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Chapter 2: Effect of different temperatures on growth and biocontrol efficacy Hypholoma species and P. gigantea against pathogens Armillaria ostoyae and Heterobasidion irregulare

2.1	Abstract
…..

2.2	Introduction 
             
           Commercially important conifer plantations, such as red pine, are extensively grown in regions of North America because of their rapid growth and potential for producing high- value timber products, including saw logs, cabin logs, and utility poles (Gilmore and Palik, 2006). However, these conifer plantations are facing a decline due to the spread of root and butt rot diseases caused by pathogenic fungal species (Wargo and Kile 1992; McLaughlin, 2001; McLaughlin and Hsiang, 2010; Garbelotto and Gontheir, 2013). Armillaria ostoyae and Heterobasidion irregulare, for example, stand out as among the most destructive agents of root diseases in eastern United States and Canada (Mallett 1990; Morrison et al., 1991; McLaughlin 2001; McLaughlin and Hsiang, 2010; Dumas and Laflamme, 2013; Otto et al., 2021). Controlling these pathogens is exceedingly difficult due to the hidden underground growth of mycelium, the long- distance dispersal capabilities of basidiospores (>160 km), and the saprophytic persistence of disease for decades in deadwood (Goheen and Otrosina, 1998; Lygis et al., 2004a; Heinzelmann et al., 2019). Various disease control strategies, such as mechanical removal of infected stumps (Shaw and Roth, 1978; Thor and Stenlid, 2005) and the use of toxic chemicals, have been implemented in the past to remove the fungal inoculum of these pathogens from the soil. For example, toxic fungicides such as methyl bromide and carbon disulphides were used to control Armillaria sp. (Filip, 1976; Shaw and Roth; 1978; Baumgartner et al., 2011), while urea was used for Heterobasidion sp. (Oliva et al., 2008). However, these methods, while effective, raise concern due to their potential to cause harm and/or have other detrimental impacts. Mechanical methods, for example, are very costly and can result in substantial loss of nutrients and increased susceptibility to soil erosion due to soil disturbance (Chapman and Xiao, 2000; Norris et al., 2014; Achat et al., 2015), while chemical interventions have toxic effects on non-target species and can disrupt soil processes (Westlund and Nohrstedt, 2000; Baumgartner et al., 2011). Therefore, development and use of more innocuous methods, such as biocontrols that restrict the establishment and/or growth of pathogenic fungi (Dumas, 1992; Chapman and Xiao, 2000; Lakomy et al., 2014) without causing potential damage to critical soil processes and ground vegetation, are being encouraged (Hunt et al., 1971; Shaw and Roth, 1977; Thomas and Willis, 1998). 	Comment by GERARDO REYES: Please change to km (nb., be consistent with metric units)
             Several in vitro and field studies have assessed biocontrol species such as Hypholoma spp. for controlling diseases caused by Armillaria spp. (Pearce et al., 1995; Chapman and Xiao, 2000; Chapman et al., 2004; Keca, 2009; Stevens 2019).  Hypholoma spp. are naturally occurring fungi that show antagonistic activity against Armillaria sp. (Chapman and Xiao, 2000; Chapman et al., 2004). For example, H. fasciculare was naturally robust in areas where A. ostoyae was absent, and vice versa but when paired against each other, H. fasciculare outcompeted and disrupted the growth of A. ostoyae (Chapman and Xiao, 2000). H. fasciculare can control the spread of Armillaria sp. by outgrowing the pathogen and disrupting the infectious rhizomorph production (Chapman and Xiao, 2000; Chapman et al., 2004; Keca, 2009; Stevens, 2019). Stevens (2019) observed a 70% growth reduction in A. ostoyae when grown in competition with H. fasciculare. Similar results were observed when A. ostoyae was paired with other Hypholoma species such as H.sublateritium (Stevens, 2019) and H. capnoides (Keca, 2009).  Hypholoma capnoides, for example, restricted rhizomorph development by up to a 52% in several Armillaria sp., including A. mellea, A. gallica, A. ostoyae, A. cepistipes and A. tabescens (Keca, 2009). Several field studies performed using H. fasciculare against Armillaria ostoyae have supported in vitro results (Lakomy, 1998; Chapman et al., 2004). Note that the effectiveness of Hypholoma species as a biocontrol agent against all root rot-causing fungi is not universal. For example, H. fasciculare was grown in the presence of Heterobasidion annosum, another important root rot fungal pathogen, but did not suppress its growth (Nicolotti et al., 2008; Lakomy et al., 2014).
             Phlebiopsis gigantea is another naturally occurring saprotrophic fungi found in  conifer plantations, currently being used commercially as an effective biocontrol against Heterobasidion annosum and Heterobasidion irregulare (Korhonen et al., 1993; Government of Canada, 2014). This is due to its ability to suppress the growth of Heterobasidion sp. and/or significantly reduce pathogen infection in treated stumps (Korhonen et al., 1993; Nicolotti and Gontheir, 2005; Sun et al., 2009; Ronnberg and Cleary, 2012; Dumas and Laflamme, 2013). While P. gigantea is an ideal biocontrol species for Heterobasidion sp., it is ineffective against other fungal pathogens such as Armillaria sp. (Keca, 2009; Stevens, 2019). Hence, in this study, Hypholoma spp. (H. fasciculare, H. capnoides, and H. sublateritium) and P.gigantea (VRA 22) will be tested for their antagonistic abilities against Armillaria ostoyae and Heterobasidion irregulare, respectively. 
         One of the most important features contributing to the efficacy of these biocontrol species in reducing pathogen growth is their fast growth rate. For example, Hypholoma fasciculare, being a cord- forming fungus, can grow extremely fast individually and even faster when paired against the pathogen, Armillaria sp., enabling it to successfully overgrow and control the pathogen growth (Dowson et al., 1988; Chapman and Xiao, 2000; Stevens, 2019). Similarly, higher growth rate of another biocontrol fungus, P. gigantea enables it to successfully overgrow Heterobasidion species (Oliva et al., 2015). The growth rates of antagonistic fungi play important role in influencing their interactions with other fungi (Goldfarb et al., 1989). The growth rates and fungi activity are highly dependent on temperature (Rishbeth, 1978; Li et al., 2009). Generally, the biological activity of fungi such as respiration and nutrient uptake, increases with temperature until an optimum is reached; beyond which, activity declines due to effects on enzyme-catalyzed reactions (Wells and Boddy, 2005; Muller, 2014; Lynne and Boddy, 2016). Since fungi cannot control their internal temperature and rely upon the favourable climatic conditions for their growth, changing environmental conditions can have significant effects on the occurrence and development of fungi on host species (Colhoun, 1973). 
