Penncross was ranked lowest and Focus was ranked highest. When 
considering the amount of disease suppression caused by the application of C+H, LaBelle and 
Alpha were ranked the lowest (low rank = low amount of disease suppression) and Leirin was 
ranked the highest when averaged from the two CO2 treatments.  
3.5 Discussion 

In this chapter, artificial inoculation of turfgrass species in growth room trials was used to 
determine the effect of temperature, elevated CO2, and resistance activation on disease caused by 
Microdochium nivale. Differences between turfgrass cultivars were investigated by studying 
several turfgrasses from the species Agrostis stolonifera, A. capillaris, A. canina, and Poa annua. 
Previous studies have reported significant genetic variation in resistance to M. nivale in turfgrass 
cultivars, and the susceptibility to the disease has been found to vary under different temperature 
conditions (Tronsmo et al., 2001), which corroborates our findings. When screening turfgrass 
cultivars for inherent disease resistance in 15-ml capped glass vials at 10 and 20°C, there were 
significant differences among the eighteen cultivars selected from three turfgrass species, and the 
ranking of these cultivars differed by temperature treatment (Tables 3.7, 3.8).  

The selection of the appropriate species can have a large impact on the success of a 
turfgrass stand (Vargas, 2005). P. annua is a common invader of bentgrass putting greens and 
can become the dominant species, especially on older greens (Harivandi et al., 2008). Compared 
to A. stolonifera cultivars, P. annua generally tolerates a narrower range of environmental 
conditions, making it more susceptible to environmental stresses and disease (Peel, 1982). P. 
annua is often regarded as a weed on golf greens since it gives the turf a yellow color and uneven 
texture, although this colonization is commonly considered inevitable in northern temperate 
climates where temperatures are moderate and moisture abundant (Jones, 2011). Turf managers 
use various strategies to control the invasion by P. annua, such as seeding tactics (overseeding, 
interseeding, and intraseeding), applications of growth regulators such as Paclobutrazol, 
herbicides including Bispyribac-sodium, and in the future perhaps a Roundup Ready® creeping 
bentgrass (Jones, 2011). In the current study P. annua wild seed lot grown in vials at 10°C 
exhibited significantly higher percent yellowing than the A. canina cultivars Nordleys and Villa 
(Table 3.5), and in cone-tainers P. annua exhibited higher percent yellowing than the A. 
stolonifera cultivars Alpha, Cato, Mackenzie and Kingpin (Table 3.8). In the experiment with 
elevated CO2, the P. annua cultivar LaBelle followed the same trend, with this cultivar having 
the highest average ranking (high value= high percent yellowing) for yellowing symptoms and 
the among the lowest response to Civitas + Harmonizer (Table 3.13).  
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The A. capillaris and A. canina cultivars were suggested by colleagues in Scandinavia, as 
they are commonly used in Norway. The other turfgrasses used in Norway included the A. 
stolonifera cultivars CY-2, Independence, and Declaration, and the A. capillaris cultivars Leirin 
and Greenspeed. When the data from the vial experiment was analyzed based on the country they 
are commonly used in (Canada or Norway) there was no significant difference in the ranking of 
their inherent disease resistance. It has been suggested that turfgrasses originating in regions that 
experience harsher winters are less susceptible to infection by M. nivale (Bertrand et al., 2009), 
but our findings do not corroborate this since CY-2, Independence and Declaration were not more 
resistant to M. nivale than the other A. stolonifera cultivars that are bred in North America. The 
A. capillaris cultivar Leirin was ranked lowest for yellowing on average (low ranking = low 
disease symptoms), when treated with water and Civitas + Harmonizer in the CO2 treatment 
experiment compared to other cultivars (Table 3.13), but may be a difference due to species and 
not necessarily due to location of origin. However, the vial rankings are an in vitro system, and 
testing is needed under field conditions at various sites for a better perspective of inherent disease 
resistance. 

Historically A. capillaris and A. canina cultivars have exhibited higher resistance to the 
summer disease dollar spot than A. stolonifera, and recent results indicate that significant 
improvements have been made in A. stolonifera cultivars for improved disease resistance (Weibel 
et al., 2016). Compared to A. stolonifera, A. capillaris cultivars have finer leaf texture, a less 
aggressive spreading growth habit, and are overall better adapted for use in the warmer summer 
climates (Weibel et al., 2016). However, A. capillaris cultivars may be better suited to fairways 
and tees rather than greens due to the higher optimal mowing height (Ruemmele, 2003). A. 
capillaris cultivars typically exhibit the lowest tolerance to brown patch among the bentgrass 
species, although dramatic improvements have recently been made in breeding this species for 
improved disease resistance (Weibel et al., 2016). A. canina can be susceptible to red thread, 
copper spot, and Pythium seedling root rot, but typically has good resistance to dollar spot and 
brown patch (Weibel et al., 2016). Under conditions of lower fertilizer applications, A. canina 
can exhibit finer leaves and better winter colour than other bentgrass species, provided that the 
golf courses have sufficient resources for thatch control (Aamlid et al., 2012). In cold weather, A. 
canina stands may turn dark purple and be slower than other bentgrass species to green-up in the 
spring (Weibel et al., 2016). Weibel et al. (2016) suggested that A. canina may one day be an 
alternative to A. stolonifera for use on golf course greens in the northern temperate zones, under 
proper cultural management.  

One objective of our research was to identify A. stolonifera cultivars for northern 
temperate zone golf courses to face the challenges of climate change. In most of our experiments, 
there was a difference in disease severity when inoculated with M. nivale, but the cultivars with 
the lowest disease, and thus highest natural resistance levels, varied by experiment. For instance, 
in the vial experiment under 20°C, the cultivar with the least amount of yellowing seven days 
after inoculation was Independence, and PennA4 exhibited the highest amount of yellowing. In 
the same experiment under 10°C, the cultivars with the least amount of yellowing nine days after 
inoculation was Tyee, and the Poa annua wild seed lot exhibited the highest amount of 
yellowing. This illustrates that environmental conditions play a large part in determining whether 
a cultivar will be more or less susceptible to pathogen infection and disease development, and 
that results from screening done in growth chambers or laboratory settings may not correlate to 
field conditions.  
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Increases in temperature in the field may directly affect plant pathogens (Garret et al. 
2006), and the spread of plant diseases is linked to variable environmental conditions. Warmer 
temperatures may increase the winter survival of plant pathogens, and foliar pathogens may be 
favoured by increased humidity and host density that are predicted to be associated with climate 
change (Harvell et al., 2002). In addition, cool-season turfgrasses may experience a fitness cost at 
higher temperatures, resulting in a reduction in resistance to diseases (Harvell et al., 2002). 
Increased temperature (20°C compared to 10°C) in capped glass vials resulted in increased 
disease severity as rated by percent yellowing, but had no effect on percent mycelium coverage 
(Table 3.3). The temperature at which this pathogen generally causes the greatest disease severity 
is 10 to 15°C (Brennan et al., 2003) however, in this controlled environment inside of the capped 
glass vials, M. nivale was able to cause more symptoms at a higher temperature, likely since there 
was no competition and the sealed vial allowed for high humidity conditions. This correlation is 
unlikely to occur under field conditions. 

More importantly for winter diseases, cold hardening can be negatively affected when the 
photoperiod is decreased yet temperatures remain constantly high (Paulsen, 1968). The cold 
acclimation and cold hardening process mechanisms are triggered by decreasing day length and 
lower temperatures. Plants may experience different day length and temperature combinations 
under future predicted climate change conditions which may interfere with the process of cold 
hardening (Bélanger et al., 2002). The results of the pre-inoculation temperature trial reveal that 
exposure to a lower temperature before inoculation (4°C , 10°C, or 15°C for two weeks compared 
to 20°C) resulted in fewer disease symptoms (Table 3.7). This suggests that cold hardening of A. 
stolonifera can occur at temperatures of 15°C and below. In our study, the percent yellowing of 
A. stolonifera cultivars inoculated with M. nivale and incubated at 10°C was unaffected by 
photoperiod, and the P. annua cultivar exhibited increased disease symptoms under the longer 
light period. In addition, the disease suppression by Civitas + Harmonizer was slightly higher 
under the longer light period. This suggests that light conditions may have an impact on 
resistance activation and cold hardening of turfgrasses, and if temperatures that are ideal for cold 
hardening occur later in the season under decreased photoperiod, the application of resistance 
activators may not be as effective. However, Paulsen (1968) suggest that in growth chambers, 
relatively low light intensity may limit photosynthesis and hardening, and plants may be affected 
less in regard to photoperiod length. In addition, when the lights inside the growth chambers used 
for this study were turned off, the temperature inside could fluctuate by 1.3-3.5°C daily and 
varied up to 8.7°C over time (Appendix 3.1). Therefore, the difference in percent yellowing may 
be linked to temperature effects rather than photoperiod alone. Further studies of turfgrasses 
inoculated with M. nivale, treated with water or Civitas, could be conducted using stronger lights 
and growth chambers with more consistent internal temperatures.  

A de-hardening process, which is usually triggered by higher temperatures in the spring, 
can occur during unseasonably warm autumns or if temperatures fluctuate. De-hardening due to 
climate change has the potential to favor cool season plant pathogens, such as snow molds, and 
increase plant disease severity (Tronsmo, 2013). De-hardening refers to a loss of freezing 
tolerance (Kalberer et al., 2006) and occurs much faster than hardening (Gay and Eagles, 1991). 
The process of cold acclimation and cold hardening increases resistance to snow molds 
(Miedanner, 1993; Tronsmo, 1984, 1993) but there is a paucity of literature on the effects of 
temperature fluctuation on grasses in the field.  

The mechanisms for de-hardening and re-hardening are not completely understood, and 
depend on temperature, water availability, carbohydrate metabolism, photoperiod, 
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photosynthesis, antioxidants, proteins, and gene expression (Kalberer et al., 2006). Research on 
de-hardening of turfgrasses shows that temperature is the main factor which triggers loss of 
freeze-tolerance and that the rate of de-hardening increases both with temperature and with the 
duration of the mild period (Hoffman et al., 2014). Hoffman et al. (2014) demonstrated that at 
higher temperatures (8°C and 12°C) a more winter hardy A. stolonifera de-hardened more than 
the less hardy P. annua. However, at the lower temperature of 4°C P. annua exhibited a greater 
loss in freezing tolerance than A. stolonifer, indicating a genotype × temperature interaction on 
de-hardening resistance (Hoffman et al., 2014). Northern-adapted populations of grasses (Phleum 
pratense and Lolium perenne) exhibit a relatively higher degree of cold tolerance than southern-
adapted populations (Dalmannsdottir et al., 2016). Espevig et al. (2014) demonstrated that 
turfgrass species are able to re-harden to some extent, but never back to their initial levels before 
de-hardening, and suggest that hardening ability and de-hardening resistance are not necessarily 
positively correlated.  

In this study, grass was grown at 20°C, 16 h light/8 h dark, and half of the cone-tainers 
were incubated under fluctuating temperatures. The turfgrass that experienced this temperature 
fluctuation did not have significantly different percent yellowing than those incubated at a 
constant 20°C (Table 3.8). In another experiment, an exposure of 10°C for two weeks was able to 
decrease percent yellowing (Table 3.7). Although 10°C may not be low enough to induce cold 
hardening, the research by Dalmannsdottir et al. (2016) corroborated our findings that 
temperature before cold acclimation affects cold tolerance. 
 Induced resistance, as assessed by disease suppression by Civitas + Harmonizer (C+H) 
compared to a water control, varies by cultivar (Table 3.9, 3.13, 3.14). When testing the 
resistance activation at two pre-inoculation temperatures, the amount of resistance activation 
varied by cultivar under 20°C in Experiment A, and under both temperature treatments (10°C and 
20°C) in Experiment B (Table 3.9). Experiment A and Experiment B varied in the cultivars used, 
and the degree of percent yellowing caused by the application of M. nivale. The average percent 
yellowing in Experiment A for the 20°C were 31 and 9 for the water and C+H treatment, 
respectively. For Experiment B the percent values were 80 and 58 for the water and C+H 
treatment, respectively. One reason for this may be due to abiotic factors such as humidity in the 
20°C chamber being altered due to a different population of plants in the chamber at the time. In 
addition, these experiments used different cultivars so there may be a difference in the 
temperature tolerance between the cultivars, or a human error relating to the amount of water 
provided to the grass.  
 The mode of action of C+H is still under investigation, and our results of higher disease 
suppression at low temperatures could also be explained by a mechanism of plant cross-
adaptation where exposure to low temperature induces resistance mechanisms against both 
chilling and snow mold (Bertrand et al., 2011). Taken together, our results suggest that the genes 
activated by C+H may be related to the cold hardening process. Future research into the genes 
targeted by resistance activators and increased CO2 is needed to draw more definitive conclusions 
on the effect of climate change on a molecular level. In the experiment which looked at the effect 
of increased CO2, the C+H resistance activation varied by cultivar and species of turfgrass, with 
the A. capillaris cultivar Leirin exhibiting the most disease suppression (Table 3.12). 

When assessing the effect of atmospheric CO2 concentration, turfgrasses growing under 
elevated CO2 (800 ppm) had less percent yellowing on average than grasses grown under current 
ambient conditions (400 ppm). Increased CO2 decreased the severity of disease symptoms caused 
by M. nivale for both water- and Civitas-treated Alpha, Independence, and Leirin cultivars, 
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though CO2 concentration had no effect on the cultivars Penncross, LaBelle, and Tyee (Table 
3.12). The increased CO2 may have allowed for higher photosynthetic rate and sugar 
accumulation (Song et al., 2014), providing the plants with more carbohydrate reserves to 
respond to the M. nivale attack. When incubated under current ambient CO2, the amount of 
disease suppression by C+H ranged from 33% (Focus) to 92% (Leirin). Under elevated CO2 
concentrations the disease suppression ranged from 50% (Alpha) to 100% (Leirin). Elevated CO2 
concentrations increased the average induced resistance, as assessed by disease suppression by 
C+H (Table 3.12). The response of these turfgrass cultivars, in regards to changes in free amino 
acid and soluble sugar concentrations as underlying mechanism of resistance in response to 
increased CO2 concentration is further discussed in Chapter 4. 

Researchers have been studying the impacts of CO2 on plant growth for many years. 
Rogers et al. (1983) used open top chambers with ambient, 612, 936, 1292, or 1638 ppm CO2, 
and reported increased growth, leaf area, and photosynthesis per unit leaf area, which was 
accompanied by decreases in water use for corn (Zea mays L.), soybean (Glycine max [L.] 
Merr.), Loblolly pine (Pinus taeda L.), and sweet gum (Liquidambasr tyraciflua L.). Reich et al. 
(2001) reported differences among functional-type classifications (graminoids, non-legume forbs, 
legume forbs) in terms of biomass response to CO2 with forbs, legumes, and C3 grasses 
increasing in total biomass under elevated CO2, whereas C4 grass monocultures exhibited 
decreased total biomass. Species within a wild grassland ecosystem varied in their responses to 
elevated CO2 within functional types and apparent functional groups (Niklaus et al., 2001). 
Niklaus et al. (2001) suggest that natural communities may not increase productivity under 
elevated CO2 due to limitations by nutrient and water availability, and possibly due to differences 
in traits between crops and wild plants.  

Mitchell et al. (2003) concluded that elevated CO2 can increase leaf longevity of C3 
plants (such as A. stolonifera), which in turn may increase foliar fungal disease severity. Elevated 
CO2 can decrease foliar nitrogen concentration in C3 grasses (Reich et al., 2001), which may 
increase grass disease symptoms (Mitchell et al., 2003). Contrasting evidence suggests that by 
increasing net photosynthesis in C3 plants (Wand et al., 1999), elevated CO2 can enhance plant 
resistance to infection by fungal pathogens, thus decreasing disease severity (Hibberd et al., 
1996). Morphological changes in plants under elevated CO2, such an increase in stomatal density, 
may favour pathogen infection, and the mutation and selection of plant pathogens and the 
consequent development of new strains have also been predicted (Lake and Wade, 2009). 
Overall, shorter periods of snow cover, more frequent temperature fluctuations, increased average 
temperature, elevated CO2, less photosynthetically-active radiation due to cloudy periods, plus 
unsuitable cold-hardening conditions and fluctuating temperatures will have variable effects on 
plant growth and distribution, winter survival, and plant disease (Bélanger et al., 2002; Tronsmo, 
2013). Future work is needed to determine the interactive effects of predicted climate changes.  
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Table 3.1 Effect of CO2 on foliar fungal plant diseases. 
Plant species Pathogen species Disease 

type 
CO2  

concentrations 
Disease under 
elevated CO2 

Reference 

Spartina patens 
(Aiton) Muhl 

Puccinia sparganioides 
Ellis & Barthol. 

Foliar rust Ambient/  
ambient +340 ppm 

83% increase Thompson and 
Drake, 1994 

Triticum 
aestivum L. cv. 
Turbo 

Puccinia recondita f. sp. 
Tritici Dietel & Holw 

Foliar rust 374-380 ppm/ 
611- 615 ppm 

8-64% increase Tiedemann and 
Firsching, 2000 

Triticum 
aestivum 

Fusarium 
pseudograminearum 
O'Donnell & Aoki 

Crown rot 546-550 ppm/ 
720-960 ppm 

3-51% increase Melloy et al., 
2010 

Gossypium 
hirsutum L. 

Rhizoctonia solani Damping off 370 ppm/ 
550 ppm 

16% increase Runion et al. 
1994 

Gossypium 
hirsutum 

Aspergillus spp. Mold 370 ppm/ 
550 ppm 

No change Runion et al. 
1994 

Hordeum  
vulgare 

Erysiphe graminis DC. Powdery 
mildew 

350 ppm/ 
700 ppm 

21% reduction Hibberd et al., 
1996 

Scirpus olneyi A. 
Gray 

Puccinia sparganioides 
Ellis & Barth 

Foliar rust Ambient/ 
ambient +340 ppm 

22% reduction Thompson and 
Drake, 1994 

Stylosanthes 
scabra Vog. 

Colletotrichum 
gloeosporioides (Penz.) 
Penz. & Sacc. 

Leaf spot Ambient/ 
700 ppm 

42% reduction Chakraborty et 
al., 2000 

Pinus taeda L. Fusarium circinatum 
Nirenberg & O'Donnell 

Canker 360 ppm/ 
720 ppm 

50% reduction Runion et al., 
2010 

Pinus taeda Cronartium quercuum 
(Berkeley) Miyabe ex 
Shirai f.sp. fusiforme 

Gall rust 360 ppm/ 
720 ppm 

43-74% reduction Runion et al., 
2010 

Quercus rubra L Cronartium quercuum f.sp. 
fusiforme 

Foliar rust 360 ppm/ 
720 ppm 

30-800% reduction Runion et al., 
2010 

Triticum 
aestivum 

Erysiphe graminis 
 

Powdery 
mildew 

350 ppm/ 
700 ppm 

4-17% reduction Thompson et al., 
1993 
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Table 3.2 Turfgrass cultivars used in all experiments. 
Species Cultivar Company 
Agrostis stolonifera Alpha Simplot, USA 
A. stolonifera Cato Pickseed, Canada 
A. stolonifera CY-2 DLF Trifolium, Denmark 
A. stolonifera Declaration Lebanonturf, USA 
A. stolonifera Focus Pickseed, Canada 
A. stolonifera Independence Innoseeds, Norway 
A. stolonifera Kingpin Proseeds, USA 
A. stolonifera L93 Simplot, USA 
A. stolonifera Mackenzie Pickseed, Canada 
A. stolonifera OO7 Seed Research, USA 
A. stolonifera PennA4 Pennsylvania State University, PA, USA 
A. stolonifera Penncross Pennsylvania State University, PA, USA 
A. stolonifera T1 Simplot, USA 
A. stolonifera Tyee Seed Research, USA 
A. stolonifera V8 Simplot, USA 
Agrostis capillaris Greenspeed DLF Trifolium, Denmark 
A. capillaris Leirin Graminor, Norway 
Agrostis canina Nordlys Graminor, Norway 
A. canina Villa DLF Trifolium, Denmark 
Poa annua  Wild seed lot Not cultivated, Canada 
P. annua LaBelle Transplants propagated from Quebec golf course 
 
 
 
Table 3.3 Disease rating of three creeping bentgrass cultivars grown in cone-tainers inoculated 
with various amounts of M. nivale inocula.  
 Disease rating of creeping bentgrass cultivars by amount of inocula  
 Percent Yellowing Percent Mycelium Coverage 

Cultivar 0.002 g 0.01 g 0.05 g 0.5 g LSD 
(p<0.05) 0.002 g 0.01 g 0.05 g 0.5 g LSD 

(p<0.05) 
Focus  3a 3 20 60 6 0 3 25 78 21 
King 8 25 40 45 25 8 18 30 80 27 
PennA4 5 3 30 55 11 1 5 45 70 31 
Mean 5 10 30 53 11 3 8 33 76 12 
a Values are averaged from two replicates at seven days post inoculation and were subjected to 
ANOVA analysis and Fisher’s protected Least Significant Difference (LSD) test (p<0.05). 
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Table 3.4 Disease ratings of creeping bentgrass cv. Penncross treated with various amounts of 
Civitas + Harmonizer (C+H), and inoculated with M. nivale.  
  Percent yellowing by days post inoculation 

 Inoculated  Non-inoculated 
Treatment 3 5 7 14 3 5 7 14 
Water  1a 2 10 15   0 b 0 0 0 
0.25 ml C+H 2 3 11 20 0 0 0 0 
1.0 ml C+H 1 2 4 9 0 0 0 0 
3.0 ml C+H 0 2 8 7 0 0 0 0 
LSD (p<0.05) 1 2 7 8 0 0 0 0 

a Values are averaged from five replicates for inoculated treatments and were subjected to 
ANOVA analysis and Fisher’s protected Least Significant Difference (LSD) test (p<0.05). 
b Values are averaged from two replicates for non-inoculated treatments and were subjected to 
ANOVA analysis and Fisher’s protected Least Significant Difference (LSD) test (p<0.05). 
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Table 3.5 Percent yellowing of turfgrass cultivars inoculated with M. nivale in 15-ml glass vials, 
incubated at 10°C or 20°C over time. 
 Percent yellowing under two temperatures by days post inoculation  
  Percent Yellowing Percent Mycelium Coverage 
 20°C 10°C 20°C 10°C 
 Cultivar 1 2 3 4 5 6 7 3 6 9 12 15 1 2 3 4 5 6 7 3 6 9 12 15 
Alpha  1a  3b 8 18 28 40 47 0 6 16 34 44 1 4 5 9 26 14 16 3 15 21 27 32 
Cato 0 1 6 15 25 39 47 0 6 25 36 50 1 3 6 10 22 15 18 4 17 23 32 35 
CY2 0 2 8 19 28 42 52 0 6 21 41 56 1 3 5 11 18 14 18 2 11 17 25 28 
Declaration 1 4 10 18 29 41 49 1 10 23 41 53 1 6 12 16 25 23 27 5 15 24 31 34 
Focus 1 2 10 20 28 35 43 0 7 17 30 38 2 7 12 16 18 20 23 3 11 16 22 25 
Greenspeed 1 3 7 15 22 34 41 0 6 20 27 43 1 5 9 12 17 18 25 3 12 23 33 41 
Independence 0 1 8 15 24 32 38 2 10 19 35 46 1 6 12 12 14 21 24 5 16 21 29 35 
Kingpin 0 2 7 14 23 39 50 0 7 17 29 45 1 2 5 8 14 13 17 2 7 16 22 29 
Leirin 2 7 13 20 27 41 53 2 11 25 34 49 2 8 16 20 13 32 37 5 14 30 39 45 
Mackenzie 0 2 10 19 29 39 47 0 8 24 35 52 1 4 7 9 13 14 16 4 14 21 27 32 
Nordlys 0 1 7 13 22 35 52 0 6 19 28 48 1 9 16 17 13 28 30 4 19 29 35 41 
OO7 1 4 9 17 29 41 55 1 9 22 33 51 1 3 7 9 13 16 18 3 11 20 27 31 
PennA4 1 4 10 25 34 51 61 0 5 19 37 53 1 5 7 9 12 15 17 1 8 15 21 27 
Penncross 1 3 10 20 28 41 54 1 7 24 41 54 1 3 7 12 12 17 19 2 10 18 28 32 
Poa annua 1 3 8 14 27 36 45 1 12 32 48 65 1 6 10 12 11 16 15 3 16 26 32 38 
T1 1 2 6 14 19 30 41 0 4 15 32 43 1 2 5 7 11 14 20 2 9 17 26 32 
Tyee 0 3 8 14 23 33 42 0 5 12 25 37 1 4 8 11 11 14 15 3 10 14 18 20 
Villa 0 3 8 15 22 31 45 1 7 20 28 48 1 6 10 16 10 31 37 4 18 29 37 43 
LSD(p<0.05) 1 3 5 8 10 10 11 1 4 8 9 11 1 3 5 6 7 8 9 2 6 9 10 11 
aMeans highlighted with grey are in the grouping with the lowest amount of disease symptoms 
per column, based on ANOVA analysis, and Fisher’s protected Least Significant Difference 
(LSD) test (p<0.05). 
bValues are recorded as the mean of five repeated trials, which each had five replicates of each 
grass type. 
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Table 3.6 Disease rankings based on yellowing of turfgrass cultivars inoculated with M. nivale in 
15-ml glass vials. The cultivars were ranked from low disease (low rank) to high in each repeated 
experiment.  
  Ranking of percent yellowing by temperature 
Cultivar Species 20ºC  10ºC 
Annual bluegrass P. annua  a 16.6  A 8.0  AB 
CY2 A. stolonifera 14.6  AB 12.5  AB 
PennA4 A. stolonifera 14.3  ABC 13.3  AB 
Penncross A. stolonifera 13.3  ABCD 13.5  AB 
Declaration A. stolonifera 13.0  ABCDE 6.8  AB 
Mackenzie A. stolonifera 12.0  ABCDEF 9.7  AB 
Alpha A. stolonifera 9.6  BCDEFG 7.0  AB 
Cato A. stolonifera 10.1  BCDEFG 7.3  AB 
OO7 A. stolonifera 9.4  BCDEFG 14.5  A 
Leirin A. capillaris 8.4  CDEFG 12.2  AB 
Independence A. stolonifera 7.6  DEFG 5.3  B 
Nordleys A. canina 7.1  DEFG 12.8  AB 
T1 A. stolonifera 7.0  EFG 8.7  AB 
Villa A. canina 6.9  EFG 7.8  AB 
Tyee A. stolonifera 6.5  FG 6.0  AB 
Focus A. stolonifera 4.1  G  9.0  AB 
Greenspeed A. capillaris 5.4  G  6.7  AB 
KingPin A. stolonifera 5.1  G  9.8  AB 
Least significant difference (p<0.05)  6.1     8.8    
a Ranking is based on average percent yellowing at 15 days post inoculation, with 3 replicated 
experiments for 20ºC, and average percent yellowing at 7 days post inoculation, with 4 replicated 
experiments for 10ºC, and subjected to ANOVA analysis, and Fisher’s protected Least 
Significant Difference (LSD) test (p<0.05). Values with a letter in common are not significantly 
different within column. 
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Table 3.7 Percent yellowing of creeping bentgrass cultivars inoculated with M. nivale incubated 
at various temperatures. Values with a letter in common are not significantly different within 
within inoculation treatment.  
 Percent yellowing of bentgrass cultivars at several pre-inoculation 

temperatures  
  Inoculated Non-inoculated 
Cultivar 4°C 10°C 15°C 20°C 4°C 10°C 15°C 20°C 
Alpha   25a 17 13 45 0 0 0 0 
Focus 4 22 22 50 0 0 0 0 
Penncross 28 31 27 37 0 0 0 2 
Tyee 14 26 17 22 0 0 0 1 
Column LSD (p<0.05) 20 23 18 27 0 0 0 4 
Temperature Mean 18 B 24 B 20 B 39 A 0 A 0 A 0 A 1 A 
aMeans are based on five replicates, nine days after inoculation and subjected to ANOVA 
analysis, and Fisher’s protected Least Significant Difference (LSD) test (p<0.05). 
 
 
 
 
 
Table 3.8 Percent yellowing of creeping bentgrass cultivars incubated under two pre-inoculation 
temperature regimes, then inoculated with M. nivale.  

  Percent yellowing of bentgrass cultivars at under two pre-inoculation 
temperature regimes 

 Inoculated Non-inoculated 
Cultivar 20°C Constant  Fluctuation 20°C Constant  Fluctuation 
Alpha  33a 60 3 7 
Cato 28 72 2 3 
Focus 73 47 3 8 
Independence 53 72 3 7 
Kingpin 35 40 7 3 
Mackenzie 20 52  8b 2 
OO7 75 48 5 50 
Penncross 63 67 27 27 
PennA4 60 77 3 10 
Poa annua 75 68 8 8 
T1 37 93 28 20 
Tyee 85 32 17 10 
Column LSD (p<0.05) 31 57 18 12 
Temperature Mean 53  60  10  13  
a Values were calculated as an average of five replicates twelve days after inoculation. 
b Grey shaded boxes indicate significance at p<0.05 between constant temperature treatment and 
fluctuation based on ANOVA analysis, and Fisher’s protected Least Significant Difference 
(LSD) test (p<0.05). 
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Table 3.9 Effect of a resistance activator on turfgrass cultivars in cone-tainers treated with Civitas 
+ Harmonizer or water and inoculated with M. nivale, under two temperature regimes. Values 
with a letter in common are not significantly different within experiment.  

 
Percent yellowing of turfgrass cultivars  

inoculated with M. nivale by treatment at 9 DPI 
Percent (%) 

disease 
suppression by 

Civitas + 
Harmonizer 

 
Water Civitas + Harmonizer 

Cultivar 10°C 20°C 10°C 20°C 10°C 20°C 
Experiment A       
     Alpha  18a B 40A 0C 8BC   100b  79c 
     Focus 32AB 47A 5B 22AB 84 54 
     Independence 50A 58A 18A 30A 63 49 
     Penncross 10B 23A 2B 7B 77 71 
     Poa annua 12A 18A 7A 12A 43 36 
     T1 20B 60A 2B 10B 92 83 
     Tyee 17B 45A 3B 12B 80 74 
Column LSD (p<0.05) 40 37 19 16   
Temperature Mean 23 B 42 A 5 C 14 BC 77 64 
Experiment B       
     Cato 5B 96A 2B 85A 67 12 
     Kingpin 5C 88A 3C 70B 33 20 
     L93 5C 100A 3C 50B 33 50 
     Mackenzie 5C 93A 2C 30B 67 68 
     OO7 8C 97A 2C 50B 80 48 
     PennA4 13C 90A 2C 60B 88 33 
     V8 2B 57A 2B 57A 0 24 
Column LSD (p<0.05) 12 29 5 37   
Temperature Mean 6 C 92 A 2 C 58 B 53 37 

a Means are based on three replicates at 9 days post inoculation and subjected to ANOVA 
analysis, and Fisher’s protected Least Significant Difference (LSD) test (p<0.05). 
b Percent suppression is calculated as ((mean water treatment – Civitas treatment)/mean water 
treatment) x 100%, with three replicates. 
c Grey shaded boxes indicates significance at p<0.05 between 10°C and 20°C treatments based on 
ANOVA analysis, and Fisher’s protected Least Significant Difference (LSD) test (p<0.05). 
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Table 3.10 Effect of photoperiod on turfgrass cultivars inoculated with M. nivale treated with 
water or Civitas + Harmonizer (C+H). The inoculated cone-tainers were maintained at 10°C 
under 8 h light/16 h dark or 12 h light/12 h dark.  

  
Percent yellowing of turfgrasses 5 days after inoculation with M. nivale, 
treated with water or C+H, incubated at 10°C under two photoperiods 

 Water  Civitas + Harmonizer 
Cultivar 8 h light 12 h light 8 h light 12 h light 
Alpha  1.3a 5.7 0.3 4.0 
Focus 1.5 22.0 1.0 8.0 
Penncross 1.3 7.3 0.8 2.3 
Poa annua 2.0  33.0b 1.0 13.0 
T1 0.8 3.0 1.0 2.7 
Tyee 3.3 4.7 0.5 0.7 
LSD (p=0.05) 2.2 20.0 1.4 9.7 
Treatment Mean 1.8 8.6 0.8 5.2 
a Average percent yellowing is based on up to 4 replications at 5 days post inoculation and 
subjected to ANOVA analysis, and Fisher’s protected Least Significant Difference (LSD) test 
(p<0.05). 
b Grey shaded boxes indicate significant increase in percent yellowing under 12 h light 
photoperiod conditions based on ANOVA analysis, and Fisher’s protected Least Significant 
Difference (LSD) test (p<0.05). 

 
Table 3.11 Effect of treatment with Civitas + Harmonizer on turfgrass cultivars inoculated with 
M. nivale at 400 or 800 ppm CO2.  

  

Mean percent disease suppression where Civitas + Harmonizer was 
first applied and then M. nivale was inoculated 7 d later, and 

yellowing was rated several days after inoculation (dpi) at two CO2 
concentrations 

 400 ppm 800 ppm 
Cultivar 7 dpi 9 dpi 15 dpi 21 dpi 7 dpi 9 dpi 15 dpi 21 dpi 
Alpha -10a -21 48b 38 0 53 50 10 
Focus 11 15 33 6 36 72 80 66 
Independence -10 -23 73 23 18 46 94 -115 
LaBelle 12.0 69 37 40 40 56 67 -58 
Leirin -17 32 92 21 5.9 -15 151 48 
Penncross -76 80 84 34 34 56 96 -30 
T1 -112b 74 79 45 4.2 38 89 21 
Tyee 15 30 79 28 23 -16 79 51 
Average 2 32 68 29 20 36 88 -0.8 
Cultivar LSD (p=0.05) 94 82 38 102 58 76 37 85 
a Means were calculated as (Adjusted Inoculated Yellowing - Treatment Yellowing)/(Adjusted 
Inoculated Yellowing) where Inoculated Yellowing was adjusted for basal yellowing in the 
non-inoculated control, and are based on up to 8 replications for 7, 8 and 15 days post 
inoculation, and up to 4 replications for 21 days post inoculation. Means were subjected to 
ANOVA analysis, and Fisher’s protected Least Significant Difference (LSD) test (p<0.05).   
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b Dark shaded boxes are significantly less than 0, and light shaded boxes are significantly 
more. 

Table 3.12 Effect of CO2 on turfgrass cultivars inoculated with M. nivale treated with Civitas + 
Harmonizer or water, at 400 or 800 ppm CO2.  
  Adjusted percent yellowing of turfgrass 

cultivars treated with Civitas + Harmonizer or 
water under 400 or 800 ppm CO2 

Percent (%) 
disease 

suppression by 
Civitas + 

Harmonizer 

 

 Water C+H 

Cultivar 400 800 400 800 400 800 
Alpha   39a 14   20c 6.9 48 50  
Focus 43 26 29 5.3 33 80b  
Independence 45 27 12 1.8 73 94  
LaBelle 43 29 27 9.5 47 65  
Leirin 38 11 2.9 0.0 92 100b  
Penncross 32 19 5.1 0.7 84 96  
T1 35 14 7.4 1.5 79 89  
Tyee 42 23 8.9 4.9 79 79  
Average 40 20 13 3.1 67 88b  
Treatment LSD (p=0.05) 18 17 15 6.8 38 37  
a Yellowing was adjusted for basal yellowing in the non-inoculated control, calculated as 
(Inoculated Treatment yellowing - Mean Non-inoculated yellowing) and are based on up to 4 
replications with yellowing assessed 15 days after inoculation. Means were subjected to 
ANOVA analysis, and Fisher’s protected Least Significant Difference (LSD) test (p<0.05). 
b Indicates difference in suppression between 400 and  800 ppm. 
c Grey shaded boxes indicate significant suppression of yellowing by Civitas + Harmonizer 
based on ANOVA analysis, and Fisher’s protected Least Significant Difference (LSD) test 
(p<0.05). 

 
Table 3.13 Ranking of turfgrass cultivars based on yellowing at 400 or 800 ppm CO2, treated 
with Civitas + Harmonizer (C+H) or water. The average yellowing of the cultivars were ranked 
from low disease (low rank) to high.  
  Rank of turfgrass cultivars inoculated with M. nivale 

under two CO2 concentrations by treatment Average rank 
  400 ppm 800 ppm 

Cultivar Water C+H Water C+H 
Leirin 3 1 1 1  1.5a  
Penncross 1 2 4 2 2.3 
T1 2 3 3 3 2.8 
Alpha 4 6 2 7 4.8 
Tyee 5 4 5 5 4.8 
Independence 8 5 7 4 6.0 
Focus 6 8 6 6 6.5 
LaBelle 7 7 8 8 7.5 
a Values are recorded as the mean the four treatments for each grass type.  
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Figure 3.1 Example of percent yellowing rating scale. 

 
 
Figure 3.2 Temperature treatments for the cold hardening experiment. 
 Initial Growth Temperature Treatments Rating 
Treatment Wk 1 Wk 2 Wk 3 Wk 4 Wk 5 Wk 6 Wk 7 Wk 8 
20°C         
15°C         
10°C         
4°C          
  22°C, 12 h light /20°C,12 h dark,  
  17°C, 12 h light light /13°C, 12 h light dark 
  10°C, 12 h light light /8°C, 12 h light dark 
  5°C, 12 h light light /3°C, 12 h light dark 
  Inoculation after week 5 

 
 
Figure 3.3 Temperature treatments for temperature fluctuation experiment. 
 Initial Growth Temperature Treatments Rating 
Treatment Wk 1 Wk 2 Wk 3 Wk 4 Wk 5 Wk 6 Wk 7 
20°C Constant         
Fluctuation         
  20°C, 16 h light/8 h dark 
  10°C, 8 h light/16 h dark 
  Inoculation after week 5 

 
 



 60 

Chapter 4 Effect of Resistance Activators on the Biochemical 
Response of Turfgrasses to Microdochium nivale under Current and 

Elevated CO2 Concentrations 
4.1 Introduction 

The possible stress effects on plants caused by climate change are of increasing concern. 
Atmospheric CO2 levels are rising; in the most extreme emission scenario the CO2 concentrations 
will reach 800 ppm by the year 2080 (IPCC, 2013). Northern temperate zone locations such as 
Canada and northern Europe may experience temperature increases of 1.5-4.0°C within the next 
50 years. The predicted temperature fluctuations could result in less stable snow cover during 
winter (Feltmate and Thistlethwaite, 2012). These changes have the potential to alter plant 
growth and susceptibility to microbial pathogen attack (Garrett et al., 2006; Huang et al., 1998; 
Rodriguez et al., 2005).  

Plant biomass can be separated into the following biochemical fractions: lipids, lignin, 
soluble phenolics (tannins, flavonoids), organic nitrogen compounds (protein, DNA, RNA, and 
amino acids), structural carbohydrates (cellulose, hemicellulose, and pectin), nonstructural 
carbohydrates (glucose, fructose, sucrose, fructan, and starch), organic acids, and minerals 
(Poorter and Villa, 1997). Plants are sessile and their responses to changing environment and/or 
to biotic stress rely mainly on the adaptation of their metabolic processes to face the stresses. 
Amino acids and amides are the first stable products of inorganic nitrogen (N) assimilation from 
the soil (Padgett and Leonard, 1996), while carbon (C) derived from CO2 is incorporated into 
carbohydrates via photosynthesis. Thus, understanding the metabolism of C and N compounds in 
response to stress is important to understand the underlying mechanisms of plant stress 
resistance. Changes in the concentration of total amino acids, or of certain specific amino acids, 
are involved in the regulation of many chemical reactions and in nitrogen metabolism within 
plants (Barneix and Causin, 1996). Soluble sugars (sucrose, glucose, and fructose) are also highly 
sensitive to environmental and biotic stresses (Rosa et al., 2009) and are involved in adaptive 
plant responses.  

4.1.1 Plant stress responses – changes in amino acids 
Plants assimilate inorganic N into glutamine, glutamic acid, aspartic acid, and asparagine 

(Weber et al., 1995). These compounds are used to transfer N from source to sink tissues and to 
build up reserves for subsequent uses in response to stress conditions (Pavlíková et al., 2012). 
Most of these amino acids will donate their N for the synthesis of other amino acids involved in 
defense processes (Pavlíková et al., 2012). Changes in the concentration of total amino acids, or 
of certain specific amino acids, are involved in the regulation of many chemical reactions and 
nitrogen metabolism within plants (Barneix and Causin, 1996). For instance, proline has been 
suggested for use as an indicator of the tolerance or sensitivity of plants to various stresses such 
as drought, salinity, and extreme temperatures (Liu and Zhu, 1997; Molinari et al., 2007; 
Mwadzingeni et al., 2016). Proline is an organic osmolyte and, under osmotic stress, proline 
accumulation is mainly a result of de novo synthesis from glutamate (Delaney and Verma, 1993). 
Water stress causes increased proline in various grasses (Barker et al., 1993; Man et al. 2011) and 
salt stress causes increased proline in Arabidopsis (Liu and Zhu, 1997). Increased proline has 
been linked to improved drought tolerance in barley, and is correlated with reduced membrane 
injury (Bandurska, 2000). Drought, heat, and microbial pathogen invasion also cause the 
accumulation of free amino acids, including proline, which is thought to function in stress 
adaptation (Barker et al., 1993; Liu and Zhu, 1997; Man et al., 2011). It has been suggested that 
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some amino acids are converted into secondary metabolites for defense (Malik et al., 2014). 
Increases in serine, methionine, isoleucine, histidine and arginine have been documented in 
response to heat stress in spring wheat (Behl et al., 1991) and an increase in isoleucine in 
Arabidopsis was observed when inoculated with a bacterial pathogen (Ward et al., 2010), 
although the inoculation of Arabidopsis with a fungal pathogen resulted in decreased levels of 
serine, methionine and arginine (Less et al., 2011).  

Amino acids also play a role in cold hardiness and cold acclimation of plants. Certain 
plants may accumulate arginine, proline, or a combination of both in response to winter 
temperatures (Sagisaka and Araki, 1983). Three cool-season turfgrasses (Agrostis stolonifera, 
Poa pratensis L., and Lolium perenne L.) exhibited increased soluble phenolics and antioxidant 
activity after exposure to a cold acclimation period, and a positive correlation between phenolic 
content and proline-associated pentose phosphate activity was found, which is indicative of a 
shift from the energy-consuming tricarboxylic cycle to the alternative energy-efficient proline-
associated pentose phosphate pathway to induce higher cold stress tolerance (Sarkar, 2009). In 
another study, an accumulation of proline, glutamine, and glutamic acid in annual bluegrass 
crowns was observed after exposure to subfreezing temperatures (Sarkar et al., 2009), which 
suggests a possible function of proline is as a natural cryoprotectant. High phenolic clonal lines 
of cool-season turfgrasses exhibited higher antioxidant activity and greater fitness during cold 
stress, and a strong association between proline synthesis and pentose phosphate pathway 
stimulation was found when exposed to abiotic stresses (Sarkar, 2009).  

4.1.1.2 Carbohydrate stress responses 
Soluble sugars function as metabolic resources, structural constituents of cells, and as 

regulation signals for various processes associated with growth, development, and stress response 
(Loreti et al., 2001). Sugar signaling pathways interact with stress-induced pathways into a 
complex network which regulates growth- and stress-related gene expression (Ho et al., 2001). 
Abiotic stresses, such as drought, salinity, low temperature, and flooding, may increase soluble 
sugar concentrations, while high light irradiance, heavy metals, nutrient shortage and ozone 
typically decrease sugar concentrations (Rosa et al., 2009). In wheat (Triticum aestivum), the 
majority of water-soluble sugars that accumulate during cold-hardening are fructans which are 
polymers of fructose (Yoshida et al., 1998). Fructans are the main carbon sources for survival 
under persistent snow cover and for spring regrowth until sufficient photosynthesis can be 
resumed (Yukawa and Watanabe, 1991). Yukawa and Watanabe (1991) demonstrated a positive 
relationship between fructan concentration and cold hardiness in winter wheat.  
4.1.2 CO2 effects on plant biochemistry 
 Plants generally demonstrate higher photosynthetic rates rates in response to elevated 
atmospheric CO2 concentration, which results in higher annual net primary production (Chen et 
al., 1996). The direct mode of action of CO2 concentration on the metabolism of organic and 
amino acids in plant tissue is unclear, and sometimes contradictory effects have been reported 
(Weichmann, 1986). This is likely due to differences between studies in temperature, CO2 levels, 
and duration of exposure. Elevated CO2 typically results in increased leaf C:N ratio, total leaf 
area, proportion of nonstructural carbohydrates, and allocation to phenolic compounds (Zavala et 
al., 2008; Zvereva and Kozlov, 2006).  

Free air carbon dioxide enrichment (FACE) systems have been used in several studies to 
determine the effect of elevated CO2 in field settings. Chemical analysis of soils in three forest 
communities using a FACE system revealed increases of total soluble sugars, total soluble 
phenolic acids, and increased aspartic acid concentrations in the elevated CO2 (ambient vs. 
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ambient + 200 ppm CO2) treatment (Johnson and Pregitzer, 2007). Top (2015) showed that 
elevated CO2 (Ambient vs. 550 ppm CO2) resulted in decreased concentration of total amino 
acids in the leaf litter of a mixed deciduous forest, but no change in the proportion of specific 
amino acids. Wroblewitz et al. (2014) demonstrated that corn grain sugar concentration increased 
significantly under elevated CO2 from 19.9 to 24.8 g kg−1 dry mass (380 ppm vs. 550 ppm CO2), 
although there were no effects on the other nutrients and amino acids measured. Högy et al. 
(2010) demonstrated that oilseed rape exhibited increased seed yield, reduced proteinogenic 
amino acids (asparagine/aspartic acid, glycine, alanine, cysteine, valine, isoleucine, and leucine) 
while glutamine, glutamic acid, and methionine tended to decrease in the elevated CO2 treatment, 
resulting in higher carbon/nitrogen ratios (388 ppm vs. 494 ppm CO2), as well as in an altered 
composition of fatty acids. Proteinogenic amino acids decreased by 4.2 to 7.9% in the elevated 
CO2 (ambient plus 150 ppm CO2) treatment in spring wheat (Triticum aestivum, cultivar Triso) 
grown in a FACE system (Högy et al., 2013). Högy and Fangmeier (2009) grew potatoes 
(Solanum tuberosum L.) in an open-top chamber under 554 and 672 ppm CO2, and reported that 
the concentrations of glucose and fructose were positively related to CO2 levels, whereas 
significant negative relationships between CO2 treatments and concentrations of leucine, 
phenylalanine, methionine, histidine, and aspartic acid were observed. CO2 concentration may 
also have an effect on the plant-pathogen relationship. For instance, elevated CO2 (ambient 
compared to 550 ppm CO2) increased the susceptibility of soybean plants grown under field 
conditions to the invasive Japanese beetle (Popillia japonica Newman) and western corn 
rootworm (Diabrotica virgifera virgifera LeConte) by down-regulating gene expression related 
to defense signaling genes related to the signaling hormones JA and ethylene (Zavala et al., 
2008).  

Greenhouses and growth rooms have also been used to study the effect of CO2 on plant 
biochemistry. In greenhouses maintained at 400 or 1000 ppm CO2, Azam et al. (2013) 
determined that sugars, fibre, fatty acids (linoleic acid, linolenic acid, and palmitic acids) and 
amino acids of carrot, radish, and turnip decrease under elevated CO2. In barley (Hordeum 
vulgare L.), Sicher (2008) observed a decrease in soluble amino acids in response to elevated 
CO2 (355 ppm compared to 987 ppm), and an overall decrease in total soluble amino acids over 
time. Significant declines of glutamine and asparagine were observed under elevated CO2, both 
diurnally and with advancing leaf age, and total soluble amino acids were 59% lower in the 
elevated CO2 treatment 17 days after sowing (Sicher, 2008).  
In studies on grasses looking specifically at sugar concentrations in response to atmospheric CO2 
concentrations, it has been found that elevated CO2 resulted in increases in fructan and sucrose 
content without affecting the total carbohydrate content (TNC) (AbdElgawad et al., 2014). 
Watling and Press (1998) reported that the hemi-parasite purple witchweed (Striga hermonthica) 
grown under 700 ppm CO2 had higher concentrations of soluble sugars compared to ambient CO2 
levels, although there was no effect on the host plant soft lovegrass (Eragrostis pilosa [L.] P. 
Beauv.). Kentucky bluegrass (Poa pratensis) grown under elevated CO2 had a significantly 
higher glucose (by 144%), sucrose (by 55%), fructose (by 80%) and mannobiose (by 254%), 
when compared to ambient CO2 conditions (Song et al., 2014). The positive effects of elevated 
CO2 on Kentucky bluegrass growth may be due to the stimulation of leaf net photosynthetic rate 
and/or the suppression of respiration rate, leading to the accumulation of soluble sugars and TNC 
(Song et al., 2014). 
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4.1.3 Plant responses to pathogen inoculation: metabolic changes 
Plant defence against microbial pathogens is regulated by distinct amino acid metabolic 

pathways (Zeier, 2013). For example, aspartic acid oxidation and the consequent formation of 
pyridine nucleotides is an important plant immunity response to pathogen invasion (Macho et al., 
2012; Zhang and Mou, 2009). In addition, the catabolism of proline by proline dehydrogenase is 
a defence response that leads to the accumulation of reactive oxygen species, and results in 
hypersensitive cell death and disease resistance (Cecchini et al., 2011). Mutations in amino acid 
biosynthetic pathways can impact specific pathogen resistance. For instance, changes in 
homoserine or threonine accumulation can elevate plant immunity to oomycetes, but not to other 
bacterial or fungal pathogens (Zeier, 2013).  

Amino acids can act as precursors for antimicrobial defense compounds, such as 
phytoalexins that accumulate following pathogen inoculation (Bednarek and Osbourn, 2009; Van 
Etten et al., 1994). Amino acids can be bonded to glucose to produce glucosinolates, which are 
commonly synthesized and stored in healthy crucifer plants; the subsequent hydrolysis of 
glucosinolates is linked to insect resistance and microbe-associated defense responses (Clay et 
al., 2009). Glucosinolates can be stored in plant cells and converted into antimicrobial agents in 
response to pathogen attack (Morrissey and Osbourn, 1999). Cyanogenic glycosides, which are 
synthesized from amino acid precursors, are broken down to release hydrogen cyanide as a 
defense mechanism that protects plants against pathogens and herbivores (Morrissey and 
Osbourn, 1999). In addition, Návarová et al. (2012) reported that Arabidopsis plants inoculated 
with a bacterial pathogen exhibited enhanced production of the non-protein amino acid pipecolic 
acid in locally-infected leaves, and suggest that this compound is a critical regulator of inducible 
plant immunity. The non-protein amino acid ß-aminobutyric acid (BABA), is able to induce 
resistance in Arabidopsis plants through the priming of defence signalling pathways dependent 
on salicylic acid and abscisic acid (Jakab et al., 2006) 

The formation of acetylated amino acids and phytohormone-amino acid conjugates can 
regulate plant defense signaling and pathogen resistance (Vogel-Adghough et al., 2013). The 
plant hormone jasmonic acid can be activated for optimal signaling to regulate stress responses 
by conjugation to the amino acids isoleucine, valine, leucine, and phenylalanine (Staswick and 
Tiryaki, 2004). Auxin, another plant hormone, is commonly involved in the regulation of plant 
growth and development but also modulates defense responses (González-Lamothe et al., 2012). 
González-Lamothe et al. (2012) presented evidence that microbial plant pathogens hijack the host 
auxin metabolism in Arabidopsis thaliana, leading to the accumulation of a conjugated form of 
the hormone, auxin indole-3-acetic acid–aspartic acid, to promote disease development.  
Plants can respond to microbial invasion by the accumulation of certain amino acids. A grass 
(Poa pratensis) inoculated with Drechslera sorokiniana (Sacc.) Subram. & B.L. Jain 
demonstrated a positive correlation between disease symptoms and proline amounts, suggesting a 
role of proline in disease development in perennial grasses (Robinson and Hodges, 1977). A 
mutant Arabidopsis plant that demonstrated decreased amounts of proline also exhibited 
increased resistance to various fungal and bacterial pathogens (Pseudomonas syringae, 
Colletotrichum higginsianum Sacc., and Erysiphe cichoracaerum DC.) (Liu et al., 2010). P. 
pratensis exhibited a positive relationship between glutamic acid concentrations and disease 
symptoms when inoculated with D. sorokiniana (Robinson and Hodges, 1977). However, a 
decrease in glutamic acid was observed in Arabidopsis plants infected with a fungal pathogen 
(Less et al., 2011). Decreased amounts of lysine and glycine have been linked to a plant defence 
response in Arabidopsis (Less et al. 2011), and a mutant Arabidopsis plant which demonstrated 
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decreased amounts of glutamine and glycine also exhibited increased resistance to various fungal 
and bacterial pathogens; the cellular glutamine depleted soon after infection and may have been 
caused by the oxidative burst triggered by the pathogen invasion (Liu et al., 2010). Liu et al. 
(2010) suggest that glutamine may be linked to disease resistance and that the depletion of 
cellular amino acids enhances host defence responses. Tyrosine, valine, and tryptophan 
concentrations increased in Arabidopsis inoculated with a bacterial pathogen while levels of 
glutamate and aspartate decreased in comparison with non-inoculated plants (Less et al., 2011; 
Ward et al., 2010). Ward et al. (2010) suggested that type III effectors reconfigure the host 
metabolism by altering the amount of free amino acids, increasing the amount of isoleucine, 
threonine, alanine, phenylalanine, and glutamine in inoculated plants compared to plants 
inoculated with avirulent pathogen strains, to provide suitable nutritional resources. When 
inoculated with a fungal pathogen, Arabidopsis plants up-regulated hormone metabolism and 
transcription regulation associated with abscisic acid, while down-regulating glycolysis, the 
pentose phosphate pathway, mitochondrial electron transport, ATP synthesis, photosynthesis, 
starch and lipid metabolism (Less et al., 2011). 

When resistant plants recognize invading pathogens via elicitor molecules, signal 
transduction pathways are activated that result in the expression of defense response genes 
(Ebrahim et al., 2011). Some of these genes encode the production of pathogenesis related (PR) 
proteins such as chitinases, glucanases, lysozyme-active proteins, or cell wall strengthening 
proteins such as hydroxyproline rich glycoproteins (Ebrahim et al., 2011). The expression of PR 
genes may result in lignification of cell walls or the production of phytoalexins, which are low 
molecular weight toxic chemicals that antagonize the invader (Ebrahim et al., 2011).  
Soluble sugars regulate many genes involved in defense reactions (Herbers et al., 1996). Sugar 
signaling may also be of great importance in plant defence responses under biotic and abiotic 
stresses, and may be linked to priming of plants to show fast and/or strong activation of defence 
responses (Moghaddam and Van den Ende, 2012). In addition, infection of leaf tissues by viruses 
and pathogens may lead to elevated carbohydrate levels (Watson and Watson, 1951) possibly due 
to an export blockage of photoassimilates caused by the intruder (Herbers et al., 1996). For 
instance, yellow lupine (Lupinus luteus L. cv. Polo) inoculated with Fusarium oxysporum 
Schlecht. emend. Snyder & Hansen showed an endogenous increase in concentrations of sucrose, 
glucose, and fructose. Sugars are extensively metabolized, and thus downstream metabolites are 
also potential signaling molecules (Ramon et al., 2008).  

Yoshida et al. (1998) found that cultivars of winter wheat exhibit differential sugar 
metabolism during the winter and that snow mold-tolerant cultivars accumulate fructans in 
response exposure to sub-zero temperatures. Fructan levels of winter wheat inoculated with 
Typhula ishikariensis significantly decreased in response to inoculation (Kawakami and Yoshida, 
2012). The snow mold-resistant wheat cultivar contained more fructans just before snow cover, 
and almost two-fold more fructans on the twentieth day after inoculation than the snow mold-
susceptible cultivar (Kawakami and Yoshida, 2012). If plants such as wheat sustain severe winter 
damage and exhaust their carbohydrate supplies, including fructans, they could lose their capacity 
to regrow after snow melt (Kawakami and Yoshida, 2012). Bertrand et al. (2011) analogously 
demonstrated that fructan content, predominantly highly polymerized fructans, was associated 
with both freezing resistance and snow mold resistance in annual bluegrass.  
4.1.4 Resistance activators and induced resistance to pathogens  

Plants have broad-spectrum defense responses that can be induced locally or systemically 
by external agents or signals (Kuć, 1982). A resistance activator can be a synthetic chemical, a 
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biological inducer, or a naturally occurring compound, that acts on the plant to activate signal 
transduction pathways resulting in increased defence responses and thus disease resistance 
(Thakur and Sohal, 2013). Biological inducers include saprophytes, non-pathogens, and root 
colonizing bacteria (Oostendorp et al., 2001). There are two main pathways for activated 
resistance: systemic acquired resistance (SAR) and induced systemic resistance (ISR) 
(Oostendorp et al., 2001). Induced resistance reduces the impact of future inoculations with 
pathogens so that a normally susceptible plant mimics the genetically resistant cultivars 
(Oostendorp et al., 2001).  
 The SAR signal pathway is generally activated by localized infections with necrotizing 
microbial pathogens (Kuć, 1982). SAR is dependent on salicylic acid and can result in protection 
against a broad range of pathogens by a set of induced proteins (Oostendorp et al., 2001). The 
typical method of induced resistance is via inoculation with a pathogen that results in a 
hypersensitive reaction (van Wees et al., 1997). Salicylic acid is critical in the process of SAR, as 
plants that do not accumulate salicylic acid do not express this form of induced resistance 
(Delaney et al., 1994). In addition, SAR may activate SAR-related genes (Ward et al., 1991), 
including those encoding pathogenesis related (PR) proteins (van Loon, 1985). Plants treated 
with salicylic acid typically express both PR genes and induced resistance (Ward et al. 1991). 
Examples of biological inducers of SAR include local lesion tobacco mosaic virus on tobacco 
(Ross, 1961), tobacco necrosis virus on cucumber (Kuć, 1982), and nonpathogenic races of 
Colletotrichum lindemuthianum (Sacc. & Magnus) Briosi & Cavara on cucumber, watermelon, 
and muskmelon (Kuć, 1982).  
Activation through ISR was first characterized when plants were inoculated with nonpathogenic 
plant growth-promoting rhizobacteria and exhibited elevated disease resistance (Alström, 1991). 
ISR by nonpathogenic rhizobacteria has been reported in several plant species and exhibited 
successful control of bacterial, viral, and fungal diseases (Hammerschmidt and Kuć, 1995; van 
Loon et al., 1998). The mode of action of ISR is not dependent on salicylic acid but instead 
involves jasmonic acid and ethylene responses (Oostendorp et al., 2001). Pieterse et al. (2000) 
demonstrated that rhizobacteria-mediated ISR in Arabidopsis requires sensitivity to jasmonate 
and ethylene, but is not accompanied by an increase in their production. Tobacco plants 
inoculated with Pseudomonas fluorescens (Flügge) Migula exhibited ISR which has been 
associated with PR protein accumulation, which suggests that nonpathogen-induced ISR and 
pathogen-induced SAR may share mechanisms in common (Maurhofer et al., 1994). The 
application of isoparaffins (the active ingredient in Civitas) on creeping bentgrass increased the 
expression of a jasmonate synthesis gene, which encodes for allene oxide synthase (Cortes-Barco 
et al., 2010a). This product can activate jasmonate/ethylene-dependent ISR, and has similar 
effects as beneficial rhizobacteria (Cortes-Barco et al., 2010b). 

There can be drawbacks of applying resistance activators. For instance, under pathogen-
free conditions, applications of BTH in concentrations above 100 mg/l had a significant negative 
effect on plant height, flower and fruit numbers in bean and cucumber plants (Azami-Sardooei et 
al., 2013). Azami-Sardooei et al. (2013) hypothesize that by directly activating defence 
mechanism may result in the plant re-allocating metabolic resources away from growth and 
development. 

4.2 Hypotheses and Objectives  
Hypotheses: 

• Infection by M. nivale affects the concentration of a) amino acids or b) sugars in different 
turfgrass cultivars.  
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• Application of Civitas + Harmonizer to turfgrass plants affects the levels of (a) specific 
amino acids or (b) specific sugars involved in turfgrass resistance to abiotic and biotic 
stresses. 

• Elevated atmospheric CO2 concentration increases sugar concentrations and decrease 
amino acid concentrations in turfgrass. 

 
The general objective of this work was to determine if the application of Civitas + Harmonizer 
resulted in a biochemical reponse for turfgrasses. Specifically, the objectives were: 

• Assess the effects of CO2 (400 ppm vs. 800 ppm), Civitas + Harmonizer, and inoculation 
with M. nivale on free amino acid and soluble sugar composition of eight turfgrass 
cultivars. 

4.3 Materials and Methods 

4.3.1 CO2 growth chamber experiment  
 As described in more detail in Chapter 3, six cultivars of A. stolonifera (Independence, 
Penncross, Focus, Tyee, T1, and Alpha), one cultivar of A. capillaris (Leirin), and one cultivar of 
P. annua (LaBelle) were seeded in square pots and incubated at 20°C, 16 h light/15°C, 8 h dark. 
Pots were equally distributed into four growth chambers with a CO2 of either 400 ppm (ambient) 
or 800 ppm (elevated), with four replicates for each treatment combination.  
 After eight weeks of growth, all of the plants were cut to 1 cm height, and leaf tissue was 
collected from 16 pots for each cultivar and CO2 treatment. Among those, four pots containing 
the same cultivar and CO2 treatment were pooled to obtain four replications of each treatment. 
Two grams of fresh tissue per sample were stored at -80°C in 50 ml conical centrifuge tubes 
(polypropylene, 14-432-22, Fisher Scientific, Ottawa, ON, Canada) for amino acid and soluble 
sugar analysis (Sample 1, Table 4.1). The temperature within the growth chambers was lowered 
to 15°C, 16 h light/10°C, 8 h dark, and three weeks later the grass was cut to 2 cm height, and 
leaf tissue was collected from four pots per treatment and pooled as described above (Sample 2). 
The next day, 5% Civitas + 0.3% Harmonizer was applied to half of the pots at a rate of 1.0 ml 
per pot (label rate), and the non-treated pots were sprayed with 1.0 ml of water per pot using a 
small hand sprayer. One week after this application, a third sample was taken from each 
treatment (Sample 3). Two pots with the same cultivar, CO2 concentration, and Civitas + 
Harmonizer treatment were pooled and mixed to create one sample for four replications (Sample 
3), and these were stored at -80°C. 
 The next day the remaining pots were wetted with 1.0 ml of water, and then half of the 
pots were inoculated with 0.25 g per pot of mixed M. nivale inoculum (isolates 13407, 13408, 
12262, 10178, and 10179; details on preparation of this ground wheat seed inoculum is given in 
Chapter 3, section 3.3.1). The dry inoculum was less than four months old and had been stored at 
4°C. After inoculation, the trays containing the pots were loosely bagged for three days to allow 
for high humidity conditions required for infection, with control non-inoculated plants also 
bagged. The loose knots at the side of the bags allowed the constantly blowing CO2- regulated air 
to enter the bags (Figure 4.1). For watering and disease ratings, the bags were carefully removed, 
and later replaced to preclude cross-contamination between trays of inoculated and non-
inoculated pots. Samples were harvested two days post inoculation (DPI) (Sample 4), 7 DPI 
(Sample 5) and 14 DPI (Sample 6). The frozen tissue samples from Sample 2 (acclimated to 
15°C/10°C day/night temperature and before Civitas + Harmonizer treatment), Sample 3 (one 
week after Civitas + Harmonizer treatment), and Sample 5 (7 DPI), were analyzed for soluble 
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sugar content and free amino acid composition. Disease severity was visually assessed at 7, 9, 15, 
and 21 DPI on a scale of 0 to 100% yellowing as per Cortes-Barco et al. (2010), and compared to 
non-inoculated controls (Chapter 3, Table 3.12).  
4.3.2 Sample preparation and extraction 

Two g of leaf tissues per sample was stored in 50 ml conical centrifuge tubes at -80°C and 
freeze-dried. For each sample, 100 mg of freeze-dried tissue was ground using a sterile mortar 
and pestle and incubated in 4 mL of deionised H2O at 80°C for 20 min. After cooling, the tubes 
were then incubated overnight at 4°C and were subsequently centrifuged for 10 min at 1500 x g. 
A 1-mL sub-sample of the supernatant was collected for quantification of free amino acids 
(Chapter 4, Section 4.3.3) and soluble carbohydrates (Chapter 4, Section 4.3.4).  