         Studies on disease-causing pathogens, such as Armillaria sp., suggest that they are susceptible to changes in temperature conditions (Rishbeth, 1968; Keca, 2005; Rind and Losel, 2005). For example, the mycelial and rhizomorphic growth of  Armillaria sp. such as A. mellea and A. gallica showed better growth at higher temperatures (Rind and Losel, 2005) such as 20℃-22℃ (Rishbeth, 1978; Keca, 2009) while exhibiting minimal growth at extreme temperatures like 10 and 26℃ (Rishbeth, 1978). A. ostoyae, being the most destructive pathogen in Ontario (Dumas, 1988), needs to be studied under variable conditions to fully understand its physiology. This may help in understanding the geographical distribution and effective control of this pathogen. Pearce & Malakzuk (1990) concluded that the annual growth of A. luteobublina fluctuated at different temperature conditions occurring in field and that the abundance and scarcity of this pathogen is mainly dependent upon the seasonal patterns of temperature and rainfall. Temperature changes also affect the sporulation and dispersal of the fungal spores (Tubby and Webber, 2010).  It is probable that the regular rate of spread of Armillaria sp. may increase in a few decades due to increase in temperature caused by global warming (Klopfenstein et al., 2009; Kliejunas et al., 2011; Kubiak et al., 2017). Change in climatic conditions, such as increase in temperature, may result in milder winters that will favour the survival and infection caused by several pathogens such as Armillaria sp. Such conditions will further increase the intensity and frequency of fungal diseases (Tubby and Webber, 2010; Kubiak et al., 2017). Hence, knowledge of the effect of range of temperature similar to ambient climate conditions on species such as A. ostoyae growth rates may help predict the future of A. ostoyae pathogenesis under current and future climate scenarios in Canada.	Comment by GERARDO REYES: Can this be made more succinct? i.e., combine into 1 sentence to improve precision & reduce empty statements; e.g.., sentence 1 states growth is better at higher temperatures. Sentence 2 states that maximum growth is achieved at 22oC & then declines by 26oC… What if you just pooled the key elements/thoughts of each sentence & made it into 1 succinct one?	Comment by GERARDO REYES: Put this info before the Heterobasidion info	Comment by Navjot Kaur: Done
       In past studies, the significant impact of temperature on another disease-causing pathogen, Heterobasidion sp., including, H. annosum and H. parviporum, has been explored, including information on the effect of temperature on the viability of fungal spores, growth patterns and colonization rates of the mycelia. Zhao (2013) demonstrated that the colonization rate of the mycelia of Heteorbasidion sp. varied with the range of temperature (5℃ - 25℃) in vitro, with  H. annosum showing higher colonization rates as the temperature increased. However, different Heterobasidion species show varying growth rate trends when exposed to different temperatures. For example, the growth rate of H. annosum increased with temperature, reaching its optimum at 22℃, while the growth rate of H. parviporum continued to increase until reaching its optimum at 27℃ (Taubert, 2008). Heterobasidion sp. appears to tolerate extreme temperatures as low as -8℃ and -20℃ (Gooding, 1966; Myers et al., 2018b), while temperatures exceeding 35℃ can kill the mycelia (Taubert, 2008). The incidence of the infection depends upon the viability and successful establishment of the basidiospores on the host species, and it has been found that the spores of Heterobasidion sp. can survive and germinate at temperatures as low as -25℃ (Schwantes et al., 1976; Taubert, 2008; Meyers et al., 2018a). Hence, lower temperatures are unlikely to eliminate or affect the survival of Heterobasidion sp. (Myers et al., 2018a). However, higher temperature may serve an advantage to the antagonistic fungi such as Phlebiopsis gigantea, given that this antagonist can survive and grow well at higher temperatures such as 30℃ (Thor et al., 1997). Moreover, Heterobasidion sp. tends to show decreasing growth pattern at temperatures above 30℃ due to enzyme inactivation (Gooding, 1966; Taubert, 2008). In the case of H. parviporum, which produces more inocula at higher temperatures (Gonthier et al., 2005), higher temperatures attributed to climate change may not decrease its competing and infecting ability (Gooding, 1966). No such predictions can be made with respect to other Heterobasidion species, such as H. irregulare, since very limited literature (Oliva et al., 2015) is available showing higher temperature effects on this species. 	Comment by GERARDO REYES: You need to start with info about temperature tolerances of Armillaria first… i.e., you introduced Armillaria first above followed by Heterobasidion, & then their respective biocontrols.  Thus, to maintain cohesiveness, you need to continue introducing ideas in this order throughout your chapter…	Comment by GERARDO REYES: Why not? What a bout temperatures below zero?	Comment by GERARDO REYES: 	Comment by Navjot Kaur: Because Heterobasision spores can tolerate lower temperatures and can survive/be stored at temperature as low as -30 degree celsius. It was found in a study that Heterobasidion spores stored at temperature -8 was viable and grew at optimum temperature (although slower), while the spores stored at high temperatures such as 36 degrees C could not survive (only 50% survived). They can be stored at temperatures like -270 degree celsius and still be viable. Hence, I stated that their elimination may not be possible at lower temperatures. Taubert, 2008 and references therein. 	Comment by Navjot Kaur: Myers et al. 2008 found H. irregulare growing at temperatures as low as -20 degree celsius on red pine discs in lab and also in field in winters where temperatures dropped to -25  in eastern United States. 	Comment by GERARDO REYES: Is this in reference to the potential biocontrol?  A bit unclear as couldn’t hHeterobasidion be considered antagonistic? 	Comment by Navjot Kaur: Antagonist here is refered to biocontrol. 	Comment by GERARDO REYES: Is this Hypholoma or Heterobasidion?	Comment by Navjot Kaur: Heterobasidion
        Along with its effect on the aforementioned pathogens, temperature also affects the mycelial extension of potential biocontrols such as H. fasciculare (Dowson, 1989). However, information on effect of temperature on other species of Hypholoma such as H. capnoides and H. subleteritium, which have shown effectiveness against Armillaria sp. in various studies (Keca, 2009; Stevens, 2019), is not available. Previous studies on the effectiveness of Hypholoma sp. against Armillaria sp. have often been conducted by pairing them at optimum or suboptimum temperatures such as 20℃, 22℃ and 15℃ invitro (Chapman and Xiao, 2000; Keca, 2009; Stevens, 2019). This does not provide the conclusive information on Hypholoma sp. effectiveness against Armillaria sp. (A. ostoyae in our case) since variable temperature has variable effect on the pathogen and biocontrol species as discussed above. 
          Temperature studies on another biocontrol species, P. gigantea, suggest that spores and mycelia of this species decrease with decreasing temperature, and viability of spores decrease at temperatures above 30℃ (Thor et al., 1997; Swanwick, 2007; Zhao, 2013). The growth rate of P. gigantea, for example, decreased with decreasing temperature, with the growth rate being higher at 25℃ and declining at 20 ℃, with a further decline at 15℃ (Swanwick, 2007). Zhao (2013) also observed the least colonization by P. gigantea at lower temperatures, specifically at 5℃, as compared to temperatures higher than 5℃ (10, 15, 20 and 25℃). However, spores of this species can germinate at temperature as high as 30℃ (Thor et al., 1997). 	Comment by GERARDO REYES: Unclear – please revise