4.3.3 Amino acid composition analyses 
Twenty-one amino acids, histidine, asparagine, glutamine, arginine, glycine, aspartic acid, 

threonine, alanine, gamma-aminobutyric acid (GABA), proline, alpha-aminobutyric acid 
(AABA), ornithine, lysine, tyrosine, methionine, valine, isoleucine, leucine, and phenlalanine, 
were separated and quantified using Waters ACQUITY UPLC analytical system controlled by 
the Empower II software (WATERS, Milford, MA, USA). The amino acids were derivatized 
using AccQ Tag Ultra reagent (6-aminoquinolyl-N-hydroxysuccinimidyl carbamate). The 
derivatives were separated on an AccQ Tag Ultra column (2.1 × 100 mm) and detected with 
Waters ACQUITY Tunable UV detector at 260 nm under the chromatographic conditions 
described in Cohen (2000). Peak identity and amino acid quantity were determined by 
comparison to a standard mix containing the 21 amino acids. Results from the amino acid 
determination were expressed as concentrations on dry weight basis (µmol g-1 DW). These 
extraction steps were conducted at the Agriculture and Agri-Food Canada Soils and Crops 
Research and Development Centre (2560 Hochelaga Boulevard, Québec, Quebec) with the help 
of Dr. Annick Bertrand and staff.  

To remove outliers from the amino acid data, the A. stolonifera cultivars were grouped by 
treatment for each sampling period (Sampling 2, Sampling 3, or Sampling 5). Each treatment 
group consisted of six cultivars with four replicates per cultivar (n=24). The interquartile range 
(IQR) was calculated as the difference between the third or upper quartile and the first or lower 
quartile using the Microsoft Excel (version 15.17, Microsoft Office, 2016) QUARTILE 
function. This calculation defines the lower 25th percentile and upper 75th percentile of the (n-1)th 
data (Searls, n. d). Any point more than 1.5 x IQR below the first quartile or above the third 
quartile was labeled an outlier (Han et al., 2014). The most extreme outliers were removed from 
the dataset, and the new dataset was assessed for outliers until no more were identified following 
Peat and Barton (2005). No more than two replicates per cultivar in each treatment combination 
were removed (Appendix 4.1). For the A. capillaris and P. annua cultivars the amino acid data 
were grouped by treatment for each sampling period (Sampling 2, Sampling 3, or Sampling 5) 
with four replicates per cultivar (n=4). For P. annua in the first sampling period (Sampling 2), 
only 2 samples per treatment were available, so no outliers were removed from that group. The 
proportional difference was calculated between the maximum value and the second-highest 
value, and between the minimum value and the second-lowest value. Outliers were identified and 
removed if the proportional difference between two replicates was greater than 2. No more than 
two replicates per cultivar in each treatment combination were removed. 
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4.3.4 Soluble sugar composition analyses 
Soluble sugars were analyzed using a Waters HPLC analytical system controlled by the 

Empower II software. The soluble sugars, sucrose, glucose, and fructose, were separated on a 
Waters Sugar-Pak column (Waters, Milford, MA, USA) eluted isocratically at 80°C and detected 
on a refractive index detector (Waters, Model 2414). Samples were kept at 4°C throughout the 
analysis within the Waters 717plus autosampler. Peak identity and quantity were determined by 
comparison to standards. High degree of polymerisation fructans (HDP) were separated on a 
Shodex KS-804 column preceded by a Shodex KS-G precolumn (Shodex, Tokyo, Japan) eluted 
isocratically at 50°C with deionized water at a flow rate of 1.0 mL min−1 and were detected on 
refractive index detector. In this study, the term HDP fructans will be reserved for plant-derived 
fructan fractions with a degree of polymerisation from 10 to 200, as per Gagné-Bourque et al. 
(2016). The degree of polymerisation of HDP fructans was estimated by reference to a standard 
curve established with seven polymaltotriose pullulan standards (Shodex Standard P-82) ranging 
from 0.58 × 104 to 85.3 × 104 of molecular weight. The retention time on the Shodex column is a 
function of the log of the molecular weight of fructan molecules. 
4.3.5 Statistical analyses  

Statistical analyses were conducted using the results from the amino acid and soluble 
sugars composition analyses. For all statistical tests, a type 1 error threshold of 0.05 was used. All 
statistical analyses were conducted in SAS (University Edition  2.5 9.4M4, 3.6 Basic Edition, 
SAS Institute Inc., Cary, NC, 2016). The fixed effects were the strain of inoculum applied, the 
host plant, and the date of collection. A general linear model (PROC GLM) by amino acid and 
carbohydrate was utilized. The classification variables were the turfgrass cultivar, CO2 
concentration, inoculation treatment, and water/C+H treatment. Replications were treated as a 
random effect and cultivars as fixed effects. Means were compared with Fisher’s protected least 
significant differences test at p < 0.05. For all primary and derived parameters, analysis of 
variance (ANOVA) was used to test the significance of main effects and the first order 
interactions.  
 In order to control for background effects of interacting treatments, the amino acids and 
carbohydrates data was normalized by subtracting the mean baseline values (control treatment for 
the factor being considered). This is similar to group mean centering (UCLA, 2017) and 
background normalization (Dunning et al., 2008). The absolute effect of a treatment on amino 
acid or soluble sugar concentration was calculated by subtracting the mean of the control 
treatment, which differed based on the treatment being considered, from each replicate in the 
experimental treatment. Then, an average of these differences was calculated to create the 
average absolute difference between treatments. For instance, to determine the effect of CO2 
concentration on biochemical contents for each cultivar in Sampling 2 and 3, the mean of the 
water-400 ppm treatment was subtracted from the individual reps in the water-800 ppm 
treatment, and the mean of these centered values was calculated to give the group mean centered 
value which accounted for the background effect of differences among cultivars. The same 
calculation was done for the 800 ppm treatment in Sampling 3. The effect of C+H for each 
cultivar in Sampling 3 and 5 at 400 ppm CO2 was calculated by subtracting the mean of the 
water-400 ppm treatment from each C+H-400 ppm-treated replicate. This was repeated for the 
800 ppm treatment in Sampling 3 and 5. The effect of CO2 concentration on C+H-treated 
turfgrasses in Sampling 3 and 5 was calculated by subtracting the mean of the C+H-400 ppm 
treatment from the C+H-800 ppm replicates. The effect of inoculation with M. nivale in Sampling 
5 was calculated as the water 400 ppm non-inoculated treatment mean subtracted from the water 
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400 ppm inoculated replicates, and this was also done for the 800 ppm treatment. Lastly, the 
effect of C+H in Sampling 5 on inoculated grasses was calculated for each cultivar by subtracting 
the mean of the water-400 ppm-inoculated treatment from the C+H-400 ppm-inoculated 
replicates, and this was also calculated for the 800 ppm treatment.  

The first statistical analysis included the three turfgrass species. However, since the 
responses of P. annua cultivar Labelle and the A. capillaris cultivar Leirin showed striking 
contrasts with the six Agrostis stolonifera cultivars for all parameters under study, only the 
results comparing A. stolonifera cultivars are presented as heatmap and line graph figures. The 
heatmaps arranged the treatments (CO2 concentration, Civitas or Water, Inoculation or Non-
inoculation) horizonatally from low average biochemical concentrations on the left, and high 
concentrations on the left. The biochemical (amino acids or sugars) were then arranged vertically 
based on average concentration, which low concentration on the bottom and high concentrations 
on the top. Heatmaps showing amino acid or carbohydrate concentration versus treatment were 
produced, for the A. stolonifera cultivars, using the function heatmap.2 through the package 
“gplots” (Warnes et al., 2016) in R (version 3.4.0; R Core Team, 2016), through the use of the 
graphical-user interface (GUI) program Rstudio (version 1.0.143; Rstudio Team, 2015), with 
hclust used for clustering the data after using dist to produce the dendrogram. An example of the 
R script used is found in Appendix 4.3. The dendrograms to the left of the heatmaps illustrate 
which biochemicals could be clustered together based on their proportional concentrations. The 
dendrograms above the heatmaps illustrate which treatments resulted in similar outcomes.  

Comparisons between the A. stolonifera cultivars Focus and Independence are discussed 
more in detail since these two cultivars showed contrasting responses to Civitas +Harmonizer 
application concerning disease severity.  
4.4 Results  

4.4.1 Impact of CO2 and Civitas + Harmonizer on disease caused by Microdochium nivale 
A brief overview of the response of turfgrasses to inoculation with M. nivale and of the 

application of Civitas + Harmonizer (C+H) on creeping bentgrass exposed to 400 and 800 ppm 
CO2 concentration is presented in Table 3.12 (for complete results please refer to Chapter 3). 
Inoculation with M. nivale caused a significant yellowing of all cultivars, averaging 40% under 
400 ppm and 20 % under 800 ppm. Within A. stolonifera cultivars, significant suppression of 
yellowing with C+H treatment was observed, ranging from a low of 33% for Focus (400 ppm) to 
a high of 100% for Leirin (800 ppm). Two cultivars with contrasting response to C+H were 
chosen for more detailed analysis of their response to M. nivale and to the resistance activator. 
For this purpose, the concentration of various amino acids and sugars were compared between the 
A. stolonifera cv. Focus, which exhibited the highest amount of disease and the lowest disease 
suppression by C+H (33% @ 400 ppm), and the A. stolonifera cv. Independence, which exhibited 
the second highest amount of disease symptoms, the second highest amount of disease 
suppression by C+H (94% @ 800 ppm), and was a representative of cultivars commonly used in 
Scandinavia (Chapter 3, Table 3.12). 
4.4.2 Changes in turfgrass biochemistry over time 
 A decrease over time of total amino acids in several cultivars was observed under 400 and 
800 ppm CO2 (data not presented). Most individual amino acids decreased over time but this was 
not the case for all of the individual amino acids. The results for individual amino acids in Focus 
and Independence after 10 and 11 weeks of growth are presented in Figure 4.2. Asparagine 
maintained approximately equal levels, methionine increased over time, and tyrosine decreased 



 70 

(Figure 4.2). In addition, a decrease over time of sucrose, and total soluble sugars were observed 
in both cultivars under both 400 and 800 ppm (Figure 4.3). Sucrose decreased rapidly in both 
cultivars from averages of 30.5 mg g-1 DW and 27.4 mg g-1 DW to 13.1 mg g-1 DW and 12.7 
mg g-1 DW, for Independence and Focus at 400 ppm after one week, respectively (Figure 4.3), 
and down to 5.9 mg g-1 DW and 9.5 mg g-1 DW another week later (Appendix 4.1). A decrease 
in HDP fructans over time was observed under 400 ppm, however HDP fructans increased over 
time under 800 ppm CO2. 
4.4.3 Turfgrass response to elevated CO2 concentration 

4.4.3.1 Amino acid response to elevated CO2 
 The free amino acid concentration in turfgrass cultivars exhibited a negative relation to 
increasing CO2 concentration. The absolute difference between amino acid concentrations of 
turfgrasses incubated at 400 ppm and 800 ppm CO2 were calculated as the concentration at 800 
ppm – concentration at 400 ppm for all eight cultivars at ten (Table 4.2) and eleven weeks after 
seeding (Table 4.3). Except for tyrosine and methionine, the concentration of most amino acids 
was lower under 800 ppm than under 400 ppm after 10 weeks of growth (Table 4.2, Figure 4.2). 
One week later, significant differences among cultivars in their response to elevated CO2 were 
noted for several amino acids (Table 4.3), although the differences were less significant in 
Sampling 3 than in Sampling 2. This difference among cultivars may be due to the difference in 
grass species, with the LaBelle (Poa annua) and Leirin (Agrostis capillaris) cultivars typically 
exhibiting a larger difference between CO2 treatments: In Sampling 2, after 10 weeks of growth, 
LaBelle exhibited a response to elevated CO2 that resulted in a change in GABA (-4.06 
µmol/gMS) and methionine (-0.08 µmol/gMS) concentrations that were significantly different 
from Leirin (-2.43 µmol/gMS and -0.53 µmol/gMS, respectively) (Table 4.2). In Sampling 3, 
after 11 weeks of growth, the water treatment exhibited no significant differences in amino acids 
between LaBelle and Leirin (Table 4.2). It should be noted that the cultivar LaBelle exhibited the 
least average disease suppression by elevated CO2, and Leirin exhibited the greatest average 
disease suppression by elevated CO2.This difference may be due to these cultivars being different 
species.  

There were significant differences between the Agrostis stolonifera cultivars as well. For 
the A. stolonifera cultivars, the amino acids asparagine and glutamic acid were clustered together 
in the highest concentration group, with alanine, aspartic acid, serine, GABA, and glutamine in 
the second-highest concentration grouping (Figure 4.4). Within A. stolonifera cultivars, Focus 
exhibited the least disease suppression by elevated CO2, and Alpha exhibited the greatest disease 
suppression by elevated CO2 (Chapter 3, Table 3.12). Ten weeks after seeding, Alpha exhibited a 
response to elevated CO2 that resulted in a change in serine (-2.61 µmol/gMS) that was 
significantly different than Focus (-0.93 µmol/gMS) (Table 4.2) while no differences were 
observed between Alpha and Focus in response to CO2 eleven weeks after seeding (Table 4.3).  

4.4.3.2 Carbohydrate response to elevated CO2 
After 10 weeks of growth, no effect of CO2 on carbohydrate concentration was observed. 

For the A. stolonifera cultivars, glucose and fructose were clustered together in the lowest 
concentration group, with sucrose, HDP fructans, and total soluble sugars in the second-highest 
concentration grouping (Figure 4.5). 

The absolute difference between carbohydrate concentrations of turfgrasses incubated at 
400 ppm and 800 ppm CO2 were calculated for all eight cultivars at ten (Table 4.4A) and eleven 
weeks after seeding (Table 4.4B). Significant differences in response to elevated CO2 were noted 
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among cultivars eleven weeks after seeding for sucrose, total soluble sugars, HDP fructans, and 
TNC (Table 4.4A). At ten weeks after seeding Leirin (A. capillaris) exhibited decreased fructose, 
yet increased HDP fructans and TNC when incubated under elevated CO2, and these reactions 
were significantly more pronounced than for all other cultivars (Table 4.4A). 

Ten weeks after seeding, LaBelle (P. annua, low disease suppression by CO2) exhibited 
changes in fructose (-1.8 mg/gDW), HDP fructans(19.3 mg/gDW), and TNC (21.2 mg/gDW) 
concentrations in response to elevated CO2 that were significantly different than Leirin (A. 
capillaris) which exhibited high disease suppression by CO2 (-4.6 mg/gDW, 62 mg/gDW, and 55 
mg/gDW, respectively) (Table 4.4A). Eleven weeks after seeding, the water treatment exhibited 
no significant differences in amino acids between LaBelle and Leirin (Table 4.4B). 

For the A. stolonifera cultivars Focus (low average disease suppression by elevated CO2) 
and Alpha (high disease suppression by elevated CO2) there were no significant differences in 
carbohydrate response to CO2 ten weeks after seeding (Table 4.4A). Eleven weeks after seeding, 
Focus exhibited a slight increase in TNC (1.8 mg/gDW) under elevated CO2 which was 
significantly different than the negative response of Alpha (-23 mg/gDW). After 11 weeks of 
growth, no significant differences in carbohydrate responses were observed between Alpha and 
Focus (Table 4.4B). When comparing all A. stolonifera cultivars, a strong decrease in HDP 
fructans in Alpha was observed under elevated CO2 ten weeks after seeding (Table 4.4A). One 
week later, a significant difference among cultivars was observed for sucrose, glucose, fructose, 
and total soluble sugars (Table 4.4B). The A. stolonifera cultivar Independence exhibited 
increased sucrose, glucose, and total soluble sugars under elevated CO2, and these reactions were 
significantly more pronounced than for all other cultivars. Tyee, Alpha, and LaBelle also 
exhibited increased sucrose under elevated CO2 (Table 4.4B).  
4.4.4 Civitas + Harmonizer application effect on turfgrasses 

4.4.4.1 Amino acid response to Civitas + Harmonizer 
One week after treatment with 5% Civitas + 0.3% Harmonizer (C+H), the absolute 

difference between amino acid concentrations of turfgrasses between C+H treatment and the 
water treatment were calculated for the 400 ppm (Table 4.5) and 800 ppm treatments (Table 4.6). 
Significant differences in response to C+H were noted among cultivars eleven weeks after 
seeding for AABA, arginine, GABA, and histamine under ambient conditions (Table 4.5).  When 
exposed to elevated CO2, there were significant differences among cultivars in response to C+H 
for AABA, asparagine, glutamine, glutamic acid, histamine, isoleucine, leucine, ornithine, 
phenylalanine, proline, and threonine (Table 4.6) 

Eleven weeks after seeding the A. stolonifera cultivars Focus (low disease suppression to 
C+H) and Independence (high disease suppression to C+H) under 400 ppm CO2 significantly 
varied in the amount of change of histamine when C+H was applied (-0.06 µmol/gMS for Focus, 
0.08 µmol/gMS for Independence) (Table 4.5). Alpha exhibited a slight increase in histamine 
(0.15 µmol/gMS) and LaBelle decreased in AABA (-0.26 µmol/gMS), and these were the only 
changes in amino acids that differed significantly from 0 under ambient conditions (Table 4.5). 
At elevated CO2, when C+H was applied the levels of proline decreased (-0.63 µmol/gMS) for 
the cultivar Focus, while AABA (0.10 µmol/gMS) and asparagine (13.3 µmol/gMS) increased 
and ornithine decreased (-0.02 µmol/gMS) for Leirin. In addition, histamine increased (0.11 
µmol/gMS) and proline decreased (-0.76 µmol/gMS) in response to C+H application for LaBelle 
under elevated CO2 (Table 4.6). Under 800 ppm CO2 the cultivars Focus and Independence did 
not vary in their amino acid response to C+H (Table 4.6). 
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For the A. stolonifera cultivars, the 800 ppm treatments (Water and C+H) were clustered 
together, and the 400 ppm treatments were clustered together, indicating that the effect of CO2 
concentration was more powerful than the effect of the resistance activator (Figure 4.6). Similar 
to week earlier, the amino acids asparagine and glutamic acid were clustered together in the 
highest concentration group, with alanine, aspartic acid, serine, GABA and glutamine in the 
second-highest concentration grouping eleven weeks after seeding (Figure 4.6). 

4.4.4.2 Carbohydrate response to Civitas + Harmonizer 
One week after the application C+H, the absolute difference between carbohydrate 

concentrations of turfgrasses treated with C+H or water, when incubated under current ambient 
(400 ppm) and elevated (800 ppm) CO2 were calculated (Table 4.7). Significant differences in 
response to elevated CO2 were noted among cultivars eleven weeks after seeding for nearly all 
carbohydrates measured. 

Under 400 ppm CO2, one week after the application of C+H, LaBelle (P. annua) and 
Leirin (A. capillaris) both exhibited decreased sucrose, total soluble sugars, HDP fructans, and 
TNC when Civitas + Harmonizer was applied (Table 4.7A). Tyee exhibited decreased glucose, 
and Penncross exhibited decreased HDP fructans when C+H was applied, but otherwise there 
were so significant changes in sugar concentrations for the A. stolonifera cultivars at ambient 
CO2 concentrations. Of the turfgrasses exposed to elevated CO2 (800 ppm), LaBelle exhibited 
decreased sucrose, HDP fructans, and TNC, while Independence exhibited decreased glucose 
when C+H was applied (Table 4.7B).  

For the A. stolonifera cultivars, the 400 ppm treatments (Water and C+H) were clustered 
together, and the 800 ppm treatments were clustered together, indicating that the effect of CO2 
concentration was more powerful than the effect of the resistance activator (Figure 4.7). Similar 
to ten weeks post seeding for the A. stolonifera cultivars, glucose and fructose were clustered 
together in the lowest concentration group, with sucrose concentrations in a higher concentration 
grouping (Figure 4.7). One week after C+H was applied, the A. stolonifera cultivars Focus (low 
disease suppression to C+H) and Independence (high disease suppression to C+H) did not vary in 
their carbohydrate response to C+H under 400 ppm or 800 ppm CO2 (Table 4.7).  

4.4.5 Effect of elevated CO2 on Civitas + Harmonizer response 
Amino acids  
 One week after the application of Civitas + Harmonizer (C+H), the absolute difference 
between amino acid concentrations of turfgrasses treated with C+H incubated under elevated 
(800 ppm) versus current ambient (400 ppm) CO2 were calculated (Table 4.8). Significant 
differences in response to elevated CO2 were noted among cultivars treated with C+H eleven 
weeks after seeding for AABA, asparagine, GABA, glutamine, glutamic acid, glycine, histamine, 
ornithine, and proline (Table 4.8). There were fewer differences between C+H-treated cultivars 
than for water-treated cultivars in their response to elevated CO2 at the same date (Table 4.3).  
 Overall, disease suppression caused by the application of C+H was greater under elevated 
CO2 (Chapter 3, Table 3.12). Focus was the cultivar with the greatest absolute difference in 
average percent yellowing between CO2 concentrations in the C+H treatment, and Tyee had the 
lowest response to CO2 when treated with C+H (Chapter 3, Table 3.12). Focus (high response to 
CO2) and Tyee (low response to CO2), one week after treatment with C+H significantly varied in 
the amount of change of asparagine and glutamic acid between CO2 treatments (Table 4.8). 
Asparagine decreased in Focus and Tyee when CO2 was elevated (-11.8 µmol/gMS and -23.4 
µmol/gMS, respectively). However, Focus increased in glutamic acid (1.81 µmol/gMS) while 
Tyee decreased in the same amino acid (-4.09 µmol/gMS) when CO2 was elevated (Table 4.8).  
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Carbohydrates  
One week after treatment with C+H, the absolute difference between carbohydrate 

concentrations of turfgrasses treated with Civitas incubated under elevated (800 ppm) and current 
ambient (400 ppm) CO2 were calculated (Table 4.9). There were significant differences among 
cultivars in their response to elevated CO2 for glucose and fructose levels when treated with 
C+H, with Independence exhibiting a slight decrease in these carbohydrates, while Tyee and 
Labelle exhibited a slight increase when under 800 ppm compared to 400 ppm CO2, although 
these differences were not significant from zero. There was a significant impact of CO2 on the 
response to C+H for sucrose in Independence and Penncross, resulting in increased sucrose 
content under elevated CO2 (Table 4.9). Focus (high response to CO2) and Tyee (low response to 
CO2), one week after treatment with C+H, significantly varied in the amount of change of 
glucose between CO2 treatments (Table 4.9). Focus decreased in glucose (-0.2 mg/gDW) while 
the concentration in Tyee increased by 2.1 mg/gDW (Table 4.10). 
4.4.6 Effect of inoculation with M. nivale 

4.4.6.1 Amino acid response to inoculation 
Two weeks after the application of Civitas + Harmonizer (C+H) or water, and one week 

after inoculation with M. nivale, the absolute difference between amino acid concentrations of 
turfgrasses that had been inoculated versus current ambient non-inoculated controls were 
calculated at current ambient CO2 conditions (Table 4.10) and at elevated CO2 conditions (Table 
4.11). Significant differences in response to inoculation were noted among cultivars for all amino 
acids, excepting alanine and glutamine, at 400 ppm CO2 (Table 4.10) and for all amino acids at 
800 ppm CO2 (Table 4.11). 

For the A. stolonifera cultivars, the non-inoculated 400 ppm water, 400 ppm C+H, and 
800 ppm water treatments were clustered together (Figure 4.8). Interestingly, the response of the 
non-inoculated 400 ppm C+H-treated grasses was grouped together with the M. nivale-inoculated 
treatments (Figure 4.8). Twelve weeks after seeding, 1 wk after inoculation and 2 wk after C+H 
treatment, the effect of inoculation appears to be stronger than the effect of CO2 and C+H 
treatment. As with ten and eleven weeks after seeding, the amino acid asparagine was clustered in 
the highest concentration group. Glutamic acid, aspartic acid, alanine, aspartic acid, serine, 
GABA and glutamine were clustered together in the second-highest concentration group (Figure 
4.8).  

The cultivar with the greatest inherent resistance (lowest average percent yellowing when 
treated with water at 400 ppm CO2) to M. nivale was Penncross, and the cultivar with the highest 
average percent yellowing was Independence (Chapter 3, Table 3.12). Penncross (high inherent 
resistance) and Independence (low inherent resistance) when incubated at current ambient CO2, 
one week after inoculation with M. nivale, varied significantly in their response to inoculation in 
absolute difference of asparagine, histamine, isoleucine, and valine (Table 4.10). However, under 
elevated CO2, these cultivars varied in their response of concentrations of alanine, glutamine, 
glutamic acid, histamine, leucine, and ornithine (Table 4.11) when inoculated 

4.4.6.2 Carbohydrate response to inoculation 
Two weeks after the application of Civitas + Harmonizer (C+H) or water, and one week 

after inoculation with M. nivale, the absolute difference between carbohydrate concentrations of 
turfgrasses that had been inoculated versus current ambient non-inoculated controls were 
calculated at current ambient CO2 conditions and at elevated CO2 conditions (Table 4.12). 
Significant differences in response to inoculation were noted among cultivars for all 
carbohydrates measured at 400 ppm (Table 4.12A) and 800 ppm CO2 (Table 4.12B). 
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Under 400 ppm CO2, one week after the inoculation with M. nivale, the cultivar LaBelle 
(P. annua) exhibited decreased sucrose, fructose, and total soluble sugar concentration under 400 
ppm (Table 4.12A) and 800 ppm CO2 (Table 4.13B). Independence (A. stolonifera) exhibited 
increased glucose, total soluble sugar, and TNC in response to inoculation at 400 ppm CO2 
(Table 4.12A). However, under 800 ppm CO2 this cultivar exhibited a decrease in sucrose and 
total soluble sugars response to inoculation (Table 4.12B). Independence (high response to C+H) 
exhibited overall higher HDP fructans when inoculated (p= 0.0485, n=16) whereas Focus 
exhibited no change in response to inoculation HDP fructans (p= 0.4580, n=16). However, the 
main effect of C+H was not significant for either cultivar (p> 0.4580).  

For the A. stolonifera cultivars, the effect of inoculation with M. nivale did not have a 
noticeable effect on clustering of treatment combinations (Figure 4.9). Overall the clustering 
pattern was not strongly driven by any treatment effect. At this sampling date, fructose and HDP 
fructans were clustered together in the lowest concentration group, with sucrose and glucose 
concentrations in a higher concentration grouping (Figure 4.9).  

Penncross (high inherent resistance to M. nivale) and Independence (low inherent 
resistance to M. nivale) when incubated at current ambient CO2, one week after inoculation with 
M. nivale, varied significantly in their response to inoculation in absolute difference of glucose 
(Table 4.12A). However, under elevated CO2, these cultivars varied in their response of 
concentrations of sucrose, total soluble sugars, fructose, HDP fructans, and TNC (Table 4.12B) 
when inoculated.  

4.4.7 Civitas+ Harmonizer effect when inoculated with M. nivale 
4.4.7.1 Amino acid response to Civitas when inoculated 

Two weeks after the application of Civitas + Harmonizer (C+H) or water, and one week 
after inoculation with M. nivale, the absolute difference between amino acid concentrations of 
turfgrasses that had been inoculated and treated with C+H versus water treatment controls were 
calculated at current ambient CO2 conditions (Table 4.13) and at elevated CO2 conditions (Table 
4.14). Significant differences in response to inoculation were noted among cultivars for AABA, 
asparagine, aspartic acid, lysine, and proline when incubated at 400 ppm (Table 4.13). However, 
significant differences in response to inoculation were noted among cultivars for all amino acids, 
excluding AABA, when incubated at 800 ppm (Table 4.14). There were very few responses to 
inoculation under both CO2 conditions that differed significantly from zero.  

At current ambient conditions when inoculated with M. nivale, Focus and Independence 
varied in their response to C+H application in the change of aspartic acid (-1.05 µmol/gMS and 
0.66 µmol/gMS, respectively) (Table 4.13). Under elevated CO2 these cultivars did not differ in 
their response to C+H (Table 4.14, Appendix 4.4). No clear pattern in amino acid concentrations 
between these cultivars was apparent twelve weeks after seeding (Appendix 4.4).  

4.4.7.2 Carbohydrate response to Civitas when inoculated 
The average carbohydrate concentration absolute response to Civitas + Harmonizer was 

calculated under 400 ppm and 800 ppm CO2 for turfgrasses inoculated with M. nivale (Table 
4.14). The response differed by cultivar for nearly all carbohydrates under both CO2 
concentrations. Focus and Independence differed in their response to C+H in sucrose 
concentration under 400 ppm CO2 (Table 4.14A), but these cultivars did not differ under 800 ppm 
CO2.  
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4.5 Discussion 
There were overall effects of cultivar, CO2, Civitas + Harmonizer, and inoculation with 

Microdochium nivale, although these varied over the experimental sampling times and interaction 
between factors were occasionally significant. The plants that were incubated at 800 ppm 
generally had lower percent yellowing, and the application of C+H further suppressed the disease 
symptoms.  

4.5.1 Effect of elevated CO2 
Growth rates for plants typically increase under CO2 enriched atmospheres (Sicher et al., 

2008). However, long-term exposure (weeks or months) to elevated CO2 can lead to a decrease in 
photosynthetic capacity, caused by feedback inhibition and/or physical damage at the chloroplast 
level (Delucia et al., 1985). Some plant species may exhibit foliar injuries when exposed to 
elevated CO2. For instance, snap bean (Phaseolus vulgaris) exhibited significant chlorosis and 
increased vegetative growth under elevated CO2 (366 ppm versus 697 ppm) (Heagle et al., 2002). 
Sicher et al. (2008) hypothesize that this yellowing may be linked to decreases in amino acids 
associated with older leaves under CO2 enrichment.  

A common trend during this experiment was that increased CO2 (400 ppm vs. 800 ppm) 
decreased total free amino acid concentrations in turfgrass leaf tissues in the second sampling 
period (before treatment with C+H and before the inoculation with M. nivale). This may be due 
to the fact that the plants were growing more vigorously and the free amino acids were being 
used to synthesize more plant material. However, this effect is less evident in other sampling 
periods. Between sampling 2 (10 weeks of growth), sampling 3 (11 weeks of growth), and 
sampling 5 (12 weeks of growth), the overall amount of amino acids decreased over time. Miyagi 
et al. (2017) demonstrated that in Arabidopsis, most amino acids decreased under elevated CO2 
(except for histidine, tryptophan, and phenylalanine). In spring wheat grains, CO2 enrichment 
also significantly decreased amino acid concentrations (Högy et al., 2010b).  

At ten weeks after seeding, the A. stolonifera cultivars Independence and Penncross 
exhibited a significant increase in methionine under elevated CO2. However, this effect was not 
present eleven weeks after seeding. Methionine is an amino acid that serves as a building block 
for protein synthesis and is a precursor of S-adenosylmethionine which is implicated in plant 
growth (Ravanel et al., 1998). When the grasses were treated with C+H and inoculated, several 
cultivars exhibited increased methionine under elevated CO2, although this effect was not 
exhibited by the water+inoculation treatment. When plants are exposed to elevated levels of CO2, 
the photosynthetic carbon gain and photoassimilate export from leaves are generally increased, 
and C3 plants often exhibit an enhanced rate of photosynthesis (Grodzinski et al., 1996). 
However, prolonged exposure to elevated CO2 can result in remobilization of nitrogenous 
reserves (i.e., leaf protein degradation), reduced rates of mature leaf photosynthesis, and can also 
increase ethylene gas release (Grodzinski et al., 1996) which can partially be attributed to the 
increase of ethylene pathway intermediates such as methionine. 

At ten and eleven weeks after seeding, several cultivars exhibited a significant decrease in 
asparagine and glutamine when incubated at elevated CO2. Asparagine and glutamine act as 
sources of amide and amino nitrogen for amino acid interconversions and function as nitrogen 
storage and partitioning compounds (Gaufichon et al., 2016). Glutamine, glutamate, asparagine, 
and aspartate are used for biosynthesis of all nitrogenous compounds (Gaufichon et al., 2016). 
Asparagine can also act as a nitrogen carrier to the sink tissues, especially for developing seeds 
and fruits (Gaufichon et al., 2016). 
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Elevated CO2 did not have a consistent effect on carbohydrate content of the turfgrasses 
in this study. At ten weeks after seeding the cultivars T1 and Leirin exhibited increased total 
nonstructural carbohydrate (TNC) content under elevated CO2, but one week later, this effect was 
not significant. One week later, at twelve weeks after seeding, the C+H-treated Leirin exhibited 
increased TNC under elevated CO2. An increase in TNC under elevated CO2 concentrations has 
been previously reported for Phleum pratense L., Medicago sativa L., and Pascopyrum 
smithii (Rydb.) Á. Löve (Piva et al., 2013; Skinner et al., 1999). Total soluble sugar concentration 
was increased under elevated CO2 for some cultivars at some sampling dates (water-treated 
Alpha, Independence, and Labelle at sampling 3; C+H-treated Tyee, Leirin, and LaBelle at 
sampling 5). This corroborates work completed with the forage grass timothy (Phleum pratense) 
under elevated (400 ppm versus 600 ppm) CO2 concentrations (Piva et al., 2013). Increases in 
water soluble carbohydrates have been linked to drought stress, and drought-resistant cultivars of 
Kentucky bluegrass (Poa pratensis) tend to maintain higher sucrose and fructan content (Yang et 
al., 2013). The variable effect of CO2 on the carbohydrate concentrations of the turfgrasses in this 
study may be linked to limited light quality or quantify under growth room coniditons. 

Previous studies have reported increases in carbohydrate and starch content in response to 
elevated CO2 (Piva et al., 2013), and the literature states both decreases (Högy et al., 2010b) and 
increases (Grodzinski et al., 1996) in amino acid content when exposed to increased CO2 
concentration. Sicher (2008) hypothesize that the limiting factor for amino acid synthesis under 
elevated CO2 may be nitrogen acquisition and assimilation. The long-term predicted elevated 
atmospheric CO2 concentration cannot be considered as wholly beneficial for plants; when 
considering the the interaction with other biotic and abiotic factors, elevated CO2 can appear as a 
stress effect (Tuba and Lichtenthaler, 2007). A priority for future research pertaining to the 
turfgrass biochemistry is the sequencing RNA expression to reveal important molecular 
processes that are enhanced when under elevated CO2 and resistance activator treatments.  
4.5.2 Effect of Civitas + Harmonizer 

The effect of the Civitas + Harmonizer (C+H) application on amino acid and 
carbohydrate concentration varied by cultivar and treatment combination. At current ambient 
CO2 conditions (400 ppm), the difference between C+H and water treated grasses was not 
significant for most cultivars. The P. annua cultivar LaBelle exhibited decreased AABA (at 400 
ppm CO2), and increased histamine and decreased proline (at 800 ppm CO2) at eleven weeks 
after seeding, seven days after C+H was applied. One week later, seven days after inoculation 
and 14 days after C+H was applied, there were fewer differences between the water and C+H 
treatments. Overall there was great variation in response to C+H among cultivars, such that the 
mode of action of this resistance activator product is not likely correlated to a single carbohydrate 
or amino acid.  

The effect of C+H on carbohydrate content differed by CO2 treatment. Under current 
ambient conditions, the cultivar Focus (A. stolonifera) exhibited a relatively large increase in 
sucrose when treated with C+H. However, when incubated at elevated CO2, this effect was not 
displayed. Contrarily, Penncross (A. stolonifera) under elevated CO2 exhibited a decrease in 
sucrose and HDP fructans when treated with C+H. 

The lack of statistical differences may be due to the time of sampling. Brauc et al. (2011) 
determined that expression of aspartate aminotransferase in Arabidopsis thaliana reached a 
maximum at 24 hours post inoculation (hpi) with Botrytis cinerea Pers., and the the expression 
decreased to the same level as the control by 72 hpi. This suggests that plant amino acid response 
to stresses occurs very rapidly, and since sampling 3 was taken 7 days after treatment, and 
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sampling 5 was 7 days after inoculation, the lack of statistical differences may be due to the fact 
that the window at which stress-response amino acid pathways are being most expressed may 
have been missed. However, previous work with A. stolonifera related to induced systemic 
resistance noted significant differences between gene expression of isoparaffin- and water-treated 
grasses up to 14 days after treatment (Cortes-Barco et al., 2010a). 

The application of another resistance activator, benzothiadiazole (BTH) significantly 
modified the pattern of amino acids in grape leaf tissues, such that aspartic acid and isoleucine 
increased almost 3-fold, while lysine increased 4-fold, and glycine and histidine increased almost 
2-fold after BTH treatment (Iriti et al., 2005). In addition, the amount of ornithine and proline 
doubled, while their precursor glutamic acid slightly decreased (Iriti et al., 2005). It is 
hypothesized that branched amino acids (valine, leucine, and isoleucine) are a source of 
phytoanticipins that are involved in plant defense (Zagrobelnya et al., 2004).  

4.5.3 Effect of inoculation with M. nivale 
There are many statistically different effects of inoculation with Microdochium nivale, 

though few that may be considered biologically significant. The cultivar in this experiment with 
the greatest inherent resistance (lowest average percent yellowing when treated with water at 400 
ppm CO2) to M. nivale was Penncross, and the cultivar with the highest average percent 
yellowing was Independence. Surprisingly, there was no statistically or biologically significant 
change for any cultivars in proline caused by the inoculation. The amino acids that stood out as 
experiencing a biologically significant decrease in concentration when inoculated were 
asparagine, glycine, and histamine. Several cultivars also exhibited increased arginine and 
ornithine when inoculated with M. nivale.  
 Increased arginine has been linked with heat stress in spring wheat (Behl et al., 1991) 
though a previous study involving the inoculation with a fungal pathogen results in decreased 
levels of arginine (Less et al., 2011). Arginine accumulation has been reported in response to 
winter temperatures (Sagisaka and Araki, 1983), and this may be linked to the fact the M. nivale 
is a winter pathogen. Arginine is a major form of storage and transport for nitrogen in plants and 
plays a role in protein synthesis as a precursor for polyamines and nitric oxide, and as an essential 
metabolite for many other processes (Winter et al., 2015). The observed increase in arginine in 
this study may be due to the fact that these pathways are being down-regulated when the plant is 
inoculated with M. nivale.  
 Energy can be gathered by ornithine synthesis in the chloroplast and cytosol of plants, and 
these compounds are moved to mitochondria during the early phases of pathogen infection for a 
quick oxidative burst through their oxidation (Senthil-Kumar and Mysore, 2012). Phaseolotoxin 
produced by Pseudomonas syringae Van Hall pv.phaseolicola, the causal agent of halo blight of 
bean, resulted in the accumulation of ornithine in leaf lesions (Mitchell and Bieleski, 1977). In 
many plants asparagine is an intermediate in nitrogen metabolism and contributes to nitrogen 
transport. The decreased levels of asparagine in this study concur with findings from Zurbriggen 
et al. (2009) and Pérez-García et al. (1998a; 1998b). Asparagine metabolism is likely affected by 
pathogen infection since asparagine synthetase is induced rapidly and strongly in pepper leaves 
by Xanthomonas campestris (Doidge) Dye pv. vesicatoria (Xcv) infection (Hwang et al., 2011). 
Transgenic Arabidopsis plants with increased asparagine can also exhibit enhanced resistance to 
Pseudomonas syringae p.v. tomato infection (Hwang et al., 2011). Ward et al. (2010) inoculated 
Arabidopsis thaliana with Pseudomonas syringae and documented asparagine level increases 
between 12-18 hours post inoculation. The fact that turfgrass cultivars in our study did not 
demonstrate increased levels of asparagine could be due to the later sampling time which was 7 
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days after inoculation. However, in corn the free amino acid content, specifically amino acids 
with a high nitrogen-carbon ratio (asparagine and glutamine), was increased in tumors caused by 
infection with the fungus Ustilago maydis (Persoon) Roussel, 8 days post inoculation (Horst et 
al., 2010).  

The principal function of glycine is as a protein precursor, such as glycine-rich proteins 
which are involved in many developmental and physiological processes such as stress tolerance 
and plant-pathogen interactions, showing defensive activity against fungi, bacteria and viruses 
(Zottich et al., 2013). The decreased amounts of glycine concur with findings of Less et al. 
(2011) in Arabidopsis plants. 

Penncross (high inherent resistance to M. nivale) and Independence (high percent 
yellowing when inoculated with M. nivale) under current ambient CO2 conditions varied 
significantly in their response to inoculation through differences in asparagine, histamine, 
isoleucine, and valine concentrations. When inoculated with M. nivale, aspartic acid increased in 
Penncross whereas the concentration of this amino acid decreased in Independence. Several 
amino acids, including aspartate decreased in Arabidopsis thaliana inoculated with P. 
syringae pv. tomato (Ward et al., 2010). Návarová et al. (2012) reported significant decreases in 
aspartate, coupled with increases in aspartate-derived amino acids (Val, Leu, Ile, Lys, and 
aromatic amino acids) during pathogen infection of Arabidopsis thaliana inoculated with SAR-
inducing Pseudomonas syringae bacteria. This does not fully corroborate with our results since 
both cultivars exhibited a slight decease in valine, with slight increases in leucine and lysine 
when inoculated. Independence exhibited a significant decrease in isoleucine when inoculated, 
whereas the decrease of this amino acid in Penncross was less severe. It is likely that these 
particular amino acids, especially those that are accumulated or reduced in response to 
inoculation, are involved in plant defense. However, this is just a speculation and more 
comprehensive studies are needed to prove this.  

The modification of primary metabolism when plants become infected by a pathogen has 
been previously reported for biotrophic and necrotrophic interactions (Berger et al., 2007). The 
soluble sugars sucrose, glucose, and fructose are involved in plant–pathogen interactions in many 
ways (Moghaddam and Van den Ende, 2012; Rosa et al., 2009). These soluble sugars are the 
main source of carbon and energy for the production of several secondary metabolites and of 
polymers that strengthen the cell wall (Berger et al., 2007). However, the effect of carbohydrate 
levels varies substantially between different plant–pathogen interactions. For instance, infection 
of wheat with the rust fungi Puccinia graminis Pers. results in increased soluble sugars (Wright et 
al., 1995). Increases in soluble sugars (glucose, fructose, and sucrose) was also observed in corn 
during tumor development between 4 and 8 days after inoculation with U. maydis (Horst et al., 
2010). By contrast, soluble sugar levels in Arabidopsis are not altered by infection with P. 
syringae (Bonfig et al., 2006), and can decrease in tomato plants after inoculation with B. 
cinerea (Berger et al., 2004). On lettuce leaves, inoculation with B. cinerea was shown to 
enhance the expression of most genes involved in glycolysis, the oxidative pentose phosphate 
pathway and the TCA cycle (De Cremer et al., 2013). 

Carbohydrate content has been correlated with grey snow mold (caused by Typhula 
species) resistance, and resistant cultivars depleted TNC from tissues at a slower rate than 
susceptible soft white winter wheat cultivars (Kiyomoto, 1987). Pink snow mold-resistant winter 
rye cultivars allocate more sugars for cell wall composition, and accumulate more total soluble 
carbohydrates in their leaves (Pociecha et al., 2016). In addition, a significant increase in frost 
tolerance after low-temperature flooding, observed in a Festuca pratensis Huds. genotype, was 
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related to a higher carbohydrate concentration in the leaves (Jurczyk et al., 2013). The effect of 
inoculation impacted the various cultivars in different ways. For the cultivar LaBelle (P. annua), 
inoculation caused a significant decrease in sucrose and fructose, under both CO2 treatments. 
Independence (A. stolonifera) exhibited increases in glucose and total nonstructural 
carbohydrates when inoculated at 400 ppm CO2. However, at 800 ppm CO2, Independence 
exhibited a decrease in carbohydrates when inoculated. There was no clear impact of inoculation 
on carbohydrate concentrations for multiple cultivars, which was unexpected.  
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Table 4.1 Schedule of sampling dates for CO2 chamber experiment. 
Date Week # Step 
May 25 0 Seeding, growth under 20°C/15°C, D/N, 16 h photoperiod 
Jun 15 3 Cut all grass to 1cm 
Jul 14 7 Sample 1 – pool of 4 identical pots (remaining pots cut to 1 cm) 
Jul 15 7 Temperature lowered to 15°C /10°C, D/N, 16 h photoperiod 
Aug 3 10 Sample 2 – pool 4 identical pots (remaining pots cut to 2 cm) 
Aug 3 10 Civitas/Harmonizer™ application 
Aug 10 11 Sample 3- pool of 2 identical pots (remaining pots not cut) 
Aug 11 11 Inoculation with M. nivale, cover all pots with clear plastic bags 
Aug 13 11 Sample 4- no pooling samples (remaining pots not cut) early disease 
Aug 18 12 Sample 5- no pooling samples (remaining pots not cut) mid disease 
Aug 25 13 Sample 6- no pooling samples- late disease 
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Table 4.2 Differences in amino acid concentrations between turfgrass exposed to 800 ppm CO2 as 
compared to 400 ppm CO2 in Sampling 2.  

  
Absolute difference in amino acid concentrations (µmol/gMS) between turfgrasses 

incubated at 800 ppm versus 400 ppm CO2  after 10 wk growth 
 A. stolonifera A. capillaris P. annua  

Amino 
Acid Alpha Focus Independ

ence Penncross T1 Tyee Leirin LaBelle LSD 
(p<0.05) 

AABA   -0.12a -0.08 -0.12 0.06 0.02 -0.01 -0.09 -0.17 0.14c 
Ala   -2.61b -1.44 -2.64 -2.20 -2.30 -1.98 -4.60 -8.39 2.19c 
Arg -0.27 -0.10 -0.32 -0.08 -0.14 -0.22 -0.41 -0.38 0.19c 
Asn -22.0 -16.8 -28.4 -16.7 -23.6 -22.5 -44.5 -18.5 5.74c 
Asp 0.70 -0.50 -1.05 0.03 -0.94 -0.45 -4.70 -6.41 2.80c 
GABA -0.87 -0.13 -2.02 -1.25 -1.91 -1.14 -2.10 -3.54 1.49c 
Gln -7.46 -5.47 -10.8 -8.39 -8.16 -5.67 -16.5 -30.0 2.27c 
Glu -0.76 -1.70 -2.73 -2.92 -4.25 -0.91 -9.9 -11.4 4.64c 
Gly -0.22 -0.09 -0.37 -0.14 -0.22 -0.09 -0.57 -0.33 0.20c 
His -0.12 -0.19 -0.25 -0.12 -0.23 -0.25 -0.51 -0.52 0.22c 
Ile -0.14 -0.03 -0.35 -0.14 -0.06 0.03 -0.98 -0.89 0.20c 
Leu -0.25 0.09 -0.55 -0.29 -0.05 0.01 -0.75 -1.17 0.32c 
Lys -0.30 0.10 -0.54 -0.25 -0.10 -0.19 -0.27 -0.72 0.32c 
Met 0.08 0.06     0.25 b 0.40 0.09 0.20 0.02 0.00 0.22c 
Orn -0.01 0.00 -0.03 -0.01 -0.01 -0.02 -0.04 -0.06 0.01c 
Phe -0.22 -0.17 -0.37 -0.19 -0.05 -0.12 -0.80 -0.77 0.20c 
Pro -1.63 -1.22 -1.04 -1.63 -2.34 -0.68 -17.03 -6.35 1.49c 
Ser -2.61 -0.93 -4.25 -1.90 -2.76 -3.28 -2.31 -2.94 1.02c 
Thr -0.54 -0.29 -1.17 -0.51 -0.89 -0.94 -2.33 -3.33 0.56c 
Tyr 2.35 3.03 0.14 -0.70 1.23 1.31 0.74 -5.20 2.00c 
Val -0.42 -0.40 -0.72 -0.35 -0.09 -0.36 -2.16 -1.81 0.45c 
Total -41.1 -24.7 -73.7 -31.2 -48.5 -55.6 -105 -103 20.8c 
a Means were calculated as (Water treatment at 800 ppm- Mean water treatment at 400 ppm) and 
are based on up to 4 replications. A positive result corresponds to higher concentration under 800 
ppm than under 400 ppm and vice versa. Means were subjected to ANOVA analysis, and 
Fisher’s protected Least Significant Difference (LSD) test (p<0.05). 
b Dark shaded boxes are significantly less than zero, light shaded boxes are significantly more 
c Indicates a significant difference among cultivars. 
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Table 4.3 Differences in amino acid concentrations between turfgrass exposed to 800 ppm CO2 as 
compared to 400 ppm CO2 in Sampling 3.  

  Absolute difference in amino acid concentrations (µmol/gMS) between turfgrasses 
incubated at 800 ppm versus 400 ppm CO2 after 11 wk growth 

 A. stolonifera  A. capillaris P. annua  
Amino 
Acid Alpha Focus Independ

ence Penncross T1 Tyee Leirin LaBelle LSD 
(p<0.05) 

AABA   0.00a -0.01 0.00 -0.01 -0.01 0.01 -0.02   -0.06b 0.05c 
Ala -0.47 0.11 -1.75 -1.90 -1.04 -0.01 -3.38 -3.44 3.32c 
Arg -0.01 -0.12 -0.19 -0.22 -0.29 -0.24 -0.20 -0.27 0.33 
Asn -10.1 -18.9 -18.5 -6.23 -17.2 -18.0 -14.4 -13.8 12.6c 
Asp -0.40 0.91 -2.86 -1.93 -0.55 -0.69 -2.76 -3.06 2.46c 
GABA -0.09 0.54 -1.16 -2.03 0.65 0.37 -2.43 -4.06 3.54c 
Gln -0.80 -0.71 -2.46 -0.88 -2.01 -1.71 -3.17 -3.64 2.23c 
Glu -0.54 1.34 -4.64 -3.40 -1.74 -0.56 -4.26 -2.40 5.59c 
Gly -0.14 -0.05 -0.08 -0.13 -0.08 0.05 -0.12 -0.17 0.30 
His -0.01 -0.03 -0.03 -0.05 -0.09 -0.07 -0.09 -0.09 0.11 
Ile -0.03 -0.02 -0.06 -0.08 -0.10 -0.08 -0.17 -0.26 0.23c 
Leu -0.15 -0.10 -0.18 -0.33 -0.26 -0.16 -0.34 -0.52 0.48 
Lys -0.18 -0.01 -0.11 -0.37 -0.17 0.07 -0.30 -0.49 0.52c 
Met 0.00 0.12 -0.20 -0.40 -0.21 -0.35 -0.53 -0.08 0.57c 
Orn -0.02 -0.01 -0.01 0.00 0.00 0.00 0.01 0.00 0.02c 
Phe -0.10 0.06 -0.15 -0.19 -0.03 -0.21 -0.31 -0.27 0.29c 
Pro -0.06 0.20 -0.16 0.05 -0.41 -0.12 -1.33 -0.62 1.29c 
Ser 0.48 0.50 -1.54 -1.22 -0.69 0.21 -1.29 -1.43 2.82 
Thr -0.09 -0.04 -0.40 -0.33 -0.31 -0.15 -0.93 -1.23 0.95c 
Tyr 0.55 -0.01 0.36 -0.34 -0.52 0.43 -0.36 -0.28 1.30 
Val -0.11 0.00 -0.21 -0.35 0.04 -0.26 -0.73 -0.67 0.72c 
Total -11.4 -15.6 -31.2 -20.9 -25.1 -21.4 -43.8 -31.7 33.3 
a Means were calculated as (Water treatment at 800 ppm- Mean water treatment at 400 ppm) and 
are based on up to 4 replications. A positive result corresponds to higher concentration under 800 
ppm than under 400 ppm and vice versa. Means were subjected to ANOVA analysis, and 
Fisher’s protected Least Significant Difference (LSD) test (p<0.05). 
b Dark shaded boxes are significantly less than zero, light shaded boxes are significantly more. 
c Indicates a significant difference among cultivars. 
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Table 4.4 Differences in carbohydrate concentrations between turfgrass exposed to 800 ppm CO2 
as compared to 400 ppm CO2 in Sampling 2.  
 A) Absolute difference in carbohydrate concentration (mg/gDW) between turfgrasses 

incubated at 800 ppm versus 400 ppm CO2 after 10 wk growth 
 A. stolonifera A. capillaris P. annua  

Sugar Alpha Focus Independ
ence Penncross T1 Tyee Leirin LaBelle LSD 

(p<0.05) 
Sucrose   2.4 a 6.7 0.6 4.4 0.1 -0.4 -1.8 4.0 8.4c 
Glucose 0.2 0.2 -1.8 -1.6 -1.7 -0.5 -1.3 -0.4 2.4 
Fructose -0.5 -1.0 -2.0 -1.8 -1.5 -0.7   -4.6b -1.8 2.0c 
Total SS 2.1 6.0 -3.2 1.1 -3.0 -1.7 -7.6 1.9 11c 
HDPF -25 -4.2 -1.1 14   28 b 0.3 62 19 21c 
TNC -23 1.8 -4.3 15 25 -1.3 55 21 24c 

B) Absolute difference in carbohydrate concentration (mg/gDW) between turfgrasses 
incubated at 800 ppm versus 400 ppm CO2 after 11 wk growth 

 A. stolonifera A. capillaris P. annua  

Sugar Alpha Focus Independ
ence Penncross T1 Tyee Leirin LaBelle LSD 

(p<0.05) 
Sucrose  7.6  6.7 7.9 3.3 4.8 8.7 4.8 11 7.0c 
Glucose 1.6 0.6 2.6 -0.6 -0.7 0.4 -0.9 -0.1 2.4c 
Fructose 0.7 0.6 1.2 -1.3 -0.8 -0.8 -1.2 -0.8 1.8c 
Total SS 9.9 7.8 12 1.4 3.2 8.4 2.7 10 8.9c 
HDPF 7.1 12 13 -1.4 13 17 0.1 13 28 
TNC 17 20 25 0.0 16 25 2.9 23 29 
SS= soluble sugars, HDPF= high degree of polymerisation fructans, TNC= total nonstructural carbohydrates 
a Means were calculated as (Water treatment at 800 ppm- Mean water treatment at 400 ppm) after 
10 wk or 11 wk of growth, and are based on up to 4 replications. A positive result corresponds to 
higher concentration under 800 ppm than under 400 ppm and vice versa. Means were subjected to 
ANOVA analysis, and Fisher’s protected Least Significant Difference (LSD) test (p<0.05). 
b Dark shaded boxes are significantly less than zero, light shaded boxes are significantly more 
c Indicates a significant difference among cultivars 
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Table 4.5 Difference in amino acid concentrations between turfgrass cultivars treated with Civitas 
+ Harmonizer (C+H) as compared to water, at ambient CO2 conditions (400 ppm) in Sampling 3.  
  Absolute difference in amino acid concentrations (µmol/gMS) between turfgrasses , 7 

days post treatment with Civitas + Harmonizer or water, when incubated at 400 ppm CO2 
 A. stolonifera A. capillaris P. annua  

Amino 
Acid Alpha Focus Independ

ence Penncross T1 Tyee Leirin LaBelle LSD 
(p<0.05) 

AABA   0.07a 0.03 0.05 0.09 0.00 0.02 0.04   -0.26b   0.12c 
Ala 0.04 0.28 0.25 0.72 -0.29 1.37 -0.45 -0.36 3.45 
Arg 0.23 -0.02 0.04 0.03 -0.20 0.10 -0.01 -0.03 0.38c 
Asn -1.89 -5.91 2.89 5.28 -3.95 2.64 3.81 -4.41 21.1 
Asp 1.22 2.22 1.25 0.60 0.29 1.93 1.11 -0.01 3.83 
GABA 0.10 0.83 0.59 0.09 1.42 1.94 -0.07 -3.90 4.18c 
Gln 1.22 0.19 0.91 0.41 0.22 0.79 0.32 2.40 4.12 
Glu 0.24 2.28 0.72 1.82 -0.30 3.18 0.90 0.62 6.71 
Gly -0.11 0.02 0.03 0.01 -0.06 0.08 0.07 -0.21 0.31 
His   0.15b -0.06 0.08 0.05 0.04 0.07 0.00 0.11 0.12c 
Ile 0.09 0.03 0.06 0.01 -0.02 0.03 -0.08 0.10 0.26 
Leu 0.12 -0.01 0.02 -0.06 -0.15 0.00 -0.11 0.02 0.47 
Lys 0.07 0.08 0.14 -0.10 -0.18 0.18 -0.01 -0.33 0.56 
Met 0.11 0.25 0.06 0.03 -0.10 0.06 -0.02 0.01 0.64 
Orn -0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.02 0.03 
Phe 0.12 0.14 0.06 0.03 0.15 0.03 0.01 0.16 0.36 
Pro 0.21 -0.06 -0.08 0.29 -0.37 0.00 -1.20 1.00 2.22 
Ser 0.51 0.25 -1.16 0.24 -0.41 1.12 -0.05 -0.08 2.84 
Thr 0.22 0.15 0.06 0.26 -0.14 0.48 0.29 0.53 1.32 
Tyr 0.17 0.30 -0.15 0.01 -0.17 0.24 -0.15 -0.05 1.37 
Val 0.14 0.11 0.09 0.01 0.13 0.05 -0.30 0.11 0.72 
Total -1.14 0.95 19.5 9.22 -6.28 23.4 -0.52 0.07 48.1 
a Means were calculated as (Civitas treatment at 400 ppm- Mean water treatment at 400 ppm) and 
are based on up to 4 replications. A positive result corresponds to higher concentration when 
C+H is applied and vice versa. Means were subjected to ANOVA analysis, and Fisher’s protected 
Least Significant Difference (LSD) test (p<0.05). 
b Dark shaded boxes are significantly less than zero, light shaded boxes are significantly more. 
c Indicates a significant difference among cultivars. 
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Table 4.6 Difference in amino acid concentrations between turfgrass cultivars treated with Civitas 
+ Harmonizer (C+H) as compared to water, at elevated CO2 conditions (800 ppm) in Sampling 3.  
  Absolute difference in amino acid concentrations (µmol/gMS) between turfgrasses 

treated with Civitas + Harmonizer or water, when incubated at 800 ppm CO2  
 A. stolonifera A. capillaris P. annua  

Amino  
Acid Alpha Focus Independ

ence Penncross T1 Tyee Leirin LaBelle LSD 
(p<0.05) 

AABA   0.00 a 0.01 -0.01 -0.01 -0.01 -0.02   0.10b 0.02   0.07c 
Ala -1.06 -0.27 -0.76 0.14 -1.01 -0.08 0.67 1.55 3.66 
Arg 0.05 0.03 -0.06 0.05 -0.01 0.08 -0.02 0.28 0.42 
Asn -2.50 1.19 -5.65 -1.24 -8.61 -2.81 13.3 7.28 11.2c 
Asp -0.21 0.24 0.19 0.22 -0.56 0.37 0.56 1.48 2.91 
GABA -0.23 -0.28 -0.55 0.69 -0.68 0.12 0.79 2.30 4.28 
Gln -0.15 -0.43 0.01 -0.71 -0.88 -0.24 0.25 2.14 2.22c 
Glu -2.10 2.75 1.08 0.89 -1.74 -0.36 1.15 0.53 4.69c 
Gly 0.10 0.06 -0.07 0.02 -0.06 -0.10 -0.01 0.22 0.40 
His 0.05 -0.05 -0.05 -0.01 0.02 0.03 -0.02 0.11 0.09c 
Ile 0.06 0.02 -0.05 -0.02 -0.04 -0.01 -0.02 0.24 0.26c 
Leu 0.12 0.00 -0.15 0.02 -0.10 -0.03 -0.07 0.49 0.58c 
Lys 0.16 0.01 -0.13 0.04 -0.07 -0.02 -0.03 0.39 0.62 
Met 0.12 0.08 -0.10 -0.07 0.10 0.25 -0.02 0.10 0.58 
Orn 0.00 -0.01 0.00 -0.01 -0.01 0.00 -0.02 0.01 0.02c 
Phe 0.01 -0.03 -0.09 -0.02 -0.10 0.02 -0.04 0.23 0.33c 
Pro 0.03 -0.63b -0.26 -0.24 -0.24 -0.45 -0.10 -0.76 0.59c 
Ser -2.25 0.77 -0.43 0.33 -0.57 -0.04 -0.04 0.66 3.72 
Thr -0.31 0.03 -0.22 0.05 -0.25 -0.36 0.25 1.04 1.16c 
Tyr -0.20 0.40 -0.60 -0.12 0.45 -0.02 -0.25 -0.07 1.07 
Val 0.09 0.00 -0.13 -0.07 -0.19 -0.01 0.07 0.46 0.75 
Total -9.04 0.12 -10.8 -0.07 -8.80 -3.70 9.19 16.0 35.5 
a Means were calculated as (Civitas treatment at 800 ppm- Mean water treatment at 800 ppm) 
and are based on up to 4 replications at 7 days post treatment. A positive result corresponds to 
higher concentration when C+H is applied and vice versa. Means were subjected to ANOVA 
analysis, and Fisher’s protected Least Significant Difference (LSD) test (p<0.05). 
b Dark shaded boxes are significantly less than zero, light shaded boxes are significantly more. 
c Indicates a significant difference among cultivars. 
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Table 4.7 Difference in carbohydrate concentrations between turfgrass cultivars treated with 
Civitas + Harmonizer (C+H) as compared to water at A) 400 ppm or B) 800 ppm CO2.  