          Given the global temperatures are increasing (IPCC, 2022), the effects of environmental factors such as temperature, on the survival, growth, and biocontrol activity of the biocontrol agents such as Hypholoma sp. and P. gigantea is crucial. This investigation is essential to identify the strains of biocontrol species such as Hypholoma that grow most rapidly and show maximum antagonistism against A. ostoyae under laboratory conditions over a range of temperatures likely to occur in the field during different seasons. This is also necessary because the severity of root disease depends not only on the momentary weakening of the pathogen’s inoculum by antagonistic agents but also on a continuous and sustained effort to effectively control the pathogen throughout the year. With an average temperature increase predicted by 3 to 8℃ in Ontario over the next century (Gough et al., 2016), potential changes in soil conditions may lead to increased evaporation and transpiration may result in drier, drought-like conditions in soils with poor water-holding capacity. This could increase the forest damage by predisposing the host to the fungal diseases (La porta et al., 2008; Kubiak et al., 2017). Researchers such as Yeo et al., (2003), Dagno et al., (2010), Zhao, (2013), Carro-Huerga et al., (2021) have discussed the variable effect of temperature on spore germination, hyphal growth, and colonization by fungal biocontrols and their antagonistic activity against fungal pathogens. 	Comment by GERARDO REYES: Hmm, more rainfall may occur in some parts of Ontario that may offset temperature changes (in terms of moisture availability) 	Comment by Navjot Kaur: That could be the case too but overall, rainfall patterns will surely change and it would cause extreme conditions, droughts or floods. In both cases, forest damage is going to increase (La Porta, 2008). More evaporation and transpiration are going to reduce soil moisture specially in the soils where water holding capacity of soil is already poor. 
           Changes in temperature regimes can affect and limit activity, changing the ecosystem community and function (Williams, 2007). This change may favour organisms better adapted to higher temperatures with faster growth rates (Petterson and Baath, 2003). It is predicted that root pathogens such as Armillaria sp. and Heterobasidion sp. may be favoured by increases in soil temperature, as the temperature also affects the sporulation and dispersal of the fungal spores (Tubby and Webber, 2010). Furthermore, a change in global climate conditions, such as possible increase in temperature may increase the pathogenicity of the fungus like Armillaria sp. by expanding the geographical range of this pathogen. Low soil temperatures in winter may no longer restrict the growth of rhizomorphs (Kubiak et al., 2017). Although species like Hypholoma sp. and P.gigantea have been thoroughly studied as biocontrol agents, their efficacy against the pathogen in different environmental conditions, such as temperature, has not been extensively explored. H. fasciculare was found to be growing at temperatures as low as 2℃ in winters in Ontario (Stevens, 2020) but their interaction and patterns of growth rate in presence of Armillaria sp. were not tested. Climate change may affect the incidence of fungal diseases either by directly impacting the growth of the host and pathogen or by influencing the antagonistic fungi present in the environment (Ayres and Lombardero, 2000). There is little direct evidence of effect of temperature on biocontrol efficacy against pathogens. It is important to note that mere presence or rise in population of antagonistic microbes with changes in temperature conditions should not be interpreted as conclusive evidence of enhanced biocontrol activity against pathogens (Burpee, 1990). Specific activities such as interactions, occurring during the growth of the antagonistic fungi and pathogens are probably more important than the population proliferation of the antagonist under variable temperature conditions (Chapman and Xiao, 2000; Burpee, 1990). Thus, pathogens and biocontrol should be paired under similar temperature conditions to determine the efficacy of biocontrol by noticing the changes in patterns of growth rates and growth inhibition of the biocontrol in presence of competition.        
         Since temperature effects differ among species, and H. irregulare is one of the most destructive fungal pathogens in Ontario, Canada (McLaughlin, 2001), a better understanding of the effects temperature on this species in the presence of P.gigantea is needed so that appropriate controls can be developed. Only one study has been done so far where H. irregulare exhibited reduced growth at higher temperatures 25 ℃, making it less resistant to overgrowth by P. gigantea (Oliva et al., 2015). Better adaptation of H. irregulare, native to Canada, to higher temperatures may show more resistance to overgrowth by P. gigantea. Also, Oliva et al., (2005) used Rotstop F isolates of P.gigantea. Studies need to be done using other isolates such as Rotstop C (native to Canada). This is because different strains may respond differently to the temperature changes. Since P. gigantea VRA22 is currently registered and used in Canada as a biocontrol against H. irregulare, their relationship and interactions should be studied at variable temperature settings to predict the interactions at different temperatures to mimic variation in Canadian soil conditions over the course of a year during different seasons. Unlike Hetrobasidion sp. and P. gigantea sp., no such study has been done using a range of temperature for determining the growth or colonization rates of Armillaria sp. and Hypholoma sp. (Oliva et  al., 2015). 	Comment by GERARDO REYES: Unclear – how does this link to the previous sentence?	Comment by Navjot Kaur: H. irregulare showed reduced growth at higher temperatures so P. gigantia was able to overgrow it. Studies needs to be done on the H. irregulare strains which are native to Canada, to figure out their adaptations to higher temperatures, if any. Their adaptation to higher temperatures may mean they can resist the biocontrol’s ability to overgrow them, which we don’t want. So study should be done to understand this and make the predictions.  
Note: Different strains of H. Irregulare may show different response to temperature. The H. Irregulare in Oliva 2015 does not indicate which strain of H. Irregulare was used. 
         Understanding the growth patterns of the pathogens and their biocontrols in individual and paired conditions under variable temperatures is also necessary to anticipate any alterations in interaction between pathogens and their biocontrol agents due to climate change and to reduce the risk associated with biocontrol use. (Simberloff, 2011). This study is important from an economic point of view as well because if Hypholoma sp. can grow well under all temperature conditions, even in presence of the pathogen, frequent application of Hypholoma sp. may not be required on all the stumps and this may make the use of this biocontrol more economically feasible.	Comment by GERARDO REYES: This is unclear – please revise
         The objective of this study is to investigate the in vitro growth of pathogens A. ostoyae and H. irregulare and their biocontrol species Hypholoma sp.- Hypholoma fasciculare, H. subletritium and H.capnoides and P.gigantea in isolation and in the presence of competition. This will be conducted at a range of temperatures that simulate the variation in seasonal conditions in south-central Ontario, Canada.
          It is hypothesised that H. irregulare will show higher resistance against P. gigantea at lower temperatures. This expectation is based on the assumption that the growth rates of P. gigantea will be lower at low temperatures. As the temperature increases,  the growth rates of P. gigantea may also increase, given its optimum growth temperature of 28℃ (Govt. of Canada, 2014). This suggests that P. gigantea can tolerate higher temperatures. This means that potential rise in temperature, associated with climate change, may not necessarily favour the disease-causing pathogen such as H. irregulare in presence of biocontrol P. gigantea (VRA).  It will be intriguing  to observe the  growth pattern of H. irregulare in presence of P. gigantea under varying temperature conditions.	Comment by GERARDO REYES: This is a bit confusing – please revise for clarity
            Another hypothesis is that the species and strains of H. fasciculare and H. subleteritium may be able to grow better at all temperatures as compared to H. capnoides. This assumption is based on the observation that H. fasciculare demonstrates growth even at low temperatures, as evidenced by its ability to grow at 2℃ (Stevens, 2020).  