 A) Absolute difference in carbohydrate concentration (mg/gDW) between turfgrasses 
treated with C+H or water, when incubated at 400 ppm CO2 

 A. stolonifera A. capillaris P. annua  

Sugar Alpha Focus 
Independ

ence Penncross T1 Tyee Leirin LaBelle 
LSD 

(p<0.05) 
Sucrose   0.6ab 0.4 0.2 -2.2 -3.1 -1.3  -8.0b -7.2   4.8c 
Glucose 0.6 -0.5 0.2 -1.1 -0.9 -1.7 -2.1 0.4 1.5c 
Fructose 1.4 0.0 0.5 -0.5 -1.0 -1.5 -1.6 -0.8 1.7c 
Total SS 2.7 -0.2 0.9 -3.9 -5.0 -4.5 -12 -7.5 6.9c 
HDPF -9.9 -10 1.9 -29 -15 -16 -32 -48 27c 
TNC -7.2 -10 2.9 -33 -20 -21 -44 -55 30c 

B) Absolute difference in carbohydrate concentration (mg/gDW) between turfgrasses 
treated with C+H or water, when incubated at 800 ppm CO2  

 A. stolonifera A. capillaris P. annua  

Sugar Alpha Focus 
Independ

ence Penncross T1 Tyee Leirin LaBelle 
LSD 

(p<0.05) 
Sucrose -0.9  -0.1 -0.7 2.0 -2.0 -1.8 -1.2 -9.6 6.7c 
Glucose 0.1 -1.3 -3.3 -0.9 -0.4 0.0 -1.5 1.8 2.1c 
Fructose 0.6 -0.7 -1.8 0.0 -0.3 0.6 -0.5 1.8 1.8c 
Total SS -0.3 -2.1 -5.8 1.2 -2.7 -1.2 -3.1 -6.1 8.2 
HDPF 5.3 -4.9 12.6 -8.7 -9.1 -23 -6.1 -52 31c 
TNC 4.9 -7.0 6.8 -7.5 -12 -24 -9.2 -58 33c 
SS= soluble sugars, HDPF= high degree of polymerisation fructans, TNC= total nonstructural carbohydrates 
a Means were calculated as (Civitas treatment- Mean water treatment) at 400 ppm or 800 ppm 
and are based on up to 4 replications at 7 days post treatment, A positive result corresponds to 
higher concentration when C+H is applied and vice versa. Means were subjected to ANOVA 
analysis, and Fisher’s protected Least Significant Difference (LSD) test (p<0.05). 
b Dark shaded boxes are significantly less than zero, light shaded boxes are significantly more. 
c  Indicates a significant difference among cultivars. 
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Table 4.8 Difference in amino acid concentrations between turfgrass cultivars incubated at 800 
ppm CO2 as compared to 400 ppm, when treated with Civitas+ Harmonizer at Sampling 3.  
  Absolute difference in amino acid concentrations (µmol/gMS) between turfgrasses treated 

with Civitas + Harmonizer when incubated at 800 ppm versus 400 ppm CO2 
 A. stolonifera A. capillaris P. annua  

Amino 
Acid Alpha Focus Independ

ence Penncross T1 Tyee Leirin LaBelle LSD 
(p<0.05) 

AABA   -0.07ab -0.03  -0.06 -0.12 -0.01 -0.02 0.04   0.22b 0.07c 
Ala -1.57 -0.45 -2.76 -2.48 -1.75 -1.46 -2.27 -1.52 3.66 
Arg -0.19 -0.06 -0.30 -0.20 -0.10 -0.26 -0.20 0.04 0.42 
Asn -10.7 -11.8 -27.0 -12.8 -21.9 -23.4 -4.96 -2.10 11.2c 
Asp -1.83 -1.07 -3.92 -2.31 -1.40 -2.25 -3.30 -1.57 2.91 
GABA -0.42 -0.57 -2.31 -1.43 -1.45 -1.45 -1.58 2.14 4.28c 
Gln -2.17 -1.33 -3.35 -2.00 -3.11 -2.74 -3.24 -3.90 2.22c 
Glu -2.88 1.81 -4.28 -4.32 -3.18 -4.09 -4.02 -2.49 4.69c 
Gly 0.07 0.00 -0.18 -0.11 -0.09 -0.12 -0.20 0.26 0.40c 
His -0.12 -0.03 -0.16 -0.11 -0.11 -0.11 -0.11 -0.08 0.09c 
Ile -0.06 -0.03 -0.17 -0.11 -0.11 -0.12 -0.12 -0.12 0.26 
Leu -0.15 -0.08 -0.34 -0.25 -0.21 -0.19 -0.30 -0.04 0.58 
Lys -0.10 -0.08 -0.38 -0.23 -0.06 -0.13 -0.31 0.23 0.62 
Met 0.01 -0.05 -0.36 -0.51 -0.02 -0.17 -0.52 0.01 0.58 
Orn -0.01 -0.02 -0.02 -0.02 0.00 -0.01 -0.03 -0.01 0.02c 
Phe -0.21 -0.11 -0.30 -0.25 -0.29 -0.22 -0.36 -0.20 0.33 
Pro -0.24 -0.37 -0.34 -0.48 -0.28 -0.57 -0.23 -2.39 0.59c 
Ser -2.27 1.02 -0.81 -1.13 -0.84 -0.96 -1.28 -0.68 3.72 
Thr -0.62 -0.16 -0.69 -0.54 -0.41 -0.98 -0.98 -0.72 1.16 
Tyr 0.18 0.09 -0.09 -0.47 0.10 0.17 -0.46 -0.29 1.07 
Val -0.15 -0.11 -0.44 -0.43 -0.28 -0.32 -0.36 -0.31 0.75 
Total -19.3 -16.4 -61.6 -30.2 -27.7 -48.5 -34.1 -15.9 35.5c 
a Means were calculated as (Civitas treatment at 800 ppm- Mean Civitas treatment at 400 ppm) 
and are based on up to 4 replications at 7 days post treatment. A positive result corresponds to 
higher concentration under 800 ppm than under 400 ppm and vice versa. Means were subjected 
to ANOVA analysis, and Fisher’s protected Least Significant Difference (LSD) test (p<0.05). 
b Dark shaded boxes are significantly less than zero, light shaded boxes are significantly more. 
c Indicates a significant difference among cultivars. 
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Table 4.9 Difference in carbohydrate concentrations between turfgrass cultivars incubated at 800 
ppm CO2 as compared to 400 ppm, when treated with Civitas+ Harmonizer at Sampling 3.  
  Absolute difference in carbohydrate concentration (mg/gDW) between turfgrasses 

treated with Civitas + Harmonizer when incubated at 800 ppm versus 400 ppm CO2 
 A. stolonifera A. capillaris P. annua  

Sugar 
Alpha Focus Independ

ence Penncross T1 Tyee Leirin LaBelle LSD 
(p<0.05) 

Sucrose   6.0a 6.2 7.0b 7.6 5.9 8.2 11.6 8.6 6.7 
Glucose 1.1 -0.2 -1.0 -0.4 -0.3 2.1 -0.2 1.2  2.1c 
Fructose -0.1 -0.1 -1.1 -0.8 -0.1 1.4 -0.1 1.7 1.8c 
Total SS 6.9 5.8 4.9 6.4 5.5 12 11 12 8.2 
HDPF 22 17 24 19 18 9.9 26 8.8 31 
TNC 29 23 28 25 24 22 37 20 33 
SS= soluble sugars, HDPF= high degree of polymerisation fructans, TNC= total nonstructural carbohydrates 
a Means were calculated as (Civitas treatment at 800 ppm- Mean Civitas treatment at 400 ppm) 
and are based on up to 4 replications at 7 days post treatment. A positive result corresponds to 
higher concentration under 800 ppm than under 400 ppm and vice versa. Means were subjected 
to ANOVA analysis, and Fisher’s protected Least Significant Difference (LSD) test (p<0.05). 
b Light shaded boxes are significantly more than zero. 
c Indicates a significant difference among cultivars. 
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Table 4.10 Difference in amino acid concentrations between turfgrass cultivars inoculated with 
M. nivale as compared to a non-inoculated control, when treated with water and incubated at 400 
ppm CO2 at Sampling 5.  
  Absolute difference in amino acid concentrations (µmol/gMS) between turfgrasses 

inoculated with M. nivale or non-inoculated, treated with water and incubated at 400 ppm 
CO2 

 A. stolonifera A. capillaris P. annua  

Amino 
Acid Alpha Focus Independ

ence Penncross T1 Tyee Leirin LaBelle LSD 
(p<0.05) 

AABA   0.01a -0.06 -0.03 -0.06 0.06 -0.01 -0.06   0.28b  0.06c 
Ala 0.19 0.67 0.52 0.84 0.13 1.21 0.91 0.62 1.65 
Arg 1.83 1.00 0.94 0.90 0.76 1.28 0.75 2.85 1.14c 
Asn -5.22 -14.2b -12.6 -10.9 -15.5 0.93 -18.7 -12.4 8.15c 
Asp 0.59 2.65 -0.26 3.75 1.14 1.75 0.72 0.29 2.57c 
GABA -0.46 1.41 0.64 0.74 0.21 0.92 0.98 -2.77 2.17c 
Gln 2.41 2.45 2.46 0.69 1.72 3.12 -0.18 2.75 2.71c 
Glu 0.40 -0.05 0.58 0.20 0.32 0.66 -0.05 -1.05 3.74 
Gly -1.26 -0.59 -1.12 -1.39 -0.50 -0.94 -2.16 -0.24 0.42c 
His -0.28 -0.51 -1.07 -0.41 -0.64 -0.17 -0.60 -0.58 0.39c 
Ile -0.56 -0.55 -0.75 -0.31 -0.62 -0.12 -0.19 -1.20 0.30c 
Leu 0.64 0.48 0.52 0.44 0.24 0.59 0.51 1.47 0.82c 
Lys 1.03 0.70 0.30 0.67 0.34 0.79 0.56 1.54 0.88c 
Met -0.21 -0.16 -0.39 -0.26 -0.11 -0.24 -0.38 0.86 0.28c 
Orn 0.03 0.04 0.06 0.04 0.04 0.05 0.02 0.07 0.04c 
Phe 0.06 -0.09 -0.24 0.04 -0.24 0.08 0.02 0.53 0.37c 
Pro 0.12 0.19 0.10 0.10 -0.06 -0.06 0.00 0.54 0.20c 
Ser -1.46 -1.09 -2.02 -0.88 -1.28 -0.44 -0.94 0.15 1.32c 
Thr -0.52 -0.42 -1.09 -0.33 -0.86 -0.11 -0.91 -0.93 0.78c 
Tyr 0.15 0.22 0.22 0.14 0.06 0.14 0.11 -0.21 0.23c 
Val -0.52 -0.86 -0.99 -0.36 -0.60 -0.02 -0.61 -0.76 0.60c 
Total -2.81 -10.3 -24.8 -6.93 -19.1 8.89 -20.1 -2.14 24.6c 
a Means were calculated as (400 ppm water inoculated treatment - 400 ppm water non-inoculated 
treatment) and are based on up to 4 replications at 7 days post inoculation. A positive result 
corresponds to higher concentration when inoculated than non-inoculated and vice versa. Means 
were subjected to ANOVA analysis, and Fisher’s protected Least Significant Difference (LSD) 
test (p<0.05). 
b Dark shaded boxes are significantly less than zero, light shaded boxes are significantly more. 
c Indicates a significant difference among cultivars. 
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Table 4.11 Difference in amino acid concentrations between turfgrass cultivars inoculated with 
M. nivale as compared to a non-inoculated control, when treated with water and incubated at 800 
ppm CO2 at Sampling 5.  
  Absolute difference in amino acid concentrations (µmol/gMS) between turfgrasses 

inoculated with M. nivale or non-inoculated, treated with water and incubated at 800 
ppm CO2, 7 days post inoculation 

 A. stolonifera A. capillaris P. annua  

Amino 
Acid Alpha Focus Independ

ence Penncross T1 Tyee Leirin LaBelle LSD 
(p<0.05) 

AABA -0.1 ab -0.04 -0.05 -0.07 -0.06 -0.06 -0.15 0.08b 0.02c 
Ala -1.04 0.57 2.62 0.52 -0.82 0.60 -0.29 -0.67 1.72c 
Arg -0.03 1.08 1.13 0.57 0.23 0.62 0.37 1.96 0.56c 
Asn -31.4 -4.68 -6.48 -3.35 -17.4 -30.9 -29.2 -17.1 9.40c 
Asp -2.98 2.11 0.89 0.81 -0.50 -0.66 -4.04 -2.12 2.60c 
GABA -0.13 2.09 2.19 1.50 0.01 0.21 1.04 -4.05 1.80c 
Gln 0.34 3.55 3.57 0.97 0.32 -0.12 -1.53 -0.89 2.39c 
Glu -4.85 -0.96 1.04 -2.50 -3.88 -1.93 -5.24 -2.91 2.65c 
Gly -1.68 -0.40 -0.46 -0.80 -1.15 -1.38 -0.62 -1.00 0.35c 
His -1.37 -0.31 -0.88 -0.13 -0.92 -0.91 -0.30 -1.01 0.37c 
Ile -0.48 -0.04 0.31 -0.13 -0.33 -0.35 -0.57 -2.40 0.51c 
Leu -0.03 0.80 1.03 0.33 0.38 0.69 0.18 0.99 0.56c 
Lys -0.07 0.84 1.50 0.44 0.30 0.39 -0.03 -0.58 0.76c 
Met -0.47 -0.16 -0.11 -0.22 -0.19 -0.11 -0.10 0.58 0.27c 
Orn -0.02 0.02 0.06 0.00 0.02 0.02 0.01 0.08 0.05c 
Phe -0.37 0.39 0.19 0.07 0.12 0.03 -0.21 0.57 0.31c 
Pro -0.15 0.09 0.02 -0.08 -0.28 -0.12 0.01 0.13 0.30c 
Ser -2.67 0.14 -0.92 -0.20 -3.06 -1.61 -1.60 -1.98 1.57c 
Thr -1.58 -0.01 0.32 -0.16 -1.24 -1.07 -1.23 -2.07 0.57c 
Tyr -0.14 0.07 0.01 0.24 -0.20 0.21 0.11 0.17 0.33c 
Val -0.78 -0.02 -0.21 -0.14 -0.47 -0.66 -0.91 -1.61 0.67c 
Total -54.7 -0.04 -9.65 -2.31 -44.7 -38.9 -42.1 -32.8 20.9c 
a Means were calculated as (800 ppm water inoculated treatment - 800 ppm water non-inoculated 
treatment) and are based on up to 4 replications at 7 days post inoculation. A positive result 
corresponds to higher concentration when inoculated than non-inoculated and vice versa. Means 
were subjected to ANOVA analysis, and Fisher’s protected Least Significant Difference (LSD) 
test (p<0.05). 
b Dark shaded boxes are significantly less than zero, light shaded boxes are significantly more. 
c Indicates a significant difference among cultivars. 
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Table 4.12 Difference in carbohydrate concentrations between turfgrass cultivars inoculated with 
M. nivale as compared to a non-inoculated control, when treated with water and incubated at A) 
400 ppm or B) 800 ppm CO2 at Sampling 5.  

 A) 
Absolute difference in carbohydrate concentrations (mg/gDW) between turfgrasses 

inoculated with M. nivale or non-inoculated, treated with water and incubated at 400 
ppm CO2, 7 days post inoculation 

 A. stolonifera A. capillaris P. annua  

Sugar Alpha Focus Independ
ence Penncross T1 Tyee Leirin LaBelle LSD 

(p<0.05) 
Sucrose   -1.99a  -3.11b 0.80 -1.21 -1.15 -0.33 1.01 -6.79 2.90c 
Glucose 1.34 1.52   4.48 b 1.36 0.82 0.97 1.76 -0.42 2.60c 
Fructose 0.50 -0.19 2.41 1.17 0.14 0.26 1.34 -3.47 2.41c 
Total SS -0.16 -1.77 7.68 1.33 -0.18 0.90 4.11 -10.7 6.65c 
HDPF 1.33 0.22 1.42 2.44 4.80 1.63 1.10 0.53 3.23c 
TNC 1.18 -1.57 9.11 3.74 4.61 2.55 5.20 -10.1 8.71c 

B) 
Absolute difference in carbohydrate concentrations (mg/gDW) between turfgrasses 

inoculated with M. nivale or non-inoculated, treated with water and incubated at 800 
ppm CO2, 7 days post inoculation 

 A. stolonifera A. capillaris P. annua  

Sugar Alpha Focus Independ
ence Penncross T1 Tyee Leirin LaBelle LSD 

(p<0.05) 
Sucrose  -3.53 -4.18 -11.7 0.21 -1.85 4.63 -9.02 -9.19 6.29c 
Glucose -2.83 0.09 -1.42 3.65 1.26 3.54 4.38 -1.08 5.16c 
Fructose -1.57 -0.72 -2.12 1.88 0.34 2.26 2.23 -5.01 4.58c 
Total SS -7.94 -4.81 -15.3 5.74 -0.26 10.4 -2.42 -15.3 14.3c 
HDPF 1.30 -1.74 0.70 6.24 -0.16 4.91 1.21 2.47 4.83c 
TNC -6.62 -6.54 -14.6 12.0 -0.42 15.3 -1.20 -12.8 15.7c 
SS= soluble sugars, HDPF= high degree of polymerisation fructans, TNC= total nonstructural carbohydrates 
a Means were calculated as (water inoculated treatment - water non-inoculated treatment) at 
400 ppm and 800 ppm CO2, and are based on up to 4 replications at 7 days post inoculation. A 
positive result corresponds to higher concentration when inoculated than non-inoculated and 
vice versa. Means were subjected to ANOVA analysis, and Fisher’s protected Least Significant 
Difference (LSD) test (p<0.05). 
b Dark shaded boxes are significantly less than zero, light shaded boxes are significantly more. 
c Indicates a significant difference among cultivars. 
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Table 4.13 Difference in amino acid concentrations between turfgrass cultivars inoculated with 
M. nivale when treated with Civitas+ Harmonizer (C+H) as compared to a water control at 400 
ppm CO2 in Sampling 5.  
  Absolute difference in amino acid concentrations (µmol/gMS) between turfgrasses treated 

with Civitas + Harmonizer or water, when incubated at 400 ppm CO2, 7 days post 
inoculation with M. nivale 

 A. stolonifera A. capillaris P. annua  

Amino 
Acid Alpha Focus Independ

ence Penncross T1 Tyee Leirin LaBelle LSD 
(p<0.05) 

AABA   -0.01a 0.00 -0.01 0.00 -0.01 -0.01 0.02 -0.08   0.05c 
Ala 0.06 -0.32 0.12 -0.11 0.08 0.00 0.23 -0.26 1.00 
Arg -0.42 -0.13 -0.15 -0.02 -0.05 -0.11 0.00 -0.52 0.74 
Asn -0.60 5.06 -0.97 1.70 -0.51 -3.40 2.12  10.2b 6.99c 
Asp -0.32 -1.05 0.66 -0.41 -0.14 0.08 0.00 0.43 1.58c 
GABA 0.27 -0.50 0.27 -0.04 0.56 0.19 0.18 -0.44 1.37 
Gln -0.32 -0.40 -0.18 0.12 -0.37 -1.04 0.25 0.56 1.68 
Glu -0.53 -0.80 0.15 -0.38 0.35 -0.13 -0.08 0.33 1.85 
Gly -0.04 -0.03 0.00 -0.01 0.03 -0.03 0.01 -0.10 0.23 
His -0.05 0.01 0.05 0.00 0.00 -0.18 0.05 0.06 0.26 
Ile 0.01 0.05 0.08 -0.01 -0.02 -0.09 -0.07 0.02 0.21 
Leu -0.13 -0.03 -0.03 0.01 0.06 0.00 0.03 -0.31 0.51 
Lys -0.25 -0.20 0.07 0.00 0.02 -0.02 -0.03 -0.56 0.56c 
Met -0.03 -0.03 0.03 0.00 0.01 -0.02 0.02 -0.10 0.16 
Orn 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.03 
Phe -0.05 0.02 0.05 -0.01 -0.01 -0.03 0.03 -0.09 0.23 
Pro -0.01 -0.02 0.06 0.02 0.05 0.10 0.10   -0.26b 0.20c 
Ser -0.05 -0.23 0.29 -0.08 -0.35 -0.36 0.00 -0.19 0.81 
Thr -0.04 -0.07 0.17 0.04 -0.03 -0.09 0.07 -0.04 0.42 
Tyr -0.02 -0.05 -0.04 0.01 0.01 0.00 0.03 -0.08 0.17 
Val -0.07 -0.01 0.16 -0.03 -0.06 -0.21 0.04 0.05 0.37 
Total -2.98 -0.08 2.53 1.18 -0.25 -5.06 3.04 4.12 14.5 
a Means were calculated as (400 ppm Civitas inoculated treatment - 400 ppm water inoculated 
treatment) and are based on up to 4 replications at 7 days post inoculation. A positive result 
corresponds to higher concentration when inoculated than non-inoculated and vice versa. Means 
were subjected to ANOVA analysis, and Fisher’s protected Least Significant Difference (LSD) 
test (p<0.05). 
b Dark shaded boxes are significantly less than zero, light shaded boxes are significantly more. 
c Indicates a significant difference among cultivars. 
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Table 4.14 Difference in amino acid concentrations between turfgrass cultivars inoculated with 
M. nivale when treated with Civitas+ Harmonizer (C+H) as compared to a water control at 800 
ppm CO2 in Sampling 5.  
  Absolute difference in amino acid concentrations (µmol/gMS) between turfgrasses treated 

with Civitas + Harmonizer or water, when incubated at 800 ppm CO2, 7 days post 
inoculation with M. nivale 

 A. stolonifera A. capillaris P. annua  
Amino 
Acid Alpha Focus Independ

ence Penncross T1 Tyee Leirin LaBelle LSD 
(p<0.05) 

AABA   0.01a 0.01 -0.02 0.00 0.01 0.00 0.00 0.01 0.05 
Ala 0.60 -0.42 -0.99 -0.22 -0.15 -0.59 0.68 0.51 1.41c 
Arg 0.20 -0.01 -0.54 0.14 -0.02 -0.24 0.29 -0.39 0.57c 
Asn 0.88 0.02 -5.54 0.48 -0.94 -0.28 -1.84 4.98 6.00c 
Asp 1.49 0.43 -0.83 1.06 0.57 -0.30 1.11 1.39 2.29c 
GABA 0.35 -0.53 -0.56 -0.34 -0.38 0.23 0.44   2.13b 1.87c 
Gln 0.76 -0.80 -1.56 0.32 0.09 -0.18 0.71 1.60 1.96c 
Glu 1.12 -0.57 -1.84 0.35 0.09 -0.46 1.16 1.43 2.38c 
Gly 0.10 -0.03 -0.09 -0.01 -0.01 -0.08 0.06 0.14 0.23c 
His 0.11 -0.02 -0.18 0.02 0.07 -0.07 0.06 0.13 0.28c 
Ile 0.07 -0.07 -0.16 0.07 0.01 -0.09 0.15 0.37 0.39c 
Leu 0.24 -0.06 -0.36 0.14 -0.05 -0.27 0.29 -0.06 0.53c 
Lys 0.23 -0.19 -0.45 0.17 0.07 -0.25 0.32 -0.24 0.58c 
Met 0.03 -0.04 -0.04 -0.01 0.02 -0.08 0.15 -0.13 0.22c 
Orn 0.02 0.01 -0.02 0.01 0.00 -0.01 0.01 0.00 0.04c 
Phe 0.14 -0.04 -0.16 0.03 0.08 -0.09 0.15 -0.04 0.30c 
Pro 0.05 0.02 -0.14 0.03 -0.04 0.01 0.00 0.15 0.21c 
Ser 0.35 -0.41 -0.71 0.24 -0.19 -0.22 0.29 0.88 1.20c 
Thr 0.17 -0.13 -0.31 0.10 0.00 -0.06 0.26 0.51 0.55c 
Tyr 0.07 -0.04 -0.05 0.02 0.05 -0.02 0.13 0.28 0.30c 
Val 0.14 -0.13 -0.34 -0.03 0.09 -0.15 0.23 0.44 0.54c 
Total 9.45 -4.08 -15.9 4.87 3.61 -3.31 7.30 13.9 18.8c 
a Means were calculated as (800 ppm Civitas inoculated treatment - 800 ppm water inoculated 
treatment) and are based on up to 4 replications at 7 days post inoculation. A positive result 
corresponds to higher concentration when inoculated than non-inoculated and vice versa. Means 
were subjected to ANOVA analysis, and Fisher’s protected Least Significant Difference (LSD) 
test (p<0.05). 
b Grey shaded boxes are significantly more than zero based on ANOVA analysis (p<0.05). 
c Indicates a significant difference among cultivars. 
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Table 4.15 Difference in carbohydrate concentrations between turfgrass cultivars inoculated with 
M. nivale when treated with Civitas+ Harmonizer (C+H) as compared to a water control at A) 
400 ppm or B) 800 ppm CO2 in Sampling 5.  

A) 
Absolute difference in carbohydrate concentrations (mg/gDW) between turfgrasses 
treated with Civitas + Harmonizer or water, when incubated at 400 ppm CO2, 7 days 
post inoculation with M. nivale 

 A. stolonifera A. capillaris P. annua  

Sugar Alpha Focus Independ
ence Penncross T1 Tyee Leirin LaBelle LSD 

(p<0.05) 
Sucrose   0.99a  10.8b 0.47 0.44 2.04 -0.99 0.67 -2.40  8.53c 
Glucose 2.23 0.97 -0.07 0.80 3.40 -0.22 2.32 -3.07 3.30c 
Fructose 1.75 1.21 -0.92 0.45 2.12 0.05 1.24   -2.57b 2.43c 
Total SS 4.96 12.9 -0.50 1.68 7.55 -1.16 4.22 -8.03 12.3c 
HDPF 0.71 1.40 1.07 -0.69 -1.10 1.23 2.78 2.63 4.44 
TNC 5.68 14.3 0.56 1.00 6.46 0.07 7.01 -5.40 13.9c 

B) 
Absolute difference in carbohydrate concentrations (mg/gDW) between turfgrasses 

treated with Civitas + Harmonizer or water, when incubated at 800 ppm CO2, 7 days 
post inoculation with M. nivale 

 A. stolonifera A. capillaris P. annua  

Sugar Alpha Focus Independ
ence Penncross T1 Tyee Leirin LaBelle LSD 

(p<0.05) 
Sucrose -0.95 -0.05 0.15 -2.66 -0.33 -6.09 0.33 -1.49 2.43c 
Glucose 0.10 -1.60 -0.42 -0.62 -1.07 -2.97 -1.83 1.50 2.78c 
Fructose -0.05 -0.71 0.03 -0.55 -0.78 -1.54 -2.10 1.74 2.07c 
Total SS -0.90 -2.36 -0.24 -3.82 -2.18 -10.6 -3.61 1.76 6.84c 
HDPF -1.47 0.14 1.82 -7.69 -1.25 -3.22 1.37 2.64 5.35c 
TNC -2.35 -2.21 1.61 -11.5 -3.44 -13.8 -2.21 4.40 10.7c 
a Means were calculated as (Civitas inoculated treatment - Mean water inoculated treatment) for 
400 ppm or 800 ppm CO2, and are based on up to 4 replications at 7 days post inoculation. A 
positive result corresponds to higher concentration when inoculated than non-inoculated and vice 
versa. Means were subjected to ANOVA analysis, and Fisher’s protected Least Significant 
Difference (LSD) test (p<0.05). 
b Dark shaded boxes are significantly less than zero, light shaded boxes are significantly more. 
c Indicates a significant difference among cultivars. 
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Figure 4.1 Trays of pots of turfgrasses, loosely bagged after inoculation with M. nivale. 
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Figure 4.2 Amino acid analysis of A. stolonifera leaves. Time courses are shown for select amino 
acid concentrations (µmol/gMS) 1 day before C+H treatment and 7 days post treatment (dpt) for 
leaves treated with water (open circles) or 5% Civitas + 0.3% Harmonizer (green circles) for the 
cultivars Independence (blue) and Focus (orange), under 400 ppm CO2 (light colour line) or 800 
ppm CO2 (dark colour line). Values are calculated as an average of up to 4 replicates. The error 
bars represent standard error (n = 2-4). 
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Figure 4.3 Carbohydrate analysis of A. stolonifera leaves. Time courses are shown for 
carbohydrate concentrations (mg/gDW) 1 day before treatment and 7 days post treatment (dpt) 
for leaves treated with water (open circles) or 5% Civitas + 0.3% Harmonizer (green circles) for 
the cultivars Independence (blue) and Focus (orange), under 400 ppm CO2 (light colour line) or 
800 ppm CO2 (dark colour line). Values are calculated as an average of up to 4 replicates. The 
error bars represent SE (n = 4). 
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Figure 4.4 Amino acid concentrations (µmol/gMS) of A. stolonifera leaves after 10 weeks of 
growth under 400 or 800 ppm CO2. Values are calculated as an average of six cultivars with up to 
4 replicates. Red cells indicate high concentrations of specific amino acid and beige cells indicate 
comparatively low concentrations. 
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SS= soluble sugars, HPF= high degree of polymerisation fructans, TNC= total nonstructural carbohydrates 
Figure 4.5 Carbohydrate concentrations (mg/gDW) of A. stolonifera leaves after 10 weeks of 
growth under 400 or 800 ppm CO2. Values are calculated as an average of six cultivars with up to 
4 replicates. Red cells indicate high concentrations of specific carbohydrates and beige cells 
indicate comparatively low concentrations. 
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Figure 4.6 Amino acid concentrations (µmol/gMS) of A. stolonifera leaves after 11 weeks of 
growth under 400 or 800 ppm CO2, 1 week post treatment with water or 5% Civitas + 0.3% 
Harmonizer (Civitas). Values are calculated as an average of six cultivars with up to 4 replicates. 
Red cells indicate high concentrations of specific amino acids and beige cells indicate 
comparatively low concentrations. 
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 SS= soluble sugars, HPF= high degree of polymerisation fructans, TNC= total nonstructural carbohydrates 
Figure 4.7 Carbohydrate concentrations (mg/gDW) of A. stolonifera leaves after 11 weeks of 
growth under 400 or 800 ppm CO2, 1 week post treatment with water or 5% Civitas + 0.3% 
Harmonizer (Civitas). Values are calculated as an average of six cultivars with up to 4 replicates. 
Red cells indicate high concentrations of specific carbohydrates and beige cells indicate 
comparatively low concentrations. 
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Figure 4.8 Amino acid concentrations (µmol/gMS) of A. stolonifera leaves after 12 weeks of 
growth under 400 or 800 ppm CO2, 2 weeks post treatment with water or 5% Civitas + 0.3% 
Harmonizer (Civ), 1 week post inoculation with M. nivale (Inoc) or non-inoculated (N-I). Values 
are calculated as an average of six cultivars with up to 4 replicates. Red cells indicate high 
concentrations of specific amino acids and beige cells indicate comparatively low concentrations 
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SS= soluble sugars, HPF= high degree of polymerisation fructans, TNC= total nonstructural carbohydrates 
Figure 4.9 Carbohydrate concentrations (mg/gDW) of A. stolonifera leaves after 12 weeks of 
growth under 400 or 800 ppm CO2, 2 weeks post treatment with water or 5% Civitas + 0.3% 
Harmonizer (Civ), 1 week post inoculation with M. nivale (Inoc) or non-inoculated (N-I). Values 
are calculated as an average of six cultivars with up to 4 replicates. Red cells indicate high 
concentrations of specific amino acids and beige cells indicate comparatively low concentrations. 
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Chapter 5 Field resistance activation against Microdochium nivale in 
multiple Agrostis stolonifera cultivars 

5.1 Introduction 
 Managed turfgrass is a common in urban landscapes all around the world and includes 
uses in residential, business, sports facility, and city park settings. All plants are susceptible to 
disease attack and in managed situations, cultural and chemical management practices are 
necessary to reduce disease symptoms. Turfgrasses vary by cultivar in resistance to abiotic and 
biotic stresses, such as infection by fungal pathogens (Bertrand et al., 2013; Vargas, 2005). 
Agrostis species (bentgrasses) are cool-season grasses commonly used for sports playing surfaces 
in temperate regions. Creeping bentgrass (Agrostis stolonifera) is the most commonly used 
cultivar for golf course putting greens in North America (MacBryde, 2005; Warnke, 2003). 
Microdochium nivale is a fungal plant pathogen that causes cool-temperature diseases of 
turfgrasses in temperate climates (Lees et al., 1995; Waalwijk et al., 2003; Kammoun et al., 
2009), and turfgrasses possess naturally occurring resistance mechanisms against this disease 
which can be stimulated by the application of resistance activator products (Cortes-Barco et al., 
2010a; Cortes-Barco et al., 2010b).  
5.1.1 Turfgrass diseases 
 The turfgrass industry has highly regulated standards in regards to disease resistance, seed 
quality, playability, mowing-height and stress tolerance. There are many diseases that reduce the 
aesthetic appeal of turfgrasses in North America which are caused by fungi, bacteria, viruses and 
other abiotic factors. A disease is an abnormality in appearance or function caused by the 
invasion by an infectious agent or pathogen (Agrios, 2005). During the winter, particularly after 
prolonged snow cover, M. nivale will attack turfgrasses and cereals causing pink snow mold 
(Tronsmo et al., 2001). The same pathogen causes Microdochium patch (also known as Fusarium 
patch) which occurs during periods of cool, wet weather particularly in the spring and fall 
(Tronsmo et al., 2001). More information on this disease can be found in Chapter 1. 
5.1.2 Turfgrass disease management  

The successful growth of a turfgrass stand depends highly on the selection of species or 
cultivar, since the susceptibility to stresses and infections varies by cultivar (Bertrand et al., 2013; 
Vargas, 2005). Variation in resistance to M. nivale by turfgrass cultivars has been found to vary 
in response to climatic conditions (Tronsmo et al., 2001). For instance, turfgrass genotypes that 
originate in areas that traditionally have long snow-covered periods, such as Quebec, Canada, 
have higher resistance to snow molds (Bertrand et al., 2009). This resistance has also been linked 
to sugar content, percent dry matter, fructan content, freeze tolerance, plant growth stage, cold 
hardiness, and resistance to other pathogens (Matsumoto and Hsiang, 2016). Climate change may 
allow for cultivation of less winter-hardy cultivars further north, where M. nivale may become 
more prevalent due to its facultative nature and ability to survive a greater ranges of conditions 
(Matsumoto and Hsiang, 2016). Many fungicides have been registered for use in Canada for 
diseases caused by M. nivale and other turfgrass pathogens (Chapter 1, Table 1.3). However, 
there is a general societal push towards decreasing pesticide use, which makes cultural control 
methods more desirable than chemical applications. Public awareness campaigns run by 
organizations such as the Canadian Association of Physicians for the Environment, may result in 
new environmental legislations and may motivate the golf industry to look into alternative 
control measures (Ontario, 2008). 
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5.1.3 Resistance Activators 
 A more recently developed control method for plant diseases is the use of resistance 
activators: synthetic products that result in the activation natural resistance responses. These 
products use natural plant resistance responses to decrease damage from abiotic and biotic 
stresses. One such product is Civitas™ mixed with Civitas Harmonizer™ Pigment Dispersion 
(Petro-Canada Lubricants, Inc., Mississauga, ON, Canada) which has been registered for use in 
the United States and Canada for control of M. nivale (http://www.civitasturf.com). Chapters 3 
and 4 included growth room trials using Civitas + Harmonizer (C+H). 

5.1.4 Biostimulants  
 Biostimulant products increase a plant’s vigor and health when applied to soil or plant 
tissue. Phosphite, the reduced form of phosphate, is a phloem-mobile biostimulant (Guest and 
Grant, 1991). The mode of action of phosphite is still unknown and debated (Massoud et al., 
2012). It is speculated that the mode of action of the phosphite products depends on where and 
how it is associated with the host plant (McDonald et al., 2001). Plants treated with phosphite 
(Eshraghi et al., 2011) have exhibited primed defenses for improved resistance to pathogens, and 
it is speculated that phosphite can activate plant defense responses (Saindrenan and Guest, 1994). 
 Phosphite products are often sold as fertilizers, and they possess disease suppressive 
characteristics (Mattox, 2015). The application of phosphite provides effective control of 
oomycete diseases (Guest and Grant, 1991). The potassium salt of phosphite (Fosetyl-Al, Control 
Solutions Inc., Texas, USA) can decrease in vitro and in vivo growth of Phytophthora spp. (Fenn 
and Coffey, 1984) and the addition of PO3

3- in concentrations of 100 µg/ml and above can fully 
inhibit M. nivale mycelial growth (Dempsy, 2015). At high concentrations phosphite may inhibit 
the growth of Phytophthora species via direct toxicity (Fenn and Coffey, 1984)  
 A study on Eucalyptus marginata Donn ex. Sm., treated with a foliar spray of phosphite, 
reported concentrations of phosphite that moved via translocation to the roots peaked after 8 days 
(Jackson et al., 2000). Inoculation of these plants with the root pathogen Phytophthora 
cinnamomi Rands when phosphite concentrations in the roots were low resulted in phosphite 
acting at the site of ingress to stimulate host defense enzymes (Jackson et al., 2000). However, 
when the phosphite concentration in the roots was elevated, the host defenses remain unchanged 
and phosphite appeared to act directly on the pathogen to inhibit its growth (Jackson et al., 2000).  
 Field applications of the product P-K Plus® (Grigg Brothers, Idaho, USA, 3.66 Kg 
H3PO3/ha-1, every two weeks), which contains 14% potassium phosphite, resulted in overall 
suppression of Microdochium patch symptoms on A. stolonifera (Dempsey et al., 2012). When 
phosphite is applied alone, or in combination with Civitas One (Petro-Canada, Mississauga, ON, 
Canada), Microdochium patch disease symptoms can be significantly decreased (Hsiang and 
Koch, 2017). In addition, when phosphite is mixed with another biostimulant containing nitrogen, 
potassium, and a sea-plant extract (Ultraplex, Grigg Brothers, Idaho, USA) the percent disease 
incidence of Microdochium patch displayed slightly lower mean values compared to the 
phosphite treatment alone (Dempsey, 2015). There is abundant research stating that phosphite 
alone does not work as well as fungicides against turf diseases (Burpee, 2005; Cook et al., 2009; 
Dempsy, 2015). However, when phosphite is used in combination with a fungicide the disease 
suppression can be higher than the application of the fungicide alone (Dempsy et al., 2012). The 
application of phosphite can suppress Microdochium patch symptoms when the disease pressure 
is low and potentially reduce the number of annual fungicide applications necessary to control the 
pathogen (Golembiewski and McDonald, 2011). 



 106 

5.2 Hypotheses and Objectives 
Hypotheses: 

• Inherent and induced disease resistance, using Civitas + Harmonizer and a phosphite 
product, of A. stolonifera (creeping bentgrass) to Microdochium nivale varies among 
cultivars under field conditions. 

 
The general objective of this work was to assess the efficiency of two resistance activators to 
control disease caused by M. nivale in field conditions. Specifically, the objectives were::  

• Assess the resistance of several turfgrass cultivars to M. nivale under field conditions.  
• Assess the efficacy of Civitas + Harmonizer and phosphite as a control agent of M. nivale 

in field trials using a variety of turfgrass cultivars. 
5.3 Materials and Methods 

5.3.1 Activated resistance in field trials 
Field trials were conducted at the Guelph Turfgrass Institute (Guelph, ON) in the spring 

of 2015, 2016, and 2017, and the fall of 2015 and 2016, using a randomized complete block 
design with three (spring seasons) or five (fall seasons) replicates. Ten 15 m x 12 m areas seeded 
with A. stolonifera cultivars were established in the summer of 2014. The cultivars included 
Alpha, PennA4, Penncross, Mackenzie, V8, L93, Focus, 007, Tyee, and T1. One 24 m x 25 m 
area was seeded with a mixture of 50% PennA4 and 50% T1 (PennA4+T1). The turfgrasses were 
mown at fairway height (11 mm) and maintained by staff at the Guelph Turfgrass Institute. Plots 
of 0.5 m x 0.5 m for individual treatments were marked in each area using white golf tees (Pride 
PTS Golf Tees, 5.3 cm, Canadian Tire) and highlighted using orange marking paint (Armor Coat 
spray paint, Canadian Tire). Each season the plots were laid out in a new section of the field to 
prevent additive damage.  

Treatments consisted of 5% (v/v) Civitas (Mineral oil 88%, Petro-Canada Lubricants, 
Inc., Mississauga, ON, Canada) plus 0.3% Harmonizer (Proprietary pigment dispersion agent 
100%, Petro-Canada Lubricants, Inc., Mississauga, ON, Canada), 8.2% (v/v) Confine Fungicide 
(Mono and di-potassium salts of phosphorous acid 53.0%, The Agronomy Company of Canada, 
Thorndale, ON), which is the recommended label rate for both compounds, and deionized water 
as a control. All treatments were applied at a rate of 25 ml per 0.5 m x 0.5 m plot using a 
handheld sprayer (AuMoHall Multifunctional Hand-Pressure Sprayer, Pressurized Pump Sprayer 
in Plastic, 800 mL). The plots were inoculated with 10 g/m2 of ground wheat seed inoculum 
consisting of a mixture of five M. nivale isolates (isolates 10101, 10179, 10106, 10173, 12262, 
and 12005) that was no older than 6 months and stored at 4ºC when not in use. Inoculum 
preparation is outlined in Chapter 3. Non-inoculated plots were treated with clean dried wheat 
seeds that had been ground into a fine powder. The treatment schedule for each season is in 
Appendix 5.1.  
5.3.2 Disease assessment and statistical analysis  

The percent yellowing was evaluated visually weekly on a scale of 0-100% yellowing as 
per Cortes-Barco et al. (2010b) until the plots were covered with snow. After snowmelt, the plots 
were rated weekly until green-up in the spring. The amount of percent yellowing over time was 
represented by the Area Under the Disease Progress Curve (AUPDC), a quantitative summary of 
disease over time using a trapezoidal method that calculates the average disease severity between 
adjacent time points, as described by Madden et al. (2007). Analysis of variance was performed 
on the AUDPC values with SAS 9.1 (SAS Institute Inc., Cary, NC, 2016) using a general linear 
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model analysis to estimate significant differences among treatments and among cultivars. If 
significant treatment or cultivar effects were observed, means were separated using the Fisher’s 
protected test of least significant difference (LSD) at p=0.05.  

The mean AUDPC data were further analyzed using a mean of means, a non-parametric 
method outlined by Bewick et al. (2004), which allows multiple comparisons of ranked data. 
Data from spring 2016 and 2017 was excluded from this analysis due to low disease pressure. 
The mean AUDPC of eleven cultivars for six seasons were ranked from 1 (low AUDPC= low 
disease symptoms or low abiotic damage) to 11 (high AUDPC). This data was then subjected to 
ANOVA and means were separated using the test of LSD at p=0.05.  

5.4. Results 
5.4.1 Fall 2015 
 Eleven turfgrass cultivars were treated with water, phosphite, or Civitas + Harmonizer 
(C+H) and percent yellowing evaluated between 25 September 2015 until the plots were snow 
covered on 23 December 2015. The area under the disease progress curve (AUDPC) was 
calculated to determine the overall Microdochium patch symptoms. After snow melt, percent 
yellowing of these plots was evaluated between 02 February, 2016 and 01 April, 2016. The fall 
Microdochium patch symptoms of the inoculated treatment ranged from 0-58% yellowing, and 
the amount of abiotic damage was 0-22% yellowing in the non-inoculated treatment (Appendix 
5.2). The cultivar with the greatest amount of yellowing in the inoculated turfgrasses for each 
treatment was Alpha (water treatment AUDPC=144), Alpha (phosphite treatment AUDPC= 819), 
and PennA4 (C+H treatment AUDPC= 259). There were significant differences in percent 
yellowing among cultivars for the inoculated phosphite and C+H treatments, and C+H 
suppressed disease symptoms for cultivars L93 and Mackenzie (Table 5.1). The application of 
phosphite did not suppress fall Microdochium symptoms in 2015.  
 The snow mold disease symptoms of the inoculated treatment ranged from 0-90% 
yellowing, and the amount of abiotic damage or natural infection was 0-50% in the non-
inoculated treatment (Appendix 5.2). The cultivar with the greatest amount of yellowing in the 
inoculated turfgrasses for each treatment was PennA4+T1 (water treatment AUDPC=2478), Tyee 
(phosphite treatment AUDPC= 2320), and PennA4+T1 (C+H treatment AUDPC= 314). There 
were significant differences in percent yellowing among cultivars for all treatment combinations, 
and C+H suppressed disease symptoms for cultivars PennA4+T1, Alpha, Focus, OO7, PennA4, 
Penncross, Tyee, and V8 (Table 5.2). The application of phosphite did not suppress winter snow 
mold in 2015 compared to the water inoculated treatment.  

5.4.2 Spring 2016 
 The field plots that were first set up and sprayed on 01 April, 2016, then inoculated with 
M. nivale on April 7, 2016, developed very little Microdochium patch disease symptoms. The 
spring Microdochium patch symptoms of the inoculated treatment ranged from 0-2% yellowing, 
and the amount of abiotic damage was 0-2% in the non-inoculated treatment (Appendix 5.2). The 
cultivar PennA4 exhibited significantly higher AUDPC than all cultivars for most treatment 
combinations. However, there was no significant disease suppression by C+H or phosphite 
(Table 5.3). 

5.4.3 Fall 2016 
 Percent yellowing was evaluated for eleven turfgrass cultivars that had been treated with 
water, phosphite, or Civitas + Harmonizer (C+H) and either inoculated with M. nivale or non-
inoculated, between 28 September 2016 until the plots were snow covered on 26 January 2017. 
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The AUDPC for this period was calculated for Microdochium patch symptoms (Table 5.4). After 
snow melt, percent yellowing of these plots was evaluated between 23 February, 2017 and 05 
April, 2017. The AUDPC for this period represents the overall snow mold symptoms and winter 
damage (Table 5.5). 
 The fall Microdochium patch symptoms of the inoculated treatment ranged from 0-40% 
yellowing, and the amount of abiotic damage was 0-30% in the non-inoculated treatment 
(Appendix 5.2). The cultivar with the greatest amount of yellowing in the inoculated turfgrasses 
for each treatment was Alpha (water treatment AUDPC=1714), Alpha (phosphite treatment 
AUDPC= 2195), and Tyee (C+H treatment AUDPC= 593). There were significant differences in 
percent yellowing among cultivars for all treatment combinations, and C+H suppressed disease 
symptoms for cultivars Alpha and PennA4 (Table 5.4). The application of phosphite did not 
suppress fall Microdochium symptoms in 2016.  
 The snow mold disease symptoms of the inoculated treatment ranged from 0-100% 
yellowing, and the amount of abiotic damage or natural infection was 0-60% in the non-
inoculated treatment (Appendix 5.2). The cultivar with the greatest amount of yellowing in the 
inoculated turfgrasses for each treatment was Tyee (water treatment AUDPC=4830), OO7 
(phosphite treatment AUDPC= 3101), and Tyee (C+H treatment AUDPC= 804). There were 
significant differences in percent yellowing among cultivars for all treatment combinations 
(Table 5.5). C+H suppressed disease symptoms for all cultivars, and this disease suppression 
ranged from 77% (PennA4+T1) to 93% (OO7). The application of phosphite suppress winter 
snow mold for cultivars L93, Mackenzie, OO7, PennA4, Penncross, T1, Tyee, and V8 (Table 
5.5). This suppression ranged from 33% (PennA4) to 54% (L93).  

5.4.4 Spring 2017  
 The field plots that were first set up and sprayed on March 9, 2017, then inoculated with 
M. nivale on March 17 and April 5, 2017, developed very little Microdochium patch disease 
symptoms (3% yellowing on average in the inoculated treatment). The spring Microdochium 
patch symptoms of the inoculated treatment ranged from 0-60% yellowing, and the amount of 
abiotic damage or natural infection was 0-60% in the non-inoculated treatment (Appendix 5.2). 
There were significant differences in AUDPC among cultivars for all treatment combinations. 
However, there was no significant disease suppression by C+H or phosphite (Table 5.6). 

5.4.5 Disease suppression by resistance activators  
Disease suppression (reduction of yellowing) by phosphite and C+H resistance was 

calculated using the following formula: ((mean water AUDPC- treatment AUDPC)/ mean water 
AUDPC)*100% for 5 replications. There were significant treatment X season interactions so the 
seasons could not be grouped. C+H exhibited disease suppression greater than 0 for several 
treatment and season combinations, and the amount of disease suppression varied significantly by 
cultivar for every season. There were also significant cultivar X season interactions in the ranking 
of the amount of disease suppression (data not presented). The most significant suppression was 
seen in the snow mold AUDPC ratings for winter 2016 (Table 5.7). The cultivars OO7 and 
Penncross were within the rankings with the most amount of disease suppression, with L93 and 
V8 exhibiting the least amount of disease suppression via C+H. The application of phosphite did 
not significantly suppress yellowing in most cultivar and season combinations except for winter 
21017 (Table 5.8)  
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 5.4.6 Cultivar variation in resistance to yellowing damage  
The AUDPC data from the eleven cultivars in each treatment combination were ranked 

from 1 (low AUDPC= low percent yellowing) to 11 (high AUDPC) for all field seasons. The 
inherent resistance to winter damage, which was assessed using the non-inoculated water 
treatment data, varied by cultivar. L96, V8 and T1 were the cultivars with the lowest damage by 
abiotic factors or natural infection (low rank in water non-inoculated treatment) and PennA4, 
PennA4+T1, and Alpha were the cultivars with the most damage (Table 5.9). Generally, the 
ranking of the cultivars was not affected by the application of Civitas + Harmonizer (C+H) or 
phosphite (Table 5.9). However, the C+H-treated cultivar OO7 was ranked significantly lower 
(less damage) than the water-treated control, and the cultivar V8 was ranked higher (greater 
damage) than the water treatment (Table 5.9). The application of phosphite significantly 
decreased the ranking of Penncross (Table 5.9). 

The inherent resistance to infection by M. nivale, which was assessed using the inoculated 
water treatment data, also varied by cultivar. The cultivars with the greatest inherent resistance to 
this disease (lowest average rank in water inoculated treatment) were Penncross, Focus, and T1 
(Table 5.9) the least resistant cultivars were Tyee and Alpha (Table 5.9). The average ranking 
from all four seasons indicated that the ranking of cultivar resistance to M. nivale was unchanged 
by the application of C+H or phosphite compared to the water treatment (Table 5.10). In addition, 
the yellowing/disease ranking for 32 treatment combinations (out of 33) were not significantly 
different between winter damage and disease damage rankings (Table 5.9).  

5.5 Discussion 
In field trials, there were some significant differences in percent yellowing between 

treatments and among cultivars, although this variation differed between seasons. The resistance 
to winter damage, which included potential natural infection of snow mold (non-inoculated water 
treatment), varied by cultivar, and this ranking varied by season for four cultivars (Table 5.9). 
The cultivar with the lowest average rank (low winter damage) was T1, and highest (high winter 
damage) was Alpha. The average ranking of most cultivars was not changed by the application of 
Civitas + Harmonizer (C+H) or phosphite. The exception to this rule included OO7 which was 
ranked significantly lower when treated with C+H, V8 which was ranked higher when treated 
with C+H was ranked higher (greater damage), and Penncross which decreased in ranking when 
treated with phosphite.  

The inherent resistance to infection by Microdochium nivale also varied by cultivar, and 
varied by season for five cultivars (Alpha, PennA4, PennA4+T1, Penncross, and T1). The 
cultivar with the greatest resistance to this disease (lowest average rank in water treatment) was 
L93, and the least resistant cultivar was Tyee (Table 5.9B). The average percent yellowing 
ranking, which is a measurement of resistance to M. nivale by cultivar, was unchanged by the 
application of C+H or phosphite compared to the water treatment (Table 5.10). The rankings for 
most treatment combinations were not significantly different between winter damage and disease 
damage rankings (Table 5.10). This suggests that resistance to M. nivale is largely linked to 
winter damage resistance, and that inherent resistance is a prevalent factor when resistance 
activator products are applied and the activity of C+H may be additive with host resistance. 
 The variation in rankings between seasons may be due to variation in environmental 
conditions. According to data recorded in Fergus, Ontario (a weather recording station 21 km 
from the Guelph Turfgrass Institute with precipitation tracking information) in the winter of 
2015/2016 there were 40 snowfall days (days in which snow fell) totalling 103.6 cm and 87 
rainfall days totalling 237 mm of rain, with the snow-covered period lasting 66 days. The winter 
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the next year had 62 snowfall days totalling 74.1 cm and 94 rainfall days with 355.4 mm of rain, 
with the snow-covered period lasting 89 days. The spring (01 Jan -30 April) of 2016 exhibited 
59.6 mm of rain, whereas the spring of 2017 had 169 mm of rain (Appendix 5.3). Overall, the 
winter of 2016/2017 was wetter, longer, though the average temperatures were relatively similar. 
The field plots where these trials were completed were water-soaked in the spring of 2017, and 
under these anaerobic conditions the spring 2017 inoculation treatment did not result in 
significantly more disease than the non-inoculated treatments.  

Variation in the relative performance of genotypes across different environments is 
referred to as genotype–environment interactions (Allard and Bradshaw, 1964). In order to draw 
stronger correlations among cultivar, disease severity, and environmental conditions, several 
years of repeated experiments would be required, involving the inoculation with M. nivale in the 
same location, while gathering in-depth local weather data. In addition, the disease assessment 
method used in this study may be unreliable, to a certain extent, due to variation in light quality, 
fatigue, and personal opinion. Another method of disease evaluation was attempted through 
quantification of the area of disease by physically tracing the diseased area, and using ImageJ 
software (NIH, version 1.51 g22, 2016) to quantify the area. However, this was very time 
consuming, considering the cold and damp conditions in the spring and fall, and difficult to 
assess when Microdochium patch symptoms coalesced and combined with other abiotic damage. 
Another option for future research may be the use of aerial photographs, and using imaging 
software to calculate the area of the disease patches.  

Control of disease through the application of phosphite has been previously reported 
(Mattox, 2015). The differences observed between previous research on A. stolonifera and this 
study may be due to differences in fertilizer regimes, frequency and rate of treatment application, 
colder temperatures in Ontario, and genotypic differences between the M. nivale inoculum used. 
For instance, Mattox (2015) applied phosphite every two weeks from September to June, and the 
Oregon, USA, location did not have a period of snow cover during the study.  

In the fall and winter seasons of both years, significant differences were observed for 
some cultivars between the water and Civitas + Harmonizer (C+H) treatments. In the fall 2015 
season, the plots treated with C+H exhibited zero Microdochium patch disease when inoculated 
with M. nivale for some cultivars (Table 5.1). The snow mold symptoms in winter 2016 were 
decreased by 87-100% when calculated as area under disease progress curve (Table 5.2). The 
percent yellowing for the inoculated water treatments ranged from 0-16% (average=1%) and 0-
80% (average=14%) for each season, respectively (Appendix 5.2). C+H was able to provide 
adequate disease suppression when the disease pressure was low, but neither C+H not phosphite 
products consistently provided acceptable playing quality ratings (≥ 6) according to the National 
Turfgrass Evaluation Program (NTEP) scale (Morris and Shearman, 2015). The area under 
disease progress curves in both years suggests that C+H is able to suppress Microdochium patch 
disease, which supports earlier studies in regards to plant disease control. Hsiang et al. (2013) 
reported an average of 93% disease suppression of dollar spot caused by Sclerotinia 
homoeocarpa on A. stolonifera grown in mason jars, and an average of 45% disease suppression 
in the field. Nicotiana benthamiana Domin infected with the fungus Colletotrichum orbiculare 
(Berk. & Mont.) Arx symptoms and treated with an isoparaffin-mixture (a precursor to 
Civitas+Harmonizer) was 3.5-5.25 times lower than the control treatment (Cortes-Barco et al., 
2010b). Overall the suppression by C+H may be greater under growth room and controlled-
environmental conditions than in the field.  
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Table 5.1 Fall 2015 Microdochium patch disease severitypercent yellowing (AUDPC) of 
turfgrass cultivars inoculated with Microdochium nivale and treated with (W) water, (P) 
phosphite or (C+H) 5% Civitas+ 0.3% Harmonizer. 
  Percent yellowinga (AUDPCb) by treatmentc 

 Non-inoculated Inoculated 

Cultivar W P C+H Treatment LSD 
(p<0.05) W P C+H Treatment LSD 

(p<0.05) 
PennA4+T1 132 181 0 275 48 160 17 192 
Alpha 173 105 25  133d 144 819 66 944 
Focus 22 84 0 111 84 9 7 107 
L93 21 79 2 114 43 63 0 58 
Mackenzie 15 136 5 243 23 17 0 20 
OO7 27 13 0 49 78 7 7 80 
PennA4 209 187 49 339 66 117 259 333 
Penncross 138 0 21 241 20 17 0 23 
T1 11 74 13 110 94 10 8 104 
Tyee 109 85 33 166 116 209 14 281 
V8 9 176 39 183 144 372 34 445 
Cultivar LSD  
(p<0.05) 216 221 63  131 523 155  
a Percent yellowed area was rated every week from mid-September to late December 2015 for up 
to 5 replications. Means were subjected to ANOVA analysis, and Fisher’s protected Least 
Significant Difference (LSD) test (p<0.05). 
b AUDPC: area under the disease progress curve  
c On 24 Sept, 09 Oct and 09 Nov 2015, the plots were sprayed with 25 ml of either water, 50 mM 
phosphite, or 5% Civitas+ 0.3% Harmonizer. On 02 and 22 Oct 2015, half of the plots were 
inoculated with 2.5 g of dried ground wheat seed inoculum. 
d Grey shaded boxes indicate a significant difference among treatments (row) or cultivars 
(column) based on ANOVA analysis, and Fisher’s protected Least Significant Difference (LSD) 
test (p<0.05). 
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Table 5.2 Winter 2016 percent yellowing of turfgrass cultivars inoculated with Microdochium 
nivale and treated with (W) water, (P) phosphite or (C+H) 5% Civitas+ 0.3% Harmonizer. 
  Percent yellowinga (AUDPCb) by treatmentc 

 Non-inoculated Inoculated 

Cultivar W P C+H Treatment LSD 
(p<0.05) W P C+H Treatment LSD 

(p<0.05) 
PennA4+T1 719 665 67 765 2478 2270 314 1252 
Alpha 81 106 0 79d 284 408 16 301 
Focus 318 102 3 531 412 564 0 258 
L93 0 4 0 7.5 185 148 0 275 
Mackenzie 92 130 0 191 556 751 0 793 
OO7 233 239 0 337 2039 1928 59 1525 
PennA4 115 234 3 235 1438 1161 60 768 
Penncross 21 112 0 138 612 561 0 450 
T1 0 0 0 0.0 65 145 0 167 
Tyee 225 520 0 611 1645 2320 20 999 
V8 144 344 33 467 1735 1114 68 1455 
Cultivar LSD  
(p<0.05) 443 443 37   991 1018 101   
a Percent yellowed area was rated every week from early February to mid-April 2016 for up to 5 
replications. Means were subjected to ANOVA analysis, and Fisher’s protected Least Significant 
Difference (LSD) test (p<0.05). 
b AUDPC: area under the disease progress curve  
c On 24 Sept, 09 Oct and 09 Nov 2015, the plots were sprayed with 25 ml of either water, 50 mM 
phosphite, or 5% Civitas+ 0.3% Harmonizer. On 02 and 22 Oct 2015, half of the plots were 
inoculated with 2.5 g of dried ground wheat seed inoculum. 
d Grey shaded boxes indicate a significant difference among treatments (row) or cultivars 
(column) based on ANOVA analysis, and Fisher’s protected Least Significant Difference (LSD) 
test (p<0.05). 
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Table 5.3 Spring 2016 percent yellowing of turfgrass cultivars inoculated with Microdochium 
nivale and treated with (W) water, (P) phosphite or (C+H) 5% Civitas+ 0.3% Harmonizer.  
  Percent yellowinga (AUDPCb) by treatmentc 

 Non-inoculated Inoculated 

Cultivar W P C+H Treatment LSD 
(p<0.05) W P C+H Treatment LSD 

(p<0.05) 
PennA4+T1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Alpha 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Focus 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
L93 0.0 0.0 1.2 2.3 0.0 0.0 0.0 0.0 
Mackenzie 0.0 0.0 0.0 0.0 4.7 0.0 0.0 9.3 
OO7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
PennA4 22.0 0.0 0.0 22.0 12.0 13.0 16.0 35.0 
Penncross 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
T1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Tyee 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
V8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cultivar LSD  
(p<0.05)   9.8d 0.0 1.1  6.8 11 9.0  
a Percent yellowed area was rated every week from early April to early May 2016 for up to 3 
replications. Means were subjected to ANOVA analysis, and Fisher’s protected Least Significant 
Difference (LSD) test (p<0.05). 
b AUDPC: area under the disease progress curve  
c On 01 Apr 2016, the plots were sprayed with 25 ml of either water, 50 mM phosphite, or 5% 
Civitas+ 0.3% Harmonizer. On 14 April 2016, half of the plots were inoculated with 2.5 g of  
dried ground wheat seed inoculum. 
d Grey shaded boxes indicate a significant difference among treatments (row) or cultivars 
(column) based on ANOVA analysis, and Fisher’s protected Least Significant Difference (LSD) 
test (p<0.05). 
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Table 5.4 Fall 2016 percent yellowing of turfgrass cultivars inoculated with Microdochium nivale 
and treated with (W) water, (P) phosphite or (C+H) 5% Civitas+ 0.3% Harmonizer.  
  Percent yellowinga (AUDPCb) by treatmentc 

 Non-inoculated Inoculated 

Cultivar W P C+H Treatment LSD 
(p<0.05) W P C+H Treatment LSD 

(p<0.05) 
PennA4+T1 102 376 270 492 256 194 97 437 
Alpha 679 954 681 876 1714 2195 461  1525d 
Focus 31 20 39 91 3 9 6 18 
L93 88 126 60 240 114 404 254 481 
Mackenzie 95 278 314 461 112 277 226 261 
OO7 364 422 118 503 481 157 296 451 
PennA4 587 1109 383 912 986 513 171 620 
Penncross 752 147 286 738 82 99 0 154 
T1 116 397 116 556 85 33 6 115 
Tyee 648 328 255 1032 779 1391 593 1302 
V8 92 52 137 210 366 218 461 528 
Cultivar LSD  
(p<0.05) 609 651 406  757 803 358  
a Percent yellowed area was rated every week from late September to early December 2016 for 
up to 5 replications. Means were subjected to ANOVA analysis, and Fisher’s protected Least 
Significant Difference (LSD) test (p<0.05). 
b AUDPC: area under the disease progress curve  
c On 16 Sept and 26 Oct 2016, the plots were sprayed with 25 ml of either water, 50 mM 
phosphite, or 5% Civitas+ 0.3% Harmonizer. On 12 Oct and 17 Nov 2016, half of the plots were 
inoculated with 2.5 g of dried ground wheat seed inoculum. 
d Grey shaded boxes indicate a significant differences among treatments (row) or cultivars 
(column) based on ANOVA analysis, and Fisher’s protected Least Significant Difference (LSD) 
test (p<0.05). 
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Table 5.5 Winter 2017 percent yellowing of turfgrass cultivars inoculated with Microdochium 
nivale and treated with (W) water, (P) phosphite or (C+H) 5% Civitas+ 0.3% Harmonizer.  
  Percent yellowinga (AUDPCb) by treatmentc 

 Non-inoculated Inoculated 

Cultivar W P C+H Treatment LSD 
(p<0.05) W P C+H Treatment LSD 

(p<0.05) 
PennA4+T1 464 282 170   261d 1776 940 423 889 
Alpha 144 163 219 238 4805 2963 448 722 
Focus 88 13 31 112 2870 1742 416 2066 
L93 41 122 169 277 2982 1443 412 1364 
Mackenzie 236 131 143 333 3731 1749 624 880 
OO7 186 166 22 221 4778 3101 345 882 
PennA4 263 450 80 382 1888 910 262 436 
Penncross 84 28 56 123 2158 955 300 493 
T1 3 116 0 204 3530 1868 287 622 
Tyee 133 56 21 254 4830 2902 804 992 
V8 19 91 33 169 3646 1742 492 507 
Cultivar LSD  
(p<0.05) 203 277 197  1482 811 239  
a Percent yellowed area was rated every week from late September to early December 2016 for 
up to 5 replications. Means were subjected to ANOVA analysis, and Fisher’s protected Least 
Significant Difference (LSD) test (p<0.05). 
b AUDPC: area under the disease progress curve 
c On 16 Sept and 26 Oct 2016, the plots were sprayed with 25 ml of either water, 50 mM 
phosphite, or 5% Civitas+ 0.3% Harmonizer. On 12 Oct and 17 Nov 2016, half of the plots were 
inoculated with 2.5 g of dried ground wheat seed inoculum. 
d Grey shaded boxes indicate a significant difference among treatments (row) or cultivars 
(column) based on ANOVA analysis, and Fisher’s protected Least Significant Difference (LSD) 
test (p<0.05). 
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Table 5.6 Spring 2017 percent yellowing of turfgrass cultivars inoculated with Microdochium 
nivale and treated with (W) water, (P) phosphite or (C+H) 5% Civitas+ 0.3% Harmonizer.  
  Percent yellowinga (AUDPCb) by treatmentc 

 Non-inoculated Inoculated 

Cultivar W P C+H Treatment LSD 
(p<0.05) W P C+H Treatment LSD 

(p<0.05) 
PennA4+T1 534 475 383 911 510 798 442 1054 
Alpha 376 407 256 257 298 306 267 383 
Focus 0 0 7 14 7 0 0 8 
L93 27 85 2.3 125 63 27 54 112 
Mackenzie 161 69 97 360 44 35 65 109 
OO7 35 59 33 50 97 24 46 105 
PennA4 404 288 65 718 146 127 133 240 
Penncross 3 4 109 218 44 61 87 187 
T1 55 7 20 112 5 125 33 256 
Tyee 59 70 107 112 128 74 100 161 
V8 8 14 52 50 39 40 3 112 
Cultivar LSD  
(p<0.05) 436d 319 170  380 356 231  
a Percent yellowed area was rated every week from mid- January to early April for up to 3 
replications. Means were subjected to ANOVA analysis, and Fisher’s protected Least Significant 
Difference (LSD) test (p<0.05). 
b AUDPC: area under the disease progress curve  
c On 09 Mar and 29 Mar 2017, the plots were sprayed with 25 ml of either water, 50 mM 
phosphite, or 5% Civitas+ 0.3% Harmonizer. On 17 Mar and 05 Apr 2017, half of the plots were 
inoculated with 2.5 g of dried ground wheat seed inoculum. 
d Grey shaded boxes indicate a significant difference among treatments (row) or cultivars 
(column) based on ANOVA analysis, and Fisher’s protected Least Significant Difference (LSD) 
test (p<0.05). 
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Table 5.7 Disease suppression of turfgrass cultivars inoculated with Microdochium nivale and 
treated with 5% Civitas+ 0.3% Harmonizer by season.  