   
2.2 Material and methods:

               This study involved monitoring and comparing the growth of pathogens Armillaria ostoyae (2 strains) and Heterobasidion irregulare, and their potential biocontrols, Hypholoma species: H. fasciculare (2 strains), H. capnoides (2 strains), H. subleteritium (2 strains) and Phlebiopsis. gigantea (VRA 1992) respectively at different temperatures (Table 1). These fungal species and strains were selected because they had previously shown antagonistic activity against A. ostoyae strains (Stevens 2019). Approximately 20 ml of 2% Malt agar media was dispensed in (100 x 15 mm) 5 plastic petri plates, in both single and paired culture settings, at 6 different temperatures: 2℃, 10℃, 15℃, 20℃, 25℃ and 30℃.  The 2% Malt agar was prepared using 7.5g agar and 10g malt extract per 500ml of distilled water. Cultures were maintained by transferring them to fresh 2% MA media as required and incubating at room temperature in the dark. Malt agar media has been widely used in several studies for carrying out invitro studies on fungal growth (Goldfarb et al., 1989; Lakomy et al., 1998; Chapman and Xiao, 2000; Keca, 2009; Nikolajeva et al., 2012; Stevens, 2019). The temperature settings were chosen to represent variation of the ambient temperatures in Simcoe County, Ontario, Canada, throughout the year. Fungal species and strains were generously shared by Ryan Stevens (Lakehead University grad. student) who obtained this collection from BioForest Technologies Inc. and the United States Forest Service (Stevens 2019). 	Comment by GERARDO REYES: Move this info later… events should be shown in chronological order so that it is easier to follow 	Comment by GERARDO REYES: How many plates of each strain at each temperature?	Comment by GERARDO REYES: When? Throughout the growing season? Spring to fall? Or annually? Note that winter means are well below zero…  