  Average disease suppression by season  

 Non-inoculated Inoculated 

Cultivar 
Fall 
2015 

Fall 
2016 

Winter 
2016 

Winter 
2017 

Fall 
2015 

Fall 
2016 

Winter 
2016 

Winter 
2017 

PennA4+T1   100a -164 91 63 64 80 88 76 
Alpha 85 0 100 -53 54 73 94 91 
Focus 100 -27 99 64 92 -104 100 85 
L93 92 32 0 -315 100 -124 100 86 
Mackenzie 70 -230 100 39 100 -102 100 83 
OO7 100 68 100 88 91 38 98 93 
PennA4 76 35 98 70 -293 83 96 86 
Penncross 85 62 100 34 100 100 100 86 
T1 -14 0 0 100 92 94 100 92 
Tyee 69 61 100 84 88 24 99 83 
V8 -324 -49 77 -71 77 -26 97 87 
Average 40 -19 79 9 51 12 97 86 
LSD 
(p<0.05)   316 b 288 b 11 b 308 b 230 b 202 b 7 b 9 b 
a Grey shaded boxes are significantly greater than 0 based on a t-test (Ho=0, p<0.05) 
b Indicates a significant difference among cultivars (column) based on ANOVA analysis, and 
Fisher’s protected Least Significant Difference (LSD) test (p<0.05). 
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Table 5.8 Disease suppression of turfgrass cultivars inoculated with Microdochium nivale and 
treated with phosphite by season.  
  Average disease suppression by season 

 Non-inoculated Inoculated 

Cultivar 
Fall 
2015 

Fall 
2016 

Winter 
2016 

Winter 
2017 

Fall 
2015 

Fall 
2016 

Winter 
2016 

Winter 
2017 

PennA4+T1 -37 -267 8 39 -231   59 a 15 47 
Alpha 40 -41 -31 -14 -470 -28 -106 38 
Focus -281 35 68 86 90 -244 -37 39 
L93 -276 -43 0 -199 -47 -255 20 52 
Mackenzie -798 -192 -42 45 27 -147 -35 53 
OO7 52 -16 -2 11 91 67 8 35 
PennA4 11 -89 -105 -71 -77 48 19 52 
Penncross 100 81 -449 67 16 -20 8 56 
T1 -551 -243 0 -4050 90 62 -123 47 
Tyee 23 49 -131 58 -81 -79 -36 40 
V8 -1832 44 -139 -372 -158 1 36 57 
Average -323 -62 -75 -400 -68 -49 -21 47 
LSD 
(p<0.05)   1335b 354 393 b 3627 b 418b 374 178 29 
a Grey shaded boxes are significantly greater than 0 based on a t-test (Ho=0, p<0.05).  
b Indicates a significant difference among cultivars (column) based on ANOVA 
analysis, and Fisher’s protected Least Significant Difference (LSD) test (p<0.05).  
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Table 5.9 Average AUDPC ranking of turfgrass turfgrass cultivars inoculated with 
Microdochium nivale and treated with (W) water, (P) phosphite or (C+H) 5% Civitas+ 0.3% 
Harmonizer from four seasons.  
  Average rank from 4 seasons by inoculation and treatment 

 
Non-inoculated Inoculated 

Inoculation LSD 
(p<0.05) 

Cultivar W P C+H 

Treatment 
LSD 

(p<0.05) W P C+H 

Treatment 
LSD 

(p<0.05) W P C+H 
PennA4+T1 8.6 9.2 7.8 3.6 6.3 6.8 7.8 4.2 4.4 3.5 4.2 
Alpha 7.6 7.5 8.3 3.2 8.3 8.8 8.2 3.4 3.8 3.3 3.3 
Focus 4.6 2.8 3.8 3.5 3.8 3.2 3.8 2.5 3.6 2.8 3.1 
L93 3.3 4.8 5.2 3.4 4.3 4.8 4.6 2.3 1.9 2.8 4.0 
Mackenzie 5.8 6.3 6.4 2.3 5.6 5.7 5.4 3.0 3.4 1.5 3.1 
OO7 6.8 6.5 3.8 2.4b 7.5 5.6 5.7 3.5 2.2 4.5 2.0 
PennA4 9.3 9.2 8.0 2.6 7.3 7.3 7.7 4.4 3.6 3.7 4.1 
Penncross 5.8 3.3 6.6 3.2 3.6 4.2 3.6 2.3 3.7 2.2 2.6 
T1 3.7 4.3 3.8 2.8 4.0 4.6 3.7 3.2 3.4 3.6 2.3 
Tyee 7.1 6.3 5.8 2.6 8.3 8.6 8.3 2.6 2.1 2.7 3.1 
V8 3.6 5.7 6.8 3.2 6.9 6.7 7.5 3.2 3.2 3.2 3.7 
Cultivar LSD 
(p<0.05) 2.8 2.6 3.0   3.1 3.1 2.9         
a Ranking was calculated based on AUDPC in each season for up to 5 replications in 4 seasons 
(low rank = low average percent yellowing, high rank= high average percent yellowing). Means 
were subjected to ANOVA analysis, and Fisher’s protected Least Significant Difference (LSD) 
test (p<0.05). 
b Grey shaded boxes indicate a significant difference among treatments (row), cultivars (column), 
or between inoculation treatments (far left column) based on ANOVA analysis, and Fisher’s 
protected Least Significant Difference (LSD) test (p<0.05). 
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Chapter 6 General Discussion and Conclusions 
6.1 Major Conclusions 

The major conclusions from the research presented in this thesis are as follows: 	
1. Compared to 400 ppm, 800 ppm CO2 did not affect the growth rate of M. nivale on potato 

dextrose agar (Chapter 2).  
2. The optimal in vitro mycelial growth temperature on PDA was 20ºC. Dormant M. nivale 

hyphae withstood supra-optimal temperatures (such as 35ºC) for several weeks and 
potentially longer, and sub-optimal temperatures (such as -20ºC) for several years and 
create new colonies when conditions become more favorable (Chapter 2).  

3. A. stolonifera cultivars varied in inherent resistance to M. nivale, but the ranking differed 
between different environmental and experimental conditions (Chapters 3, 4, and 5).  

4. Cold hardening of turfgrasses decreased percent yellowing caused by inoculation with M. 
nivale, and temperature fluctuations reduced this effect (Chapter 3). However, this 
observation may have been influenced by abiotic factors such as humidity and photoperiod 
which are important factors to consider in growth chamber experiments. 

5. The application of 5% Civitas + 0.03% Harmonizer (C+H) reduced percent yellowing 
caused by M. nivale, in growth rooms and under field conditions (Chapters 3, 4, and 5). 
The amount of disease suppression by this product varies by cultivar.  

6. Conditions of elevated CO2 decreased Microdochium patch percent yellowing and 
increased the efficacy (percent disease suppression) of the resistance activator C+H 
(Chapter 3).  

7. The mechanism of disease suppression by C+H could not be explained by single metabolic 
change, and further metabolomics studies are needed (Chapter 4). 

8. The application of phosphite has shown the potential to reduce percent yellowing caused 
by M. nivale under field conditions (Mattox, 2015), but did not show consistent 
suppression in this study (Chapter 5).  

6.2 General discussion and conclusions 
 The major goal of this thesis was to investigate the effects of predicted climate change 
conditions under lab conditions on the fungal pathogen Microdochium nivale, and on the 
grass/M. nivale interaction. Climate change predictions include increases in atmospheric CO2 
concentrations, more frequent extreme temperature events, unseasonable temperature 
fluctuations, and a decrease in optimal hardening period for perennial grasses (Bélanger et al., 
2002; IPCC, 2013; IPCC, 2014). There are several studies in the field of plant pathology 
regarding certain aspects of climate change and agricultural crops. The experiments described 
herein were undertaken to explore the effects of climate change on the turfgrass pathogen M. 
nivale.  
 Plants often demonstrate higher growth rates in response to increased CO2 (Prior et al., 
2012), but there are conflicting results from studies regarding plant disease severity caused by 
fungal pathogens and the effect of CO2 concentration. The findings of Chapter 3 support the 
hypothesis that an increase of CO2 from 400 ppm to 800 ppm, will decrease the severity of 
disease caused by M. nivale. Elevated CO2 did not have a direct effect on the in vitro growth rate 
of M. nivale, which suggests that this change in disease severity is dependent on the 
host/pathogen interaction. Agrostis stolonifera (cultivar Penncross) under elevated carbon dioxide 
(800 ppm) displayed increased growth rate of stolons and increased shoot and root weights 
(Burgess and Huang, 2014). In addition, A. stolonifera exhibits improved water use efficiency 
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under elevated CO2, which is linked to an increase in net photosynthetic rate and a reduction in 
the stomatal conductance (Burgess and Huang, 2014). The observed decrease in percent 
yellowing in this thesis may be due to this change in growth, or due to a change in the plant 
morphology, carbon allocation, or susceptibility to infection (Manning and Tiedemann, 1995). 
This leads to the suggestion that under future climate conditions, the disease severity caused by 
M. nivale may be decreased due to improved plant health under elevated CO2. 

Elevated CO2 is not the only factor to consider when discussing climate change. The 
predicted increasing frequency of temperature fluctuations has the potential to interrupt the 
process of cold hardening in perennial grasses. Previous research has linked cold hardening to 
decreased susceptibility to winter stresses such as freezing, ice encasement, and snow mold injury 
(Ergon and Tronsmo, 2006; Tronsmo, 1994). The observations in Chapter 3 indicate that under 
conditions of temperature fluctuations the percent yellowing caused by M. nivale can be 
increased. Currently it is unknown if increased CO2 would ameliorate this effect, and further 
research is needed to determine the interaction of these factors. In addition, the optimal cold 
hardening period in eastern Canada is forecasted to decrease by 16% by the year 2069 (Bélanger 
et al., 2002). Research into the minimal length of a cold hardening conditions that results in 
effective winter stress resistance for turfgrasses may be needed.  

As temperatures increase, the length of the golf season in Canada is expected to increase 
by 27-86 days in the Great Lakes Region, and 28-56 days near the Atlantic Ocean by the year 
2050 (Scott and Jones, 2007). This increase may benefit the golf industry but also means they 
will be faced with challenges regarding water use, increased insect pest pressure due to multiple 
life-cycles under warmer conditions, migration of southern insects and diseases, and potentially 
more intense usage over a longer season (Scott et al., 2012). M. nivale may be out-competed in 
southern locations by other plant pathogens (Tronsmo, 2013), so the range of M. nivale may 
expand northwards over time. 

A possible limitation of the current study is that the visual evaluation methods that are 
common in turfgrass research, such as colour and density assessments, are highly subjective. Eye 
fatigue, age, lighting, personal opinion, and other physiological factors can influence your color 
perception. Horst et al. (1984) determined that visual evaluations among 10 human evaluators 
were inconsistent and could be considered unreliable. A possible solution is a measuring 
instrument that explicitly identifies a colour and assigns it a numeric value. Furthermore, 
variation in percent yellowing among cultivars and treatments may have been subjected to 
confounding factors such as differences between growth chambers in light quality, relative 
humidity, and air circulation. Attempts were made to control for this using plastic coverings, 
although they may have been insufficient. In addition, the lack of competition by other microbes 
may have permitted M. nivale to colonize the grass leaves effectively where they may have failed 
in the field.  

Much literature is available concerning amino acid and soluble sugar content analysis of 
forage grasses but there is a paucity in the literature regarding turfgrasses. Research on plant 
biochemical responses is important to identify pathways that are activated by various stresses in 
order to generate deeper insights into the stress-mitigating mechanisms. Changes in various 
amino acid concentrations have been linked to external factors such as osmotic stress, extreme 
temperatures, inoculation with pathogens or beneficial microbes, drought, application of 
herbicides and resistance activators, and much more. These stress conditions are generally 
correlated with enhanced proteolytic activity (Davis, 1982) and increased protein turnover, 
resulting in either acclimation or cell death.  



 122 

The screening of genotypes or cultivars for variation in plant stress responses can be 
translated through breeding into higher productivity, greater stress tolerance, and overall 
improvement of desirable characteristics. Further studies are needed on turfgrasses to establish 
the relationship between changes in biochemical responses to specific stresses such as CO2 
concentration, drought, heat, and pathogen infection. In this thesis the total free amino acid 
content decreased significantly under elevated CO2 at ten weeks after seeding, but this response 
was not observed for all cultivars in one week later. In addition, there was no clear effect of CO2 
on the amino acid concentrations in turfgrasses inoculated with M. nivale in Sampling 5. 
Inoculation with M. nivale caused decreases in asparagine and glycine for several cultivars 
(Chapter 4), and this decrease in glycine may be due to activation of pathogen defence responses 
that result in the thickening of the cell wall (Mangeon et al., 2010), whereas asparagine plays a 
key role in the active site of a phospholipase enzymes (Mansfield et al., 2006). Phospholipid 
hydrolyzing enzymes are activated when plants are inoculated with pathogens, which results in 
the production of important defense signaling molecules, such as oxylipins and jasmonates 
(Canonne et al., 2011). Cultivars may be screened for enhanced expression of these amino acids, 
which may translate into greater defence responses.  

Previous research has demonstrated the ability of Civitas + Harmonizer (C+H) and similar 
products to control plant diseases, and this may be the first investigation on the performance of 
this product under future predicted climate conditions. The findings of Chapter 3 suggest that 
disease suppression by C+H will be enhanced under elevated CO2. High Performance Liquid 
Chromatography (HPLC) and Ultra-High Performance Liquid Chromatography (UPLC) were 
utilized with the objective to determine the mode of action of C+H. The cultivar Penncross, 
which exhibited high inherent resistance to M. nivale, and Independence, a cultivar with low 
inherent resistance, varied in their biochemical responses to elevated CO2 and inoculation with 
M. nivale, yet did not differ in the response to the application of C+H under ambient CO2. The 
mechanism of disease suppression by C+H between two cultivars that varied in disease 
suppression could not be explained by single metabolic change, so further metabolomics studies 
are needed (Chapter 4). 

Several researchers have found that grasses produce greater amounts of nonstructural 
carbohydrates under elevated CO2 (Barbehenn et al., 2004). However, the data regarding non-
structural carbohydrates from this thesis was inconclusive, in that not all cultivars exhibited 
increased carbohydrates when exposed under conditions of enriched CO2, whether inoculated or 
non-inoculated. For the A. stolonifera cultivar Independence, inoculation with M. nivale resulted 
in an increase of several carbohydrates under ambient CO2. However, this cultivar exhibited 
decreases in carbohydrates when inoculated under elevated CO2, suggesting that there may be an 
interaction between these effects.  
 It has been well established in scientific literature that the susceptibility to pathogens 
varies by cultivar (Vargas, 2005), which corroborates the findings of this thesis. However, the 
cultivar with the greatest inherent disease resistance (as assessed by lowest percent yellowing 
caused by the inoculation with M. nivale) varied significantly between experiments and treatment 
conditions. The hypothesis that induced disease resistance of A. stolonifera to M. nivale is equal 
among cultivars was false, and there were significant differences among cultivars in reaction to 
C+H, and this also varied between experiments. The extreme variably of outcomes between these 
experiments highlights that extensive controlled-environment testing will be required. Efforts 
must be made in future experiments to control other variable conditions such as light 
quality/quantity, humidity, water availability, and consistant temperature.  
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It is not known whether there might be an increase or decrease in disease symptoms in 
response to increasing or fluctuating global temperatures and higher CO2 levels, and more 
research is needed to provide insights into future disease management issues. A priority for future 
research pertaining to the effects of climate change on foliar plant diseases would be to simulate 
different climatic conditions by combining CO2 concentration and temperature conditions to 
obtain a better understanding of plant-pathogen interactions. Under field conditions plants may 
experience multiple stresses simultaneously, which will result in a complex combination of 
specific gene expression followed by metabolic processes in cells in response to combination of 
stresses encountered. The observations by Rizhsky et al. (2004) are congruent with this 
hypothesis; the response of Arabidopsis plants to a combination of drought and heat stress 
differed from the response to one stress alone. Together, the results in this thesis demonstrate the 
multiple abiotic factors and conditions of future predicted climate change that must be 
considered, that may positively or negatively affect the percent yellowing caused by M. nivale. In 
addition, growth room tests don’t necessarily correlate to outcomes in field conditions due to the 
large number of uncontrolled and unpredictable variables in the outdoor environment.  

 In conclusion, there is a great deal of evidence that golf course management in the future 
will have more stringent limitations regarding pesticide use, and thus require an alterative method 
for disease suppression. Civitas + Harmonizer may be an substitute control method for disease 
symptoms caused by M. nivale, and may result in acceptable disease suppression if coupled with 
an inherently resistant cultivar, correct cultural management strategies, and potentially alternating 
with other products, under predicted climate change conditions. These factors, which include 
increased temperatures, elevated CO2 concentrations, temperature fluctuations, and seasonal 
precipitation pattern changes, may interact and result in additive outcomes or work together to 
ameliorate negative effects. The interactive effect of these factors remains to be uncovered, and 
continued research will be needed to face the challenges and opportunities of future predicted 
climate change. 
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Appendix 2.1 Scatterplot to determine linear growth phase of M. nivale in CO2 experiment 
 

 
Scatterplot of nine Microdochium nivale isolates under ambient CO2 conditions. Plugs 5 mm in 
diameter from the edge of actively growing M. nivale colonies were placed onto PDA in 15 cm 
glass tubes then incubated at 15°C, 16 h light/10°C, 8 h dark. Error bars indicate indicate 
standard error of the mean growth values, averaged from 3 replicates. 
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Appendix 2.2 Scatterplot to determine linear growth phase of M. nivale  
 

 
Example of a scatterplot used to determine the linear growth phase Microdochium nivale isolates 
in the optimum growth temperature experiment. Plugs 5 mm in diameter from the edge of 
actively growing M. nivale colonies were placed onto PDA in 15 cm glass tubes then incubated at 
15ºC dark. Error bars indicate indicate standard error of the mean growth values, averaged from 3 
replicates. 
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Appendix 3.1 Temperature and humidity in growth chambers 
Conditions within several controlled-environment chambers as assessed using a 
Temperature/Humidity data logger (TH0165, Perfect Prime, London UK).  
  Environmental conditions between growth chamber  
  4 ºC chamber 10 ºC chamber 15ºC chamber 20ºC chamber 
Maximum temperature (ºC) 7.4 15.2 18.7 24.4 
Minimum temperature (ºC) 2.3 6.5 12.5 18.9 
Average Temperature (ºC) 4.2 9.5 15.8 20.6 
Maximum humidity (%RH) 96.1 98.5 100.0 94.3 
Minimum humidity (%RH) 36.4 14.2 10.3 36.9 
Average humidity (%RH) 85.4 71.0 84.8 78.9 

 
Appendix 3.2 SAS jobs used for the yellowing analysis of cone-tainer experiement 
data MNField;  
input exp$ Cultivar$ dpi  trt$  @; do rep =1 to 3; input yellow@; 
output; end; 
cards; 
m Cato 9  CH10 0 5 0 
m Kingpin 9  CH10 5 0 5 
m L93 9  CH10 5 0 5 
. . .  
; 
proc sort; by exp; run; 
proc glm; by exp  ; 
class  cultivar trt rep; 
model yellow =  trt; 
*means cultivar/ LSD lines; 
means trt/ LSD lines; 
*means inoc/ LSD lines; run; 
 
 Appendix 3.3 SAS jobs used for the ranking of vials experiment  
data first;    
*ranking of average AUDPC;       
*yellowing for day 15 (10C) and 7 (20C);  
*reps= repeated experiments;         
input Cultivar$ dpi temp  @; do rep =1 to 4; input yellow@; 
output; end;  
cards;    
Alpha 7 20 39 32 51 . 
Cato 7 20 28 54 41 . 
CY2 7 20 52 34 69 . 
. . . ;         
proc sort; by rep; run;  
proc rank out=second; by rep;  
var yellow;         
ranks rankyellow; run;  
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proc sort; by temp; 
proc glm; by temp;   
class cultivar rep;  
model rankyellow = cultivar ;  
*random rep;         
means cultivar/ LSD lines; run;  
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Appendix 4.1 Raw data from amino acids analyses outlining outliers 
The accompanying Excel spreadsheet shows the raw data of amino acid profiles of eight turfgrass 
cultivars, and which values were identified as outliers.  
	
Citation: Stricker, Sara Marie; Hsiang, Tom; Bertrand, Annick, 2017, "Management of bentgrass 
cultivars for activated resistance to Microdochium nivale under climate change conditions - 
Amino acid concentrations", doi:10.5683/SP/73AJUT, Scholars Portal Dataverse, V1 
 
 
Appendix 4.2 Raw data from soluble sugars analyses 
The accompanying Excel spreadsheet shows the raw data of soluble sugar concentrations of eight 
turfgrass cultivars.  
 
Citation: Stricker, Sara Marie; Hsiang, Tom; Bertrand, Annick, 2017, "Management of bentgrass 
cultivars for activated resistance to Microdochium nivale under climate change conditions - 
Sugar content", doi:10.5683/SP/U3YGQN, Scholars Portal Dataverse, V1 

	
 
 
Appendix 4.3 R code to create heatmaps 
# Producing a clustered heatmap based on the average umol/gMS of each amino acid in each 
cultivar 
# Made by Moez Valliani on May 23, 2017 
require(gplots)  
library(gplots) 
kclust <- function(Data, Title="", K=1, noKlabel=TRUE, forceNumeric=FALSE, 
minColRng=FALSE, maxColRng=FALSE){ 
  if(forceNumeric){ 
    rName<-rownames(Data) 
    Data<-sapply(Data,as.numeric) 
    rownames(Data)<-rName 
  } 
  hc.rows <- hclust(dist(Data)) # transpose the matrix and cluster columns 
  hc.cols <- hclust(dist(t(Data)))  # draw heatmap for first cluster 
  Colpal<- rev(heat.colors(dim(Data)[1]))   
  ColRange <- 
seq(ifelse(minColRng==FALSE,min(Data),minColRng),ifelse(maxColRng==FALSE,max(Data),
maxColRng), length.out=dim(Data)[1]+1) 
  cutData<-cutree(hc.rows,k=K) 
  hm2<-c() 
  for(N in 1:K){ 
    newTitle<-Title 
    if(K>1){newTitle<-paste0(Title,"\nK=",N)} 
    subData<-Data[cutData==N,] 
    hm<-heatmap.2(subData,main=newTitle, reorderfun=function(d, w) reorder(d, w, agglo.FUN 
= mean), 
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                  dendrogram=c("both"), Rowv=TRUE, revC=FALSE, 
                  col=Colpal, breaks=ColRange, density.info="none", trace="none", 
symm=F,symkey=F, 
                  symbreaks=T, scale="none", na.rm=FALSE, cexCol=1) 
    hm2<-c(hm2,if(noKlabel){rev(colnames(hm$carpet))}else{paste0("K=",N," | 
",rev(colnames(hm$carpet)))}) 
    if(N<K){x=readline(prompt = paste0("Paused at k=",N,". Press <Enter> to continue..."))} 
  } 
  return(hm2) 
} 
setwd("/Users/Sara1/Desktop")  # /Users/Sara1/Desktop/sara02/RStudio 
data.raw<-
read.csv("/Users/Sara1/Desktop/sara02/MNResistanceSAS2/Lab_Tests/CO2Sugars/170725_Sug
ar_HeatMapData.csv"); head(data.raw) 
data.raw[data.raw=="."]<-NA 
colnames(data.raw)  
 
analyze<-function(Set="", Cult="", dataTransform=FALSE, DEBUG=FALSE){ 
  data.prep <- data.raw  
  if(Cult!=""){data.prep<-data.prep[data.prep$Cult==Cult,]} 
  else{traceback("The cultivar filter was not applied")} 
  if(Set!=""){data.prep<-data.prep[data.prep$Expt==Set,]} 
  else if(!(Set %in% data.prep$Prel)){traceback(paste0("The set (Expt) '", Set,"' does not exist! 
Set filter was not performed."))} 
  analyze <- data.prep; DEBUGline<-analyze # DEBUG line. Stop here to see output. 
  data.prep2<-data.prep[,7:dim(data.prep)[2]] 
  data.prep2<-apply(data.prep2,2,as.numeric)  # In case some values are still treated as characters 
  data.avg <- aggregate(data.prep2, list(data.prep$CO2, data.prep$Trmt, data.prep$Inoc), mean, 
na.rm=TRUE) 
  data <- data.avg[,c(-1:-3)]  
  if(dataTransform!=FALSE){data<-logTransform(data)}   
  rownames(data)<-
paste0(data.avg[,1],ifelse(data.avg[,2]=="Civ","C","W"),ifelse(data.avg[,3]=="I","I","N"))  # 
Have the rowname set as 400CI 
  if(DEBUG){analyze<-DEBUGline} 
  else{ 
    analyze <- t(data)        # Transpose the resulting data and return 
  } 
  return(analyze) 
} 
head(analyze("P5",DEBUG=F)) 
logBase<-10 # Used for log transformation information in the kclust  
Cult=""; Set="P2"; hc<-kclust(analyze(Set=Set, Cult=Cult, dataTransform = F),  
                              Title=paste0(Set, " Set")); debug<-analyze(Set, Cult=Cult, DEBUG=T); 
summary(debug$Cult) # See how many entries are present 
analyze_by_cultivar <- function(CO2level=0, Cultivar="", avgFunc=mean, DEBUG=FALSE){ 
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  data.prep<-data.raw 
  if(Cultivar==""){warning("No cultivar defined, using all cultivars!")} 
  else{data.prep <- data.raw[data.raw$Cult==Cultivar,]} 
  if(CO2level!=0){data.prep<-data.prep[data.prep$CO2==CO2level,]} 
  else{traceback("The CO2 level was defined as 0. CO2 filter was not applied")} 
  data.avg <- aggregate(data.prep[,9:dim(data.prep)[2]], list(data.prep$Inoc,data.prep$Trait), 
avgFunc) 
  data <- data.avg[,c(-dim(data.avg)[2])]  
  rownames(data)<-c(paste( 
    ifelse(data[,2]=="Tem","Water","Civ"), # Modify the second column which is $Civ 
    ifelse(data[,1]=="N-I","NI","I"), # Modify the first column which is $Inoc 
    sep="-"))  #  Set rowname so it is Treatment-Inoc; e.g. Water-NI 
  data<-data[,-1:-2]  #  Remove the Inoc and Civ columns since we got the names 
  return(t(data))        # Transpose the resulting data and return 
}; 
CO2level<-0; Cult="Focus"; data.analyzed<-analyze_by_cultivar(CO2level, Cult); hc<-
kclust(data.analyzed, 
Title=paste0("CO2: ", ifelse(CO2level==0, "400 & 800", CO2level), " ppm\n", 
ifelse(Cult=="","All",Cult)," cultivars")); 
data.analyzed 
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Appendix 4.4 Bar graphs illustrating biochemical profiles of Independence and Focus at 
sampling 5    
 

 
Carbohydrate concentrations (mg/gDW) of A. stolonifera leaves, two weeks post treatment with 
5% Civitas + 0.3% Harmonizer or water, one week post inoculation with M. nivale (hatched bars) 
or non-inoculated (solid bars), for the cultivars Independence (blue) and Focus (orange), under 
400 or 800 ppm CO2. The error bars represent standard error (n = 2-4). 
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Amino acid concentrations (µmol/gMS) of A. stolonifera leaves, two weeks post treatment with 
5% Civitas + 0.3% Harmonizer or water, one week post inoculation with M. nivale (hatched bars) 
or non-inoculated (solid bars), for the cultivars Independence (blue) and Focus (orange), under 
400 or 800 ppm CO2. The error bars represent standard error (n = 2-4). 
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Appendix 4.5 Overall average values from Amino Acids 
 
Amino acid concentration by cultivar at three sampling dates (S). Turfgrasses were treated with 
water (W), or Civitas + Harmonizer (C), non-inoculated (NI) or inoculated with M. nivale (I), at 
Sampling date 2, 3, and 5. Values are an average of 5 replicates.  
    Amino acid concentrations (µmol/gMS) of turfgrass cultivars at three sampling dates at 400 pr 900 