Table 1. Fungal species, strains, region, and country of original collection for the present study at different temperatures. (Stevens 2019).  
	Species
	Strain
	Region
	Country

	Armillaria ostoyae
	B248-28
	Ontario
	CANADA

	Armillaria ostoyae
	P162-7
	Ontario
	CANADA

	Heterobasidion irregulare
	
	Ontario
	CANADA

	[bookmark: _Hlk118984627]Hypholoma fasciculare
	RLG-12668-Sp
	Arizona
	USA

	Hypholoma fasciculare
	Pinnel B
	British Columbia
	CANADA

	Hypholoma subleteritium
	HHB-11948-Sp
	Michigan
	USA

	Hypholoma subleteritium
	OKM-6947-Sp
	Maryland
	USA

	Hypholoma capnoides
	TAK 2
	Ontario
	CANADA

	Hypholoma capnoides
	TAK 5
	Ontario
	CANADA

	P. gigantea
	VRA 1992
	Quebec
	CANADA




2.2.1 Growth in single culture settings at different temperatures: 
            Pure cultures of all the species and stains were grown in the laboratory for 1-3 weeks on 2% MA media in petri dishes under aseptic conditions at 22℃. The pure inoculum ,7mm agar disc with mycelium,was cut with a sterile cork borer from the leading edge of 1–3-week-old colony growing at room temperature.  The plugs were taken approximately 4mm inside from the perimeter of the growing colony.  Each strain was inoculated onto one edge of petri plates containing approximately 20 ml of 2% MA and incubated at different temperatures. Three lines were drawn through the inoculum plug, one through the center (perpendicular) of the plug and the others at 45-degree angles on either side of the center line (Fig. 3) The extent of mycelial growth was measured along these lines at 48- hour interval, starting 5 days after inoculation, and an average value was recorded. Five replicates for each fungal species/ strain were established at each temperature in the dark. All 50 petri plates were inoculated with one agar disc placed at the edge of the petri plate. Growth measurements were taken at 48-hour intervals, starting from day 5 until day 71 (approx. 2 months) for A. ostoyae and Hypholoma spp. across all temperatures. In the case of H. irregulare and P. gigantea, similar measurements at 48-hour intervals were taken starting from day 3 to day 21. These days were chosen to start the measurements to avoid the initial lag phase of the species. Three measurements (along the three lines) were averaged to get an average radial growth for each strain per replicate until the mycelium reached the opposite edge of the plate (71 days in case of A. ostoyae and Hypholoma spp. and 21 days in case of H. irregulare and P. gigantea). The number of days taken by each strain at different temperatures to reach the edge of the plate was also determined. This study was done to determine the differences in radial growth rate of each species and strain at different temperatures. 	Comment by GERARDO REYES: Write out numbers if they start a sentence	Comment by GERARDO REYES: Please revise for clarity
2.2.2 Growth in paired cultures at different temperatures: 
            In this study, two strains of A. ostoyae were paired with two strains of each of 3 Hypholoma species: H. fasciculare, H. sublateritium, H. capnoides. Another pathogen, H. irregulare was paired with its biocontrol P. gigantea. This study was done to determine the effect of competition under different temperature conditions on the radial growth of biocontrol species and strains. Five replicates of each strain of A. ostoyae were paired with each strain of all 3 Hypholoma spp. (Fig. 4).  The fungi used in interaction experiments were inoculated on 2% MA + Ethanol and incubated at temperatures 2, 10, 15, 20, 25 and 30℃ in the dark. Ethanol was added to stimulate the growth of rhizomorphs in Armillaria (Weinhold, 1963; Chapman and Xiao, 2000; Stevens, 2019). Biocontrols (Hypholoma sp.) were plated 2 weeks after A. ostoyae inoculation in case of higher temperatures: 20℃, 25℃ and 30℃ (Chapman and Xiao, 2000; Keca, 2009), 3 weeks later for 15℃ (Stevens 2019), and 4 weeks later for 10℃ (Nikolajeva et al., 2012). This was because A. ostoyae took more time to establish at lower temperatures and show significant growth for measurements. The growth of strains of A. ostoyae was observed but not included in this study since the production of rhizomorphs due to presence of ethanol in the media made it difficult to take accurate measurements along the 3 lines. However, in the case of H. irregulare and P. gigantea, growth measurements were taken 2 days after their inoculation at all temperatures. Only 2% MA was used in case of H. irregulare and P. gigantea interactions. For the measurement of growth, 3 lines were drawn, and growth was measured along those lines on a 48-hour interval. All pairings were performed in 5 replicates where pathogens and competitive biocontrols were plated 2 cm away from the opposite edges of the plate (Rahman et al., 2009). The controls were same species and strains growing solo at each temperature. The radial growth of strains in solo and dual cultures was compared on day 11 in case of A. ostoyae and Hypholoma spp. while day 5 was chosen to compare growth in case of H. irregulare and P. gigantea interactions. These days for comparison were chosen carefully for growth comparisons just before the intermingling of the mycelium of antagonistic species and strains started. The efficiency of P. gigantea in inhibiting the growth of the H. irregulare at different temperatures was also calculated using R1-R2/R1 * 100, where R2 is the growth of H. irregulare in direction of biocontrol while R1 is the growth of H. irregulare in solo culture on day 5 (Rahman et al. 2009). This study was done to determine the ability of different biocontrol species and strains to grow at different temperatures in presence of competition, which may help in determining their biocontrol efficiency at different temperatures.  	Comment by GERARDO REYES: Did the % MA  differ with the other interactions examined? Unclear why 2% MA is highlighted here..	Comment by Navjot Kaur: For the Armillaria and Hypholoma interactions, ethanol was added to stimulate the growth and rhizomorph production in Armillaria. This was done to see if Hypholoma can fight Armillaria in the most established form  (rhizomorphs helps in faster uptake of nutrients and stretch over long distances).Plus, ethanol is also produced in soil as a byproduct of some biochemcial processes occuring in pine wood. But in case of Heterobasidion studies, ethanol was not added. It was observed that using 2 MA and ethanol media obstructed growth of Heterobasidion considerably when compared to the growth in just 2% MA. Some plates of Heterobasidion did not show any growth when ethanol was used as media.This might be because ethanol might be toxic for growth of this fungus. PRIOR, C. (1976). Resistance by Corsican Pine to Attack by Heterobasidion annosum. Annals of Botany, 40(166), 261–279. http://www.jstor.org/stable/42756368
	Comment by GERARDO REYES: Why does this protocol differ slightly from the solo growth protocol where the plug is placed a the edge of the plate?	Comment by Navjot Kaur: This was done to see if given an opportunity/space, would biocontrol fungi limit the pathogen growth by growth around it and suppress its growth? In various studies where  antagonism and interactions on agar plate were being tested and observed, this method was followed. For example, Rahman et al., 2009; Dubey, M. K., Jensen, D., & Karlsson, M. (2014). Hydrophobins are required for conidial hydrophobicity and plant root colonization in the fungal biocontrol agent Clonostachys rosea. BMC Microbiology, 14(1), 18. https://doi.org/10.1186/1471-2180-14-18 
Dullah, S., Hazarika, D. J., Parveen, A., Kakoti, M., Borgohain, T., Gautom, T., Bhattacharyya, A., Barooah, M., & Boro, R. C. (2021). Fungal interactions induce changes in hyphal morphology and enzyme production. Mycology, 12(4), 279–295. https://doi.org/10.1080/21501203.2021.1932627 
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2.3 Statistical analysis: 
            The growth of pathogen species – A. ostoyae and H. irregulare and biocontrol species- Hypholoma spp. and P. gigantea was determined under different temperature conditions: 2, 10, 15, 20, 25 and 30℃ in solo and paired cultures (Dual cultures). The difference in solo mean growth of strains of pathogen A. ostoyae and biocontrol Hypholoma spp. (mean of 5 replicates) at different temperatures over different days was analysed using three-way repeated measure ANOVA. Post hoc analysis was done to compare the increase in growth between strains at each day from previous day by computing the increase in growth and comparing it using independent sample t-test. Bonferroni correction was done to p-value to adjust the inflated alpha error due to multiple comparison (REF). The difference in mean growth of pathogen H. irregulare and biocontrol P. gigantea over the days at different temperature was analysed using repeated measurement One-Way ANOVA. Post Hoc analyses were carried out using paired t-test to compare the change in growth between any two days for these species. The difference in mean growth of biocontrol species and strains in solo and paired cultures was analysed using three-way ANOVA on a particular day. Post hoc analysis using Tukey’s test was used to compare the differences in the mean growth in solo and paired cultures. The assumption of homogeneity of variance and normality in the data were checked using Levene’s test and Shapiro- wilk test. Data was log transformed wherever the assumption of normality was not met. P-value was considered significant at 5% level of significance for all the analysis. The trend plots were used to plot the mean growth with their SE values. For each strain, letter above the bars that differ indicate the significant differences, and matching letters indicate no significant differences in mean growth. Post hoc using Tukey’s test was used to compare these differences. Data was analysed using R software version 4.1.2. 	Comment by Nanda: I think you need to be more clear here.. difference in mean growth of each biocontrol over days you mean? Or the mean growth between biocontrol when grown solo and in paired cultures? 	Comment by GERARDO REYES: Embed this info in your figure captions rather than here
2.3.4 Results and discussions:
2.3.4.1 Solo mean growth of pathogen A. ostoyae and biocontrol Hypholoma spp. at different temperatures over time: 
2.3.4.1.1 Solo mean growth of pathogen A. ostoyae strains (B249-28 and P162-7) at different temperatures over time (days):
         The mean growth of two strains of A. ostoyae – B249-28 and P162-7 was observed at temperatures 2℃, 10℃, 15℃, 20℃, 25℃ and 30℃ from day 5 till day 71. The overall mean growth of B249-28 was significantly higher than the mean growth of P162-7, F (1) = 59.009, p< 0.0001. The mean growth of both the strains had a significant increase over days (intervals), F (11) = 1226.871, p<0.0001. The mean growth of both the strains at different temperatures was also varied significantly, F (5) = 7153.357, p<0.001. Moreover, the interaction term of strains, temperature and day is also statistically significant. Analysis was performed by log transforming the data because of the violation of normality assumption. Post hoc analysis was carried out using independent t-test to compare the changes in growth of these strains between successive days. 	Comment by Nanda: Do you mean at the end of the study reading? 	Comment by Navjot Kaur: Yes sir	Comment by GERARDO REYES: At each interval or just a few of them? What are the hard values? i.e., what was the growth rate at interval 1 vs interval 4 or 7 or 10? .. or do you mean overall linear growth (vs growth rate – which is different)	Comment by Nanda: Do you have a table for this? Summarizing all the tests carried out with n, df, F and p values?	Comment by Navjot Kaur: 4.1 Repeated measure ANOVA
Effect	DF	F value	P value
Strain159.009<0.001
Temperature57153.357<0.001
Day111226.871<0.001
Strain:Temperature528.957<0.001
Strain:Day117.219<0.001
Temperature:Day5566.19<0.001
Strain:Temperature:Day553.486<0.001
And n= 5, I  have this ANOVA table, should I insert it here or in appendix? 	Comment by GERARDO REYES: Given that the interaction is significant, focus should be on this rather than highlighting temperature & day main effects first
	Comment by GERARDO REYES: This is methods info,,
         At 2 ℃, the mean growth of B249-28 and P162-7 was similar initially till day 35. Between day 35-41, mean growth of P162-7 increased significantly (p=0.043) compared to B249-28, while mean growth of B249-28 increased significantly (p=0.012) between day 47-53 compared to P162-7. By the end of the experiment, mean growth of P162-7 was higher than B249-28 at 2℃ (Fig. 1a). At 10℃, mean increase in growth of B249-28 was significantly higher than in P162-7 between days 59 and 65 as compared to the other days (p=0.000). By the end of the experiment, mean growth of B249-28 was higher than P162-7 at 10 ℃ (Fig. 1b). At 15℃, mean increase in growth of B249-28 was significantly higher between days 53 and 59 than P162-7 (p=0.018). By the end of the experiment, B249-28 had higher mean growth than P162-7 at 15℃ (Fig. 1c). At 20℃, mean increase in growth of B249-28 was significantly higher than P162-7 at the beginning of the experiment between days 5-11 (p=0.002) but the mean increase of P162-7 was higher at the end of the experiment between days 65-71 (p=0.069). Overall, the mean growth of B249-27 remained higher than P162-7 over the days till the end of the experiment at 20 ℃ (Fig. 1d). At 25℃, mean increase in growth of B249-27 was significantly higher than P162-7 between days 5-11 (p=0.006), 11-17 (p=0.083), 23-29 (p=0.008), 59-65 (p=0.013). Overall, mean growth of B249-28 was higher than P162-7 at 25 ℃ (Fig. 1e). At 30℃, mean increase in growth of P162-7 was significantly higher than B249-28 between days 5-11 (p=0.000) and days 11-17 (p=0.097). Overall, mean growth of P162-7 was higher than B249-28 at 30 ℃ (Fig. 1f).  	Comment by GERARDO REYES: Can all of this be reduce to indicate that linear growth was observed in all cases, but that it was slowest at the lowest and highest temperatures? .. & that some minor differences were observed between species?	Comment by GERARDO REYES: You really just want to point out important trends here … the crux of your study is how growth is impacted by the presence of the biocontrols… adding minute details is taking away from your main message; i.e., you could probably reduce this 2-3 pages to a few paragraphs
 