ppm CO2 
    A. stolonifera A. capillaris P. annua 

    Alpha Focus Independen
ce Penncross T1 Tyee Leirin LaBelle 

S Trt NI/I AA 400 800 400 800 400 800 400 800 400 800 400 800 400 800 400 800 
2 W NI AABA 0.4 0.2 0.4 0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.1 0.1 0.3 0.1 0.4 0.2 
2 W NI Ala 13.9 11.3 12.3 10.8 14.4 11.7 11.3 9.1 12.6 10.3 13.2 11.2 14.4 9.8 22.6 14.2 
2 W NI Arg 1 0.7 0.8 0.7 1 0.7 0.7 0.6 0.9 0.8 0.9 0.7 1 0.6 1.1 0.7 
2 W NI Asn 37.1 15.1 27.6 10.8 51.2 12.7 24 7.3 30.2 6.6 43.4 14.2 49.4 4 28.2 9.6 
2 W NI Asp 10.7 11.4 11.3 10.8 11.2 10.2 10.1 10.1 11.2 10.3 11.6 11.2 12.2 7.5 17.3 10.9 
2 W NI GABA 7.4 9 8.2 8.1 10.5 8.5 8.6 7.3 10.2 8.3 9 7.9 10.1 8 19.9 16.3 
2 W NI Glu 22 21.2 21.7 20 26.9 20.6 21.3 18.4 22.3 18.1 24.7 21.7 24.5 14.6 36.3 24.9 
2 W NI Gln 16.2 6.9 11.4 6.5 18.1 6 14 5.6 13.8 5.6 15.8 5.9 16.5 5.4 41.5 11.5 
2 W NI Gly 0.8 0.6 0.7 0.6 1 0.5 0.7 0.5 0.8 0.6 0.9 0.6 1 0.5 1.2 0.8 
2 W NI His 0.5 0.3 0.5 0.3 0.5 0.3 0.4 0.2 0.5 0.3 0.6 0.3 0.8 0.2 0.6 0.1 
2 W NI Ile 1.1 1 1.1 0.9 1.2 0.8 0.9 0.8 1.2 0.9 1.2 0.9 1.9 1 2.1 1.2 
2 W NI Leu 1.8 1.6 1.4 1.4 1.9 1.4 1.5 1.2 1.9 1.6 1.9 1.5 2.3 1.5 2.8 1.6 
2 W NI Lys 1.9 1.6 2.1 1.7 1.9 1.4 1.7 1.4 1.9 1.8 1.7 1.5 1.6 1.3 2.2 1.5 
2 W NI Met 0.8 0.8 0.8 0.8 0.6 0.9 0.4 0.5 0.7 0.8 0.7 0.7 0.8 0.8 0.3 0.3 
2 W NI Orn 0.1 0 0.1 0 0.1 0 0 0 0 0 0.1 0 0.1 0 0.1 0.1 
2 W NI Phe 1.3 1.1 1.3 1.1 1.4 1.1 1.2 0.9 1.4 1.1 1.4 1.1 1.7 1 1.8 1 
2 W NI Pro 5.9 1.4 2.5 1.2 3.6 1.3 3 1.3 5.1 2.2 5.4 1.3 19.6 2.6 13.2 6.9 
2 W NI Ser 11.4 8.8 9.4 8.4 13.7 9.5 8.2 6 10.6 7.8 11.8 8.5 8.9 6.6 8.3 5.4 
2 W NI Thr 3.6 3.1 3 2.8 4.1 2.9 2.8 2.2 3.5 2.6 3.9 3 4.8 2.5 7.7 4.4 
2 W NI Tyr 5.1 6.1 4 8.3 5.8 5.9 6.1 6.2 4.5 5.7 4.8 5.7 3.5 4.3 13.2 8 
2 W NI Val 3.1 2.7 2.4 2.5 5.2 3.4 4.9 2.7 3.3 2.6 2.6 2.2 3.3 2.7 3.2 2.7 
2 W NI TOTAL 146.1 105 122.6 97.9 172.7 98.9 119.4 82.3 137 88.5 156.3 100.7 180.2 74.9 226 123 
3 W NI AABA 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.1 0.1 0.1 0.2 0.2 
3 W NI Ala 8.2 7.7 7.3 7.4 9.2 7.5 7.5 5.6 9.4 8.3 7.1 7.1 9.4 6.0 13.8 10.4 
3 W NI Arg 0.8 0.8 0.8 0.7 0.9 0.7 0.8 0.5 1.1 1.0 0.8 0.6 0.8 0.6 1.5 1.2 
3 W NI Asn 27.4 17.3 30.7 11.8 34.5 16.0 15.2 9.0 35.9 18.7 34.3 16.3 22.7 6.5 20.5 11.2 
3 W NI Asp 8.1 7.7 6.3 7.2 9.0 6.2 7.6 5.6 8.3 7.7 6.3 5.6 8.7 5.9 10.2 7.2 
3 W NI GABA 7.0 6.9 6.0 6.5 7.6 6.4 6.4 4.4 8.0 7.2 4.9 5.2 7.5 5.1 21.2 17.1 
3 W NI Glu 15.6 15.0 11.9 13.2 17.4 12.8 14.0 10.7 16.3 14.6 13.2 12.6 14.7 10.4 17.5 15.1 
3 W NI Gln 5.1 5.1 4.9 4.2 6.1 4.5 4.2 3.3 6.6 6.0 5.9 4.2 6.2 3.0 9.7 6.1 
3 W NI Gly 0.7 0.5 0.4 0.4 0.6 0.5 0.5 0.3 0.6 0.5 0.5 0.5 0.5 0.4 1.5 1.4 
3 W NI His 0.2 0.3 0.2 0.2 0.2 0.2 0.1 0.1 0.2 0.2 0.2 0.1 0.2 0.1 0.4 0.4 
3 W NI Ile 0.6 0.6 0.5 0.5 0.6 0.6 0.5 0.4 0.7 0.6 0.6 0.5 0.7 0.5 1.4 1.1 
3 W NI Leu 1.4 1.2 1.1 1.0 1.3 1.2 1.1 0.8 1.5 1.3 1.1 1.0 1.3 1.0 2.5 1.9 
3 W NI Lys 1.4 1.2 1.2 1.2 1.3 1.2 1.3 0.9 1.5 1.4 1.0 1.0 1.2 0.9 2.5 2.0 
3 W NI Met 1.6 1.6 1.2 1.3 1.6 1.4 1.5 1.1 1.5 1.3 1.4 1.1 1.6 1.4 0.4 0.2 
3 W NI Orn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 
3 W NI Phe 1.0 0.9 0.9 0.8 1.0 0.8 0.8 0.6 1.1 0.9 0.9 0.7 1.0 0.7 1.3 1.1 
3 W NI Pro 1.3 1.2 1.2 1.4 1.3 1.2 1.6 1.1 1.9 1.6 1.6 1.4 8.0 1.2 3.9 3.3 
3 W NI Ser 6.9 7.3 5.8 6.3 6.5 7.1 5.4 4.2 7.5 6.9 6.2 6.4 5.4 4.1 8.2 6.8 
3 W NI Thr 2.7 2.6 2.1 2.0 2.6 2.2 1.8 1.5 2.7 2.4 2.2 2.0 2.7 1.8 5.0 3.8 
3 W NI Tyr 1.0 1.6 0.9 1.6 1.6 1.9 1.5 1.1 1.6 1.1 1.0 1.4 1.3 1.3 2.6 3.0 
3 W NI Val 1.8 1.7 1.5 1.5 1.9 1.6 1.6 1.2 2.1 1.9 1.7 1.4 2.2 1.4 3.5 2.8 
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3 W NI TOTAL 92.7 81.3 84.8 69.3 105.2 74.0 73.4 52.5 108.9 83.8 90.9 69.5 96.2 52.4 127.9 96.2 
3 C NI AABA 0.1 0 0.1 0 0.1 0 0.1 0 0 0 0 0 0.1 0.2 0.1 0.2 
3 C NI Ala 8.2 6.6 7.6 7.1 9.5 6.7 8.2 5.8 9.1 7.3 8.5 7.1 9 6.7 13.4 11.9 
3 C NI Arg 1.1 0.9 0.8 0.7 1 0.7 0.8 0.6 0.9 0.8 0.9 0.7 0.8 0.6 1.5 1.5 
3 C NI Asn 44.1 14.8 24.7 13 48.2 10.3 20.5 7.7 31.9 16.9 46 13.5 26.5 12.3 20.6 15.6 
3 C NI Asp 9.3 7.5 8.5 7.4 10.3 6.4 8.2 5.8 8.6 7.2 8.3 6 9.8 6.5 10.2 8.6 
3 C NI GABA 7.1 6.7 6.8 6.2 8.2 5.8 6.5 5.1 8 6.5 6.8 5.4 7.4 5.9 17.3 19.4 
3 C NI Glu 15.8 12.9 14.1 12.7 18.2 12 15.9 11.5 16 12.8 16.4 12.3 15.6 11.6 18.1 15.6 
3 C NI Gln 6.3 4.1 5.1 3.8 7 3.6 4.6 2.6 6.8 4.8 6.7 4 6.5 3.3 12.1 8.2 
3 C NI Gly 0.7 0.6 0.5 0.5 0.6 0.4 0.5 0.4 0.6 0.4 0.5 0.4 0.6 0.4 1.3 1.6 
3 C NI His 0.3 0.2 0.1 0.1 0.3 0.2 0.2 0.1 0.3 0.2 0.3 0.2 0.2 0.1 0.5 0.5 
3 C NI Ile 0.7 0.6 0.5 0.5 0.7 0.5 0.5 0.4 0.7 0.6 0.6 0.5 0.6 0.5 1.5 1.3 
3 C NI Leu 1.5 1.3 1.1 1 1.3 1 1 0.8 1.4 1.2 1.1 0.9 1.2 0.9 2.5 2.4 
3 C NI Lys 1.5 1.4 1.3 1.2 1.4 1.1 1.2 0.9 1.4 1.3 1.1 1 1.2 0.9 2.1 2.4 
3 C NI Met 1.7 1.7 1.5 1.4 1.7 1.3 1.5 1 1.5 1.4 1.5 1.3 1.6 1.5 0.4 0.4 
3 C NI Orn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.1 0.1 
3 C NI Phe 1.1 0.9 0.9 0.8 1 0.7 0.9 0.6 1.1 0.8 1 0.7 1 0.6 1.5 1.3 
3 C NI Pro 2.4 1.4 1.2 1 1.9 0.9 1.3 0.8 1.1 0.8 1.6 1 1.9 1.1 4.9 2.5 
3 C NI Ser 7.4 5.1 6.1 7.1 7.4 6.6 5.7 4.5 7.1 6.3 7.4 6.4 5.4 4.1 8.2 7.5 
3 C NI Thr 2.9 2.3 2.2 2 2.7 2 2.1 1.6 2.6 2.2 2.6 1.7 3 2 5.5 4.8 
3 C NI Tyr 1.2 1.4 1.1 1.2 1.4 1.3 1.5 1 1.5 1.6 1.3 1.4 1.5 1.1 2.6 2.9 
3 C NI Val 1.9 1.8 1.6 1.5 2 1.5 1.6 1.1 2 1.7 1.7 1.4 1.9 1.5 3.6 3.3 
3 C NI TOTAL 115.3 72.3 85.8 69.4 124.7 63.2 82.6 52.4 102.6 74.9 114.3 65.8 95.7 61.6 128 112.1 
5 W NI AABA 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.2 0.1 0.1 0.0 0.1 0.1 0.1 
5 W NI Ala 5.1 6.1 4.9 4.5 4.9 5.1 7.7 8.9 5.6 6.3 4.2 4.2 5.1 6.9 4.2 4.6 
5 W NI Arg 0.8 1.2 1.2 1.3 1.3 1.3 1.6 1.9 0.8 1.9 0.8 0.5 1.2 1.3 0.7 1.1 
5 W NI Asn 20.4 39.9 23.0 13.8 33.8 27.1 30.6 36.5 28.9 29.7 17.2 7.5 28.5 25.4 17.2 39.7 
5 W NI Asp 7.0 8.2 7.0 7.7 7.7 7.3 7.9 10.5 6.7 7.6 5.7 6.1 7.6 10.4 5.5 7.1 
5 W NI GABA 4.1 6.0 4.9 4.6 4.0 5.1 9.6 11.6 3.5 4.5 3.3 3.5 3.7 5.9 3.3 3.6 
5 W NI Gln 3.5 5.5 4.7 4.1 3.9 6.3 12.3 15.6 4.5 3.4 3.2 2.5 3.9 5.5 3.2 3.9 
5 W NI Glu 9.7 11.0 8.9 8.7 10.9 9.4 18.1 19.9 9.0 9.6 9.0 8.9 9.7 12.4 8.3 9.3 
5 W NI Gly 2.1 2.1 1.2 0.9 1.8 2.0 1.7 1.9 3.0 1.7 2.0 1.2 1.1 2.6 1.7 1.9 
5 W NI His 1.2 2.0 1.4 1.1 1.9 2.0 1.9 2.4 0.9 1.0 1.0 0.6 1.5 1.5 1.2 1.7 
5 W NI Ile 1.3 1.5 1.4 0.9 1.5 1.8 2.9 3.7 1.1 1.2 1.0 0.7 1.4 1.8 1.0 1.1 
5 W NI Leu 1.1 1.3 1.2 1.0 1.3 1.2 2.1 2.5 0.9 0.9 0.8 0.6 1.3 1.5 0.9 1.0 
5 W NI Lys 1.1 1.5 1.5 1.4 1.6 1.6 2.5 3.1 1.1 1.1 1.0 0.8 1.5 1.8 1.1 1.2 
5 W NI Met 0.8 0.9 0.7 0.7 0.8 0.9 0.2 0.4 0.8 0.7 0.7 0.7 0.6 0.8 0.7 0.7 
5 W NI Orn 0.1 0.1 0.0 0.1 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
5 W NI Phe 1.0 1.1 1.3 0.8 1.2 1.3 1.2 1.2 0.9 0.8 0.8 0.6 1.2 1.2 0.9 0.9 
5 W NI Pro 0.5 1.1 6.3 0.6 0.5 6.1 1.2 1.1 0.5 7.4 0.3 0.4 0.7 0.7 0.5 0.5 
5 W NI Ser 5.7 6.2 5.4 3.8 6.1 5.9 7.1 8.1 4.0 3.3 4.2 3.2 5.9 6.6 5.3 5.3 
5 W NI Thr 2.4 3.0 2.2 1.7 2.8 2.8 5.0 5.8 2.7 2.6 1.7 1.4 2.7 3.4 2.0 2.6 
5 W NI Tyr 0.4 0.5 0.5 0.7 0.4 0.5 1.5 0.9 0.4 0.4 0.3 0.3 0.4 0.6 0.3 0.4 
5 W NI Val 2.3 2.8 2.5 1.6 2.5 3.2 3.7 4.7 2.0 2.2 1.8 1.4 2.2 3.1 1.9 2.2 
5 W NI TOTAL 70.6 101.9 80.5 60.2 89.0 91.2 118.9 140.9 77.3 86.5 59.1 45.2 80.5 93.7 60.2 89.0 
5 C NI AABA 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.0 0.1 0.2 0.0 0.1 0.1 
5 C NI Ala 4.8 6.7 4.5 6.1 3.7 4.5 3.8 5.0 5.1 5.7 4.2 4.6 6.2 5.5 6.0 9.2 
5 C NI Arg 0.7 1.5 1.2 1.0 1.3 1.1 0.5 0.6 0.8 1.1 0.9 1.0 0.8 0.9 1.7 2.2 
5 C NI Asn 17.9 32.2 30.8 18.6 40.7 21.6 10.3 8.9 17.3 29.4 26.5 24.9 33.8 11.7 39.4 45.2 
5 C NI Asp 6.7 9.8 6.1 9.3 8.4 6.6 5.9 6.6 7.2 7.4 6.8 7.1 5.5 7.4 8.2 11.2 
5 C NI GABA 3.9 5.9 3.9 5.6 4.1 4.2 2.7 4.3 4.2 5.4 3.4 4.3 3.9 4.2 8.8 13.3 
5 C NI Glu 9.4 12.0 8.6 10.8 11.6 8.4 8.7 8.5 9.8 9.2 9.7 8.8 8.2 8.4 17.0 22.2 
5 C NI Gln 2.9 6.8 3.8 4.6 4.1 3.4 2.2 3.5 3.3 4.7 2.8 3.1 6.6 3.4 10.9 15.1 
5 C NI Gly 1.5 2.2 0.8 2.2 1.6 0.9 1.1 1.8 1.2 1.4 2.1 1.4 1.2 1.3 1.4 1.7 
5 C NI His 1.0 1.7 1.5 1.2 1.9 1.3 0.7 0.6 1.1 1.3 1.6 1.4 1.2 0.6 1.9 2.0 
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5 C NI Ile 1.0 1.7 1.1 1.1 1.5 1.0 0.7 0.7 1.2 1.0 1.1 1.0 1.3 0.7 2.5 2.9 
5 C NI Leu 0.9 1.6 1.1 1.1 1.3 1.0 0.7 0.7 1.1 1.0 1.0 0.9 1.1 0.7 1.9 2.3 
5 C NI Lys 1.1 1.8 1.3 1.5 1.5 1.2 0.8 0.9 1.2 1.2 1.2 1.1 1.0 0.9 2.8 3.0 
5 C NI Met 0.9 0.9 0.6 1.0 0.6 0.9 0.8 0.9 0.8 0.8 0.7 1.0 0.5 0.9 0.3 0.4 
5 C NI Orn 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.1 
5 C NI Phe 0.9 1.4 1.2 1.0 1.2 0.6 0.7 0.6 1.0 0.9 0.9 1.0 1.6 0.7 1.1 1.1 
5 C NI Pro 0.4 0.7 15.9 0.6 0.6 0.4 0.5 0.3 0.6 2.3 0.5 0.4 22.8 0.4 0.8 1.0 
5 C NI Ser 4.8 6.3 4.7 5.0 6.0 3.9 3.3 3.3 4.9 5.2 6.0 5.2 3.2 2.7 6.7 7.7 
5 C NI Thr 2.1 2.5 2.0 2.0 2.8 2.0 1.3 1.5 2.3 1.7 2.5 2.3 2.6 2.0 4.5 5.9 
5 C NI Tyr 0.3 0.8 0.4 0.8 0.5 0.4 0.3 0.5 0.4 0.6 0.4 0.4 0.4 0.3 1.0 1.1 
5 C NI Val 1.8 3.1 2.3 2.2 2.5 1.8 1.3 1.6 2.0 2.0 1.9 2.0 2.7 1.5 0.8 4.1 
5 C NI TOTAL 63.2 99.7 92.0 75.8 96.1 65.3 46.4 50.8 65.6 82.5 74.3 72.0 104.9 54.2 117.9 151.9 
5 W I AABA 0.1 0.0 0.1 0.0 0.1 0.1 0.1 0.0 0.1 0.0 0.1 0.1 0.0 0.0 0.3 0.2 
5 W I Ala 5.3 4.0 5.6 5.0 5.9 6.4 5.1 4.7 5.2 4.4 4.1 5.2 6.5 6.0 8.3 6.8 
5 W I Arg 2.6 1.2 2.2 1.7 2.3 2.5 1.7 1.1 2.0 1.5 2.0 2.6 1.6 1.2 4.4 3.3 
5 W I Asn 15 8.5 15 9.1 21.9 21 6.3 4.1 13 8.0 18 26.3 10 5.1 24 17 
5 W I Asp 7.6 5.2 9.6 9.3 6.7 9.1 9.5 6.9 7.0 6.3 7.3 6.4 7.4 5.5 8.2 6.9 
5 W I GABA 3.6 4.0 5.5 5.5 4.6 5.6 4.1 4.8 3.9 4.7 4.2 5.3 4.5 5.5 6.9 6.1 
5 W I Glu 9.8 6.1 8.8 7.8 8.2 9.8 8.6 6.4 8.9 6.9 9.0 7.4 9.0 6.5 17 14 
5 W I Gln 5.9 4.7 6.1 6.4 8.2 8.2 3.9 3.5 5.6 4.3 6.3 6.4 4.3 3.0 15 12 
5 W I Gly 0.8 0.7 0.6 0.5 0.7 0.7 0.6 0.4 0.6 0.4 0.8 0.8 0.8 0.5 1.4 0.9 
5 W I His 1.0 0.6 0.9 0.8 1.1 1.1 0.6 0.4 0.9 0.6 1.1 1.5 0.4 0.4 1.3 1.1 
5 W I Ile 1.0 0.7 0.9 0.8 1.2 1.1 0.7 0.6 0.8 0.7 0.9 1.2 0.7 0.6 1.7 1.3 
5 W I Leu 2.1 1.0 1.7 1.4 1.8 1.9 1.3 1.0 1.6 1.2 1.5 1.7 1.4 1.1 3.5 2.9 
5 W I Lys 2.2 1.1 2.2 1.7 1.9 2.2 1.6 1.3 1.9 1.4 1.9 2.0 1.7 1.3 4.0 2.5 
5 W I Met 0.6 0.5 0.5 0.6 0.4 0.6 0.5 0.5 0.5 0.6 0.5 0.6 0.4 0.6 1.0 0.8 
5 W I Orn 0.1 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2 
5 W I Phe 1.1 0.7 1.0 0.9 1.2 1.1 0.8 0.7 0.9 0.8 1.0 1.3 0.9 0.8 1.7 1.5 
5 W I Pro 0.6 1.4 0.6 0.5 5.2 0.7 0.4 0.5 0.5 0.4 1.2 12.6 0.5 0.8 2.0 1.0 
5 W I Ser 4.2 3.5 4.3 4.0 5.3 4.9 3.3 3.0 4.1 3.6 4.8 5.2 3.1 2.3 7.3 5.1 
5 W I Thr 1.9 1.5 1.8 1.7 2.3 2.2 1.4 1.3 1.7 1.4 1.9 2.4 1.8 1.4 4.1 3.1 
5 W I Tyr 0.6 0.4 0.6 0.7 0.7 0.7 0.5 0.5 0.5 0.4 0.5 0.6 0.5 0.5 1.3 1.1 
5 W I Val 1.7 1.4 1.6 1.6 2.4 2.1 1.4 1.2 1.6 1.3 1.8 2.7 1.4 1.3 3.0 2.5 
5 W I TOTAL 68 47 70 60 82 82 52 43 61 49 69 93 57 44 117 90 
5 C I AABA 0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.2 0.3 
5 C I Ala 5.4 5.2 4.9 4.2 6.2 4.4 4.9 5.3 6.2 5.4 5.4 4.0 7.0 7.4 7.8 9.1 
5 C I Arg 1.8 1.6 2.0 1.7 2.0 1.4 1.6 1.4 1.9 1.4 1.8 1.3 1.6 1.7 3.4 3.2 
5 C I Asn 14 16 18 9.2 14.2 9.6 9.7 5.1 17 9.9 11 8.3 14 6.7 36 28 
5 C I Asp 6.9 8.2 7.5 8.2 8.0 6.4 8.7 9.0 7.8 7.4 7.5 5.8 7.4 7.7 9.1 11 
5 C I GABA 4.2 4.7 4.5 4.4 5.2 4.5 4.0 6.7 5.0 5.5 4.6 2.7 4.9 6.4 6.0 11 
5 C I Glu 8.4 8.4 7.2 6.6 9.1 6.2 8.5 7.1 9.5 7.0 8.7 6.5 8.8 8.8 18 19 
5 C I Gln 5.3 6.2 7.1 4.8 6.0 4.2 4.2 4.1 5.9 4.4 4.2 3.5 4.8 4.4 16 18 
5 C I Gly 0.7 0.6 0.6 0.4 0.7 0.5 0.5 0.4 0.7 0.4 0.7 0.4 0.8 0.7 1.2 1.2 
5 C I His 0.9 0.8 1.1 0.8 0.9 0.7 0.6 0.5 0.9 0.8 0.7 0.7 0.5 0.5 1.4 1.6 
5 C I Ile 0.8 0.9 1.4 0.7 0.9 0.7 0.7 0.7 1.0 0.7 0.7 0.6 0.8 0.9 1.7 2.1 
5 C I Leu 1.5 1.4 1.6 1.3 1.7 1.2 1.3 1.2 1.7 1.4 1.5 1.1 1.5 1.7 2.9 3.3 
5 C I Lys 1.7 1.6 1.8 1.3 2.0 1.3 1.6 1.6 1.9 1.6 1.8 1.2 1.6 1.9 2.9 2.5 
5 C I Met 0.5 0.5 0.5 0.5 0.5 0.5 0.4 0.7 0.5 0.9 0.4 0.4 0.5 0.9 0.8 0.7 
5 C I Orn 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2 
5 C I Phe 1.0 1.0 1.3 0.8 1.0 0.8 0.8 1.0 1.1 0.9 0.9 0.8 1.0 1.1 1.5 1.7 
5 C I Pro 0.6 0.5 15.5 0.4 0.8 0.3 0.5 0.6 2.0 0.4 0.6 0.4 0.7 0.8 1.0 1.5 
5 C I Ser 4.1 4.2 4.6 3.2 4.6 3.5 3.1 3.4 4.6 4.0 4.1 3.3 3.1 2.9 6.9 7.7 
5 C I Thr 1.8 1.8 2.1 1.4 2.0 1.6 1.5 1.4 2.1 1.7 1.8 1.4 1.9 1.9 4.0 4.7 
5 C I Tyr 0.7 0.5 0.6 0.6 0.6 0.5 0.6 0.5 0.6 0.7 0.6 0.6 0.6 0.7 1.1 1.6 
5 C I Val 1.6 1.7 2.8 1.3 1.8 1.4 1.3 1.5 1.9 1.5 1.4 1.2 1.5 1.8 3.1 3.9 
5 C I  TOTAL 62 66 85 52 69 50 55 53 72 56 59 44 63 59 125 132 
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Appendix 4.6 Overall average values from Carbohydrates 
 
Carbohydrate concentration by cultivar at three sampling dates (S). Turfgrasses were treated with 
water (W), or Civitas + Harmonizer (C), non-inoculated (NI) or inoculated with M. nivale (I), at 
Sampling date 2, 3, and 5. Values are an average of 5 replicates.  
        Carbohydrate content (mg/gDW) of turfgrass cultivars under two CO2 

concentrations  
    Sucrose Glucose Fructose SSTot HPM TNC 

S Trt NI/I Cultivar 400 800  400  800  400 800 400 800 400 800 400 800 
2 W NI Alpha 31 34 12 12 10 9 53 55 76 51 129 106 
2 W NI Focus 27 34 10 10 9 8 47 53 66 62 113 115 
2 W NI Independence 30 31 11 9 9 7 50 47 55 54 105 101 
2 W NI LaBelle 71 75 19 18 23 21 113 115 33 52 146 167 
2 W NI Leirin 52 50 15 14 13 9 80 72 70 131 150 204 
2 W NI Penncross 31 36 12 10 11 9 54 55 76 89 130 144 
2 W NI T1 30 31 10 8 8 7 49 46 80 108 129 153 
2 W NI Tyee 30 29 11 10 9 8 50 48 62 62 112 110 
3 W NI Alpha 13 20 7 9 5 6 25 35 45 52 70 87 
3 W NI Focus 13 19 7 8 5 6 25 33 58 70 83 103 
3 W NI Independence 13 21 7 10 6 7 26 38 47 60 73 97 
3 W NI LaBelle 32 43 14 14 19 18 64 74 142 155 207 229 
3 W NI Leirin 25 30 10 9 9 7 43 46 63 63 107 109 
3 W NI Penncross 16 20 8 7 7 6 31 33 85 84 116 116 
3 W NI T1 14 19 8 7 7 6 29 32 53 66 82 97 
3 W NI Tyee 12 20 7 8 6 5 25 33 57 73 81 106 
3 C NI Alpha 13 19 8 9 7 6 27 34 35 57 63 92 
3 C NI Focus 13 19 7 6 5 5 25 31 48 65 73 96 
3 C NI Independence 13 20 7 6 6 5 27 32 49 72 76 104 
3 C NI LaBelle 25 33 14 15 18 19 57 68 94 103 151 171 
3 C NI Leirin 17 29 8 7 7 7 32 43 31 57 63 100 
3 C NI Penncross 14 22 7 7 6 6 27 34 56 75 84 109 
3 C NI T1 11 17 7 7 6 5 24 29 38 57 62 86 
3 C NI Tyee 10 19 6 8 5 6 21 32 40 50 61 82 
5 W NI Alpha 7 9 5 8 3 4 15 21 1 2 15 23 
5 W NI Focus 10 9 6 7 5 5 21 21 1 3 22 24 
5 W NI Independence 6 16 4 6 4 5 14 28 1 1 15 29 
5 W NI LaBelle 17 16 13 12 16 15 46 43 3 3 49 46 
5 W NI Leirin 5 16 6 7 4 6 15 28 1 2 16 30 
5 W NI Penncross 8 9 5 5 4 4 17 17 3 9 20 27 
5 W NI T1 7 8 4 5 4 4 15 17 1 6 15 23 
5 W NI Tyee 8 6 7 4 5 3 19 14 2 1 22 14 
5 C NI Alpha 5 7 4 5 3 4 13 17 1 2 14 19 
5 C NI Focus 14 7 7 6 5 5 26 18 1 3 27 21 
5 C NI Independence 5 7 4 5 3 4 13 16 1 2 13 18 
5 C NI LaBelle 12 17 10 12 12 14 34 43 1 4 36 47 
5 C NI Leirin 11 6 9 6 6 4 26 16 1 1 27 17 
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5 C NI Penncross 8 9 5 6 4 6 17 20 3 4 20 25 
5 C NI T1 6 8 5 5 4 4 14 18 1 3 15 21 
5 C NI Tyee 6 7 5 5 4 4 15 15 1 1 16 17 
5 W I Alpha 5 5 6 5 4 3 14 13 2 4 16 17 
5 W I Focus 7 5 8 7 5 4 19 16 1 2 20 18 
5 W I Independence 7 4 9 5 6 3 22 12 2 2 24 14 
5 W I LaBelle 10 7 13 10 12 10 35 27 4 6 39 33 
5 W I Leirin 6 7 8 11 6 8 20 26 2 3 21 29 
5 W I Penncross 7 9 7 8 5 6 19 23 5 15 24 39 
5 W I T1 5 6 5 6 4 4 14 17 6 6 20 23 
5 W I Tyee 8 11 8 8 5 5 20 24 4 6 24 30 
5 C I Alpha 6 4 8 5 5 3 19 12 3 2 22 14 
5 C I Focus 17 5 9 5 6 3 32 13 2 2 35 15 
5 C I Independence 7 5 9 4 5 3 21 12 3 4 24 16 
5 C I LaBelle 8 6 10 12 10 11 27 29 6 8 34 37 
5 C I Leirin 7 7 10 9 7 6 24 22 4 5 28 27 
5 C I Penncross 7 6 7 8 6 5 20 19 5 8 25 27 
5 C I T1 7 6 9 5 6 4 22 15 5 5 27 19 
5 C I Tyee 7 5 7 5 5 3 19 13 5 2 24 16 
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Appendix 4.7 Example of SAS Codes for amino acids analysis 
data temp;  
options pagesize=80 linesize=80;  
*adjusted AA levels for CIV - mean(water) for CO2 trials 
P2_400_glu; 
input project$ co2 inoc$ treat$ cult$ expt$ species$ rep His Asn 
Ser Gln Arg Gly Asp Glu Thr Ala GABA Pro AABA Orn Lys Tyr Met Val 
Ile Leu Phe AAtotal; 
 
cards; 
MN15 400 N-I Water Alpha P2 AS 1 0.575 32.941 15.742 17.815 1.294 
1.124 8.659 20.235 3.634 15.425 0.010 5.931 0.332 0.138 2.437 
8.994 0.041 3.628 1.259 2.100 1.474 143.79 
. . .  
run; 
data temp; 
set; 
* no more than 8 characters for each variable; 
if expt = "P5" and co2 = 800 then do; 
 
* P2 is a comparison of 800ppm vs 400ppm since this is before I 
and CH; 
 
if treat = "civ" then delete; 
if inoc = "N-I" then delete; 
if cult = "Alpha" then adj_AA = aaba - 0.096891918; 
if cult = "Focus" then adj_AA = aaba - 0.057484979; 
if cult = "Independ" then adj_AA = aaba - 0.128033857; 
if cult = "LaBelle" then adj_AA = aaba - 0.267820124; 
if cult = "Leirin" then adj_AA = aaba - 0.046208385; 
if cult = "Penncros" then adj_AA = aaba - 0.073023257; 
if cult = "T1" then adj_AA = aaba - 0.083206141; 
if cult = "Tyee" then adj_AA = aaba - 0.062704638; 
end; 
run; 
 
*proc sort;* by co2 expt ;run; 
proc glm;  *by co2 expt ; 
class  cult; 
model adj_AA = cult; 
means  cult/LSD lines ;run; 
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Appendix 5.1 Field trial treatment and evaluation schedule. 

Season 
Date 
(YYMMDD) Action 

Fall 2015 150925 Set out plots, rated, and applied treatments 
 151002 Rated and inoculated with M. nivale 
 151009 Rated and applied treatments 
 151016 Rated 
 151023 Rated and inoculated with M. nivale 
 151030 Rated 
 151109 Rated and applied treatments 
 151113 Rated 
 151120 Rated 
 151126 Rated 
 151204 Rated 
 151211 Rated 
 151223 Rated  
 151225-150202 Snow covered 
 160204 Rated 
 160223 Rated 
 160311 Rated 
 160318 Rated 
 160401 Rated 
Spring 2016 160401 Rated and applied treatments 
 160414 Rated and inoculated with M. nivale 
 160422 Rated 
 160429 Rated 
 160506 Rated 
Fall 2016 160928 Rated and applied treatments 
 162012 Rated and inoculated with M. nivale 
 161020 Rated 
 161026 Rated and applied treatments 
 161102 Rated 
 161109 Rated 
 161117 Inoculated with M. nivale 
 161125 Rated 
 161201 Rated and applied treatments 
 170112 Rated 
 170119 Rated 
 170126 Rated 
 170127-170220 Snow covered 
 170223 Rated  
 170302 Rated 
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 170309 Rated 
 170317 Rated 
 170323 Rated 
 170329 Rated 
 170405 Rated 
Spring 2017 170309 Rated and applied treatments 
 170317 Rated and inoculated with M. nivale 
 170323 Rated 
 170329 Rated and applied treatments 
 170405 Rated and inoculated with M. nivale 
 170412 Rated 
 170418 Rated 
 170426 Rated 

 
Appendix 5.2 Excel sheet of field data 
 
The accompanying Excel spreadsheet shows the raw data of the field trials which began in Fall 
2015 until the spring of 2017.  
Filename:  
 
Citation: Stricker, Sara Marie; Hsiang, Tom; Bertrand, Annick, 2017, "Management of bentgrass 
cultivars for activated resistance to Microdochium nivale under climate change conditions - Field 
trials", doi:10.5683/SP/LNSIR7, Scholars Portal Dataverse, V1  
  
 
 
Appendix 5.3 Weather data for field trials (from www.climate.weather.gc.ca, Fergus MOE 
station, latitude=43.7º, longitude=-80.38º) 
  Weather data for Fergus, Ontario, Ministry of Environment station 

Season 
Average 

temp (ºC) 
Total rain 
fall (mm) 

Number 
rainfall 

days 

Total 
snowfall 

(cm) 

Number 
snowfall 

days 

Snow on 
ground 
(cm) 

Number of 
snow covered 

days 
Sept-Dec 2015 9.4 177.4 55 10.8 6 0.2 6 
Jan-May 2016 -4.4 59.6 32 92.8 34 7.5 61 
Sept-Dec 2016 9.3 187.4 47 16.8 30 0.2 26 
Jan-May 2017 -3.1 168.0 47 57.2 32 8.2 63 
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Appendix 5.4 SAS Statements for Field AUDPC rankings 
  data MNField;  
* AUDPC for 5 reps, 11 cultivars, 4 seasons; 
*fall 2015 fall 2015 winter 2016 winter 2017;  
*CH= civita + harmonizer, P= phosphite, w= water; 
 
input season$ Cultivar$ trt$ inoc$ @; do rep =1 to 5; input 
AUDPC@; output; end; 
cards; 
F15-MP  PennA4  W  NI    797  0  46.785  0  199.66 
F15-MP  PennA4  CH  NI    0  0  0  0  247.17 
... 
; 
 
proc sort; by trt inoc season; run; 
proc rank out=second; by trt inoc season; 
var AUDPC; 
ranks rankAUDPC; 
run; 
proc print; 
run; 
 
proc sort; by trt  cultivar; 
proc glm;  by trt cultivar; 
class  cultivar season trt inoc; 
model rankAUDPC =  inoc; 
*means cultivar/ LSD lines; 
means inoc/ LSD lines; 
run;   
 
 
 