             The mean growth of both the strains was comparatively higher at temperatures 20℃ and 25℃, lower at 10℃ and 15 ℃ and lowest at extreme temperatures 2℃ and 30℃ (Fig. 2a and 2b) which suggests that growth of A. ostoyae increases with increase in temperature till 25 ℃ and then decrease at higher temperature such as 30℃. Note that at 30℃, growth of both strains was recorded only till day 17 because of the inability of the incubator to maintain the set temperature (temperature dropped down to room temperature after day 17).  Our study supports the findings of Rishbeth (1978) who observed minimal growth of Armillaria sp. rhizomorphs at extreme temperatures, which were 10℃ and 26 ℃ in his study. In our study, both strains of A. ostoyae showed optimal growth at 25℃.  Keca (2005) also recorded highest growth of A. ostoyae on malt agar between temperatures 22 -27℃, lower at 13℃ and lowest at 32℃. Lowest growth observed in our study at extreme temperatures 2℃ and 30 ℃ may be because of metabolic changes such as enzyme inactivation (Pearce and Malakzuk, 1990).                                                               Over the days, mean growth of B249-28 (more virulent) remained higher than mean growth of P162-7 (less virulent) across different temperatures except at 2 ℃ and 30 ℃ (Fig. 1), which suggests that P162-7 may adapt better to extreme low or high temperatures as compared to B249-28. However, both the strains were able to survive and grow at extreme temperatures, which means that higher temperatures such as 30℃ may not be able to eliminate this pathogen but may restrict its growth. We did not notice rhizomorph growth at any temperature. We, however, did observe difference in the appearance of the mycelia at extreme temperatures and optimum temperatures. The mycelia were denser at optimum temperature 20 and 25℃ while it was comparatively sparse at other temperatures. This suggests that amount of inocula produced may also vary at different temperatures, which needs to be further investigated by determining the dry weights of the inocula produced in field in different seasons. It may give more realistic information about the profusion or sparsity of this pathogen in field in different seasons. Low inoculum production at extreme temperatures may be easily controlled by biocontrol species and further advancement of this pathogen may be limited. Another reason of further investigation of this pathogen in field or natural substrate is potential difference in growth response of this pathogen on malt agar and in field. For example, Rishbeth (1968) noticed difference in growth response of another species of Armillaria - A. mellea in malt agar (rhizomorphs growth was noticed at 30 ℃) and natural substrate – wood (no rhizomorph growth was noticed at 30℃). 	Comment by Nanda: I don’t understand this.. your figures show growth all the way to 71 days for all the tested temperatures.. how?	Comment by Navjot Kaur: I had added an * mark under the figure at 30 degrees, that the data was recorded till day 17..
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Description automatically generated]	Comment by Nanda: You need to state here that the growth recorded at day 17 is used to plot the rest of the days or modify the graph to stop at day 17.. this is quite misleading..	Comment by Navjot Kaur: I have added an * mark under this figure and have written the same in text and in figure caption. 
                                                                                                                                                                                          *Mean growth was only recorded till day 17 at 30℃  
Figure 1: Mean linear growth of A. ostoyae strains (B249-28 and P162-7) over timedays at 2℃ (a) 2℃, at 10℃ (b) 10℃, (c)at  15℃ (c), (d)at  20℃ (d), at € 25℃ (e), and at (f) 30℃ (*growth was recorded till day 17) (f). The error bars indicate standard error of mean.
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Figure 2(a). Mean linear growth of A. ostoyae strain -B249-28 at different temperatures on different days. Bars indicate standard error of mean. 
[image: ]Figure 2 (b): Mean growth of A. ostoyae strain – P162-7 at different temperatures on different days. Bars indicate standard error of mean. 

2.3.4.1.2 Solo mean growth of biocontrol Hypholoma spp. – H. fasciculare, H. capnoides and H. subleteritium at different temperatures over different days:	Comment by GERARDO REYES: As above concerning pointing out only the key messages from your results & removing details that don’t help much in terms of explaining the story/message you wish to convey

            The mean growth of species and strains of H. fasciculare (Pinnel B, RLG-12668-SP), H. capnoides (TAK 2 and TAK 5) and H. subleteritium (HHB-11948-SP, OKM-6947-SP) was observed at temperatures 2, 10, 15, 20, 25 and 30 ℃ over different days (Fig. 3a, 3b and 3c). The mean growth of Pinnel B was significantly higher than other strains of Hypholoma spp. under study, F (1) = 968.503, p < 0.0001. The mean growth of all species and strains had significant increase over the days till the end of the experiment, F (11) =2707.338, p<0.0001. For each strain, the mean growth at each temperature was also significantly different, F (4) = 7783.412, p<0.001. The interaction term of strains, temperature and day was also significantly different. This analysis was performed with log transformation of data since the violation of the assumption. Post Hoc analyses were carried out using t-test to compare the change in growth of strains and species between successive days at each temperature. 	Comment by Nanda: Figures do not show data for 30oC, why?	Comment by Navjot Kaur: No growth was observed at 30 degrees. 	Comment by Nanda: Giving a table as said before is a good idea..	Comment by Navjot Kaur: Please suggest as above..
 Repeated ANOVA
Effect	DF	F value	P value
Strain	5	968.503	<0.001
Temperature	4	7783.412	<0.001
Day	11	2707.338	<0.001
Strain:Temperature	20	78.349	<0.001
Strain:Day	55	17.159	<0.001
Temperature:Day	44	27.577	<0.001
Strain:Temperature:Day	220	6.426	<0.001
And n=5. 	Comment by GERARDO REYES: Move to methods section
             For species H. fasciculare, optimum growth by the end of the experiment was observed at 20 ℃. Strain Pinnel B showed higher growth than RLG-12668-SP at this optimum temperature. Mean growth at higher temperature 25℃ was lower than at 20℃ but significantly higher than at 15℃ and at 10 ℃. Wells and Boddy (1995) also observed almost double extension rate at temperature 25℃ as compared to temperature 10℃. Our study showed different results compared to Hiscox et al. (2016), who observed the extension rates of H. fasciculare on 2% malt agar from temperature 12 to 30℃. He recorded highest growth at temperature above 20℃ and lowest growth was observed at temperature 30℃ while the growth rates did not vary much between temperatures 12 and 21℃. He also noticed higher growth rate at 12℃ as compared with temperature 25℃, which is not like our observation. Also, he noticed growth at 30℃ but we did not observe any growth at this temperature. This might be because of the difference in strains used in his study (unspecified) and in our study. Similar results to our study- increased growth with temperature till 20℃ were observed by A'’Bear et al. (2014), who observed increased mycelial extension rates from temperature 5 to 20℃ which declined considerably at 25℃. Our study shows that at higher temperatures, Pinnel B may grow well at higher temperatures such as 25℃ but not as high as 30℃. Our study also revealed the growth of H. capnoides and H. subleteritium at different temperatures. No past studies have studied the growth of these two species with respect to different temperature. Our study shows that both species failed to grow at temperature 30℃ just like H. fasciculare. This could be because of the loss of viability of mycelium at this temperature or due to enzyme inactivation. For species H. subleteritium, the growth was highest at 20℃ which decreased at 25℃. H. capnoide showed better growth at lower temperatures which shows that this species may adapt and grow well at lower temperatures 2℃ and 10 ℃ compared to H. subleteritium. Optimum temperature for growth of H. capnoide was 25℃.
          Over the days, the mean increase in growth of strain Pinnel B was significantly higher at all the temperatures as compared to other species and strains under study. By the end of the experiment, Pinnel B showed highest growth among all strains of other two species of Hypholoma at all temperatures (Fig. 4a and 4b). This shows the ability of this strain to adapt and grow well at all temperatures. At the end of the experiment, mean growth of H. subleteritium strain OKM 6947-SP was lowest than all the other species and strains at temperatures 2℃, 10℃ and 15℃ but as the temperature increased to 20 and 25℃, H. capnoide species showed minimum mean growth. At higher temperatures 20℃ and 25 ℃, the mean growth of H. subleteritium strains was higher compared to H. capnoide strains but lower than H. fasciculare strains (Fig. 4b and 4c). All three species of Hypholoma and their strains showed lowest growth at temperature 2℃ and highest growth at 20℃ and 25℃. Growth decreased as the temperature was increased from 20℃ to 25℃ for all the strains and species except for H. capnoide (Fig. 3b) which suggests the ability of this species to adapt well and maintain its growth at higher temperature. Our study also points towards the ability of H. capnoides strains to survive and grow well at extremely low temperature. It was interesting to note that H. capnoide adapted well at lower temperature. This suggests that this species may be less sensitive to the temperature changes and may maintain their growth by adapting well at all temperatures. In event of climate change and increase in temperatures, this species may continue to maintain its growth and hence needs to be further investigated as a potential biocontrol for A. ostoyae over different seasons. The observed results do not fully support our hypothesis that the species and strains of H. fasciculare and H. subleteritium may be able to grow better at all temperatures as compared to H. capnoide. 
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[bookmark: _Hlk121199459]Figure 3(a). Mean growth of H. fasciculare strains at temperatures 2℃,, 10℃,,  15℃, 20℃ and 25℃ over timen different days. No growth was observed at 30℃. Error bars indicate standard error of mean. 	Comment by Nanda: Say the 30oC did not show any growth..	Comment by Navjot Kaur: Resolved
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[bookmark: _Hlk119926971]                                                                                *Constant growth after a certain day indicates that the strain has reached the edge of the plate.
[bookmark: _Hlk121199484]Figure 3(b). Mean growth of H. capnoide strains at temperatures 2℃, 10℃, 15℃, 20℃ and 25℃ on different days. No growth was observed at 30℃. Bars indicate standard error of mean. 	Comment by Nanda: See above comment	Comment by Navjot Kaur: Resolved
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[bookmark: _Hlk119927041]*Constant growth after a certain day indicates that the strain has reached the edge of the plate.
Figure 3(c). Mean growth of H. subleteritium strains at temperatures 2℃, 10℃, 15℃, 20℃ and 25℃ on different days. No growth was observed at 30℃. Bars indicate standard error of mean.	Comment by Nanda: See my comment above	Comment by Navjot Kaur: Resolved
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Description automatically generated]	Comment by Nanda: Pretty difficult to differentiate between the two blue lines (TAK 2 and RLG-) can you use a different colour? 
Please use all very different colours to avoid any confusion..	Comment by Navjot Kaur: Resolved
[bookmark: _Hlk119925567]Figure 4 (a). Mean growth of H. fasciculare (Pinnel B, RLG-12668-SP), H. capnoides (TAK 2 and TAK 5) and H. subleteritium (HHB-11948-SP, OKM-6947-SP) at temperature 2℃ and 10℃.  
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[bookmark: _Hlk119925723]Figure 4 (b). Mean growth of H. fasciculare (Pinnel B, RLG-12668-SP), H. capnoides (TAK 2 and TAK 5) and H. subleteritium (HHB-11948-SP, OKM-6947-SP) at temperature 15℃ and 20℃. 
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*Constant growth after a certain day indicates that the strain has reached the edge of the plate.
Figure 4 (c) Mean growth of H. fasciculare (Pinnel B, RLG-12668-SP), H. capnoides (TAK 2 and TAK 5) and H. subleteritium (HHB-11948-SP, OKM-6947-SP) at temperature 25℃.
[bookmark: _Hlk120523136]2.3.4.2 Solo mean growth of pathogen H. irregulare and biocontrol P. gigantea with time (Days) at different temperatures: 	Comment by Nanda: I don’t understand why you are putting a pathogen and biocontrol together here? Why don’t you separate them and describe separately as you did it for Armillaria and Hypholoma?
First of all you need to follow a pattern here, first you describe the solo growths of pathogens, Armillaria, then Heterobasidion and then come to biocontrols.. here first you describe Hypholoma sp and strains, and then P. gigantean.. this way it is very clear and why you want to compare the growth between Heterobasidion and P. gigantean here? When you describe the solo growths, you need to do it separately.. and then in a different section you can if you want compare the solo growth of pathogens vs biocontrols..	Comment by Navjot Kaur: I was planning to put all the species and strains in one graph but due to so many strains I put them separately for Armillaria and Hypholoma. Here, I used only one species for both- H. irregulare and P. gigantea, so I put them together which will make it easier for us to see the growth changes for both species in one graph and easy to compare when it comes to the observing their growth patterns over time. I have now updated this section. Also, since the x axis would be same in these species, rather than putting both pathogens together...first armillaria and then H. irregulare, I put the pathogen with its biocontrol so as to compare them easily as they were incubated together.  please let me know if this makes any sense..
2.3.4.2.1 Solo mean growth of pathogen H. irregulare at different temperatures with time: 
[bookmark: _Hlk121203848]          The solo mean growth of pathogen species H. irregulare was observed at temperatures 2℃, 10℃, 15℃, 20℃, 25℃ and 30℃ using one-way repeated measure ANOVA. This analysis was performed with log transformation of data since the violation of the assumption. Post Hoc analyses were carried out using paired t-test to compare the change in growth of species between successive days at each temperature. The mean growth at 2 ℃ significantly increased over days, F (11) = 35.489, p < 0.0001. Post Hoc analyses revealed that the mean growth significantly increased till day 17. The maximum increase in mean growth was obtained between day 17 and 19. At 10℃, the mean growth significantly increased over days, F (11) = 932.49, p < 0.0001. Post Hoc analyses revealed that there was significant increase in mean growth over day at this temperature. The maximum increase was observed between day 5 and 7. At temperature 15℃, there was significant increase in mean growth over days, F (11) = 669.243, p < 0.0001. Post Hoc analyses revealed significant increase till day 15. The maximum increase was observed between day 5 and 7. At 20℃, mean growth significantly increased over days, F (11) = 237.46, p < 0.0001. Post Hoc analyses revealed significant increase till day 9. The maximum increase was observed between day 7 and 9. At 25 ℃, mean growth significantly increased over days, F (11) = 26.251, p < 0.0001. Post Hoc analyses revealed significant increase over each day. The maximum increase was observed between day 5 and 7.	
            Highest mean growth by the end of the experiment was observed at temperature 20 ℃, followed by temperature 15, 25, 10 and 2℃. The mean growth significantly increased with temperature from 2℃ till 20℃ and declined considerably after that at 25℃. No growth was observed at temperature 30℃. The growth of H. irregulare increased with increase in temperature till 20℃ and declined at temperature 25℃, which is quite like the findings of Taubert, (2008) and Oliva et al. (2015). Taubert, 2008 observed that the growth rate of H. annosum increased till 22℃ and then stopped increasing until 27℃. Our study also supports the findings of Meyers et al. (2018b) and Taubert 2008, who suggested that lower temperatures such as 2℃ cannot remove or stop the growth of Heterobasidion sp. However, mycelium of Heterobasidion sp. does not remain viable at higher temperatures such as 35℃ (Taubert, 2008) as we did not notice any growth at 30℃ possible due to enzyme inactivation (Gooding, 1996; Taubert, 2008). Higher growth rate with increase in temperature may be because of the increase in the respiration rate and metabolic activity of this pathogen with increase in temperatures (Muller et al. 2014). In event of climate change, it may be predicted from our study results that the growth of H. irregulare may decrease in future with rise in temperature. During hot seasons when temperature rise above 30℃, we may find decrease in H. irregulare infection as suggested by Cooding et al. 1966.  Rishbeth, 1951b also observed growth of H. annosum at different temperatures – 5, 10, 15, 22, 25 and 30℃. He noticed mycelial growth at 30℃. However, we did not notice any growth on 30℃. Interspecific differences could be the reason for these differences in observations. Almost all the studies in past have been done on European interstility groups of   Heterobasidion sp. but not on North American interstility groups. Our study will add the missing information on growth patterns of this North American pathogen, native to Simcoe County, Ontario, Canada. 
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*Constant growth after a certain day indicates that the species has reached the edge of the plate
Figure 5 (b): Mean growth of H. irregulare at temperatures 2℃, 10℃, 15℃, 20℃ and 25℃ over different days. No growth was observed at 30℃. Bars indicate standard error of mean. 

2.3.4.2.2 Solo mean growth of P. gigantea with time (Days) at different temperatures:    
           The solo mean growth of the P. gigantea was measured at temperatures 2℃, 10℃, 15℃, 20℃, 25℃ and 30℃ using one-way repeated measure ANOVA. This analysis was performed with log transformation of data since the violation of the assumption. Post Hoc analyses were carried out using paired t-test to compare the change in growth of species between successive days at each temperature. At temperature 2℃, significant increase in mean growth was observed over days, F (11) = 33.223, p < 0.0001. Post Hoc analyses using paired t-test revealed significant increase in mean growth after day 11. The maximum growth was observed between day 11 and 13. At temperature 10℃, mean growth significantly increased over days F(11) = 1489.018, p < 0.0001. Post Hoc analyses revealed significant increase in mean growth over all days. The maximum difference obtain between day 5 and 7. At 15 ℃, mean growth significantly increased over days, F (11) = 1143.451, p < 0.0001. Post Hoc analyses revealed significant increase in growth till 17, after which the species reached the edge of the plate. At 20℃, mean growth significantly increased over days, F(11) = 4004.579, p < 0.0001. Post Hoc analyses revealed significant increase on each day. The maximum increase was observed between day 9 and 11. At 25℃, mean growth significantly increased over days, F(11) = 1895.04, p < 0.0001. Post Hoc analyses revealed significant increase till day 11. The maximum increase was observed between day 5 and 7. At 30℃, mean growth increased significantly over days. The maximum increase was observed between day 7 and 9. Our study revealed that the mean growth of P. gigantea was optimal at temperature 25℃, while lowest at extreme temperatures 2 and 30℃. Mean growth did not vary much at temperature 10 and 15℃ at the end of the experiment. Mycelia of this species decrease with decrease in temperature and viability of spores decrease at temperatures above 30℃ (Swanwick, 2007; Thor et al. 1997; Zhao, 2013). For example, the growth rate of P. gigantea decreased with decrease in temperature, with growth rate being higher at 25℃ and declining at 20 ℃ with further decline at 15℃ (Swanwick, 2007). Zhao (2013) also noticed the least colonization rate of P. gigantea at lower temperatures such as 5℃. However, spores of this species can germinate at temperature as high as 30℃ (Thor et al. 1997). We also noticed growth at this high temperature.
            Temperature affects the growth of fungi by controlling the metabolic reaction rates and nutrient uptake of the species (Gavito et al. 2005). Higher growth rates of fungal species under study with increase in temperature may be because of the increase in the metabolic rates and nutrient uptake while decrease in the growth of the fungi at temperatures higher than 20 – 25 ℃ may be because of the inactivation of enzymes and decrease in metabolic rates. Optimal temperatures for species also differ. In our study, optimal temeprature for P. gigantea (VRA 1992) was observed at temeprature 25℃. The ability of this biocontrol species to survive and grow at temeprature as high as 30℃ points towards its ability to grow well in future temperature conditions and act as an efficient biocontrol agent. 
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 *Constant growth after a certain day indicates that the species has reached the edge of the plate
Figure 5 c). Mean growth of P. gigantea (VRA 1992) at different temperatures 2℃, 10℃, 15℃, 20℃, 25℃ and 30℃ over different days. Bars indicate standard error of mean.       
2.3.4.3 Growth of biocontrols Hypholoma spp. and P. gigantea when paired with pathogens A. ostoyae and H. irregulare at different temperatures.  
2.3.4.3.1 Hypholoma spp. paired with A. ostoyae at different temperatures on day 11:
             The growth of Hypholoma species and their strains was compared in solo cultures and when paired with both the strains of A. ostoyae (B249-28 and P162-7) at temperatures 10℃, 15℃, 20℃ and 25℃ on Day 11. Day 11 was chosen for this comparison study since most of the biocontrol and pathogen strains started interacting after this day at temperatures such as 20℃ and 25℃.The mean growth of Hypholoma spp. in paired cultures was  significantly different when in solo and in paired cultures for all the strains - HHB-11948-SP, OKM-6947-SP, Pinnel B, RLG-12668-SP, TAK 2 and TAK 5, the growth of Pinnel B was higher than all the strains when in solo and paired cultures, F (5) = 1443.94, p < 0.0001. The mean radial growth was significantly different for paired cultures on different day, F (2) = 145.59, p < 0.0001. The mean growth for each strain of Hypholoma spp. at each temperature were significantly different, F (4) = 2173.32, p < 0.001). Post Hoc analyses were carried out using Tukey’s test to compare the solo growth of strain and growth when paired with other strain at different temperatures. The results are represented in bar chart and same letters above bars that differ indicate significant differences, and matching letters indicate no significant difference in radial growth. This analysis was performed with log transformation of growth since the violation Species were paired on temperatures 10, 15, 20 and 25℃ since there was no growth observed in Hypholoma spp. at 30℃ and A. ostoyae growth was extremely low at 2℃ to give any significant results in paired cultures. 	Comment by Nanda: Tell why they were paired only on day 11.. or the data on day 11 was taken for comparison.. I think you said that in the methods, but briefly mention here too..	Comment by Navjot Kaur: mentioned	Comment by Nanda: Do you mean the growth was different among the strains tested? Or with their solo growth or compared to Armallaria.. from now onwards you need to tell what the difference is, I mean they were greater than the pathogen or lesser than the pathogen or greater than the solo growth or lesser than the solo growth.. this is pretty vague the way it is described.	Comment by Navjot Kaur: Explained in subsequent paragraphs..
               Mean solo growth of both strains of H. capnoide was higher as compared to when paired with the strains of A. ostoyae at temperature 10℃ while it did not vary much at temperature 25℃. At 15℃, growth of TAK 2 was higher in control which implies that presence of A. ostoyae decreased its growth significantly. While TAK 5 showed higher growth when paired with B249-28 but did not decrease significantly when paired with p162-7. This shows that at 15℃, TAK 5 may act as effective biocontrol against B249-28. At temperature 20 ℃, growth of TAK 5 significantly increased in presence of B249-28 and P162-7 when compared with solo growth. Higher mean growth of TAK 5 at temperatures 10, 15 and 20℃ when paired with A. ostoyae points towards the antagonistic activity and biocontrol efficacy of this strain. Highest growth rate of this strain in presence of competition at temperature 20℃ suggests that different temperatures might govern the combative activity of this strain may be by stimulating certain physiological or chemical changes. Our study supports the findings of Keca, 2009 who noticed considerable decrease in the growth of A. ostoyae in presence of H. capnoide as higher growth rate of this biocontrol in presence of pathogen may inhibit the growth of pathogen, however, this needs to be further investigated by determining the growth of A. ostoyae in presence of H. capnoide strains at different temperatures. Our study also suggests that H. capnoide strain TAK 5 may be a good option to control A. ostoyae at potential high temperatures such as 25℃ in event of climate change since the growth of this species did not significantly change in presence of competition when compared with solo growth. 
Our study shows that temperature not only affects the growth of different species but also affects the interspecific interactions of pathogen and biocontrols (Schoeman et al. 1996 and references therein), which may affect the outcomes of these interactions and decide the efficacy of the biocontrol Hypholoma spp. against A. ostoyae. Further investigation should be done to find out whether similar results can be obtained in field as well. 
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[bookmark: _Hlk119938035][bookmark: _Hlk119937520]Figure 6 (a). Mean growth of H. capnoide strains (TAK 2 and TAK 5) in solo (Control) cultures and when paired with strains of A. ostoyae (B249-28 and P162-7) on day 11 at temperatures 10, 15, 20 and 25℃. The black bars indicate the standard error of mean. Same alphabets on the bars indicate there is no significant difference between the mean growth of strains while different alphabets indicate significant differences by Tukey’s post hoc test.  
                  The mean growth of H. subleteritium was measured in presence and absence of A. ostoyae strains B249-28 and P162-7 at temperatures – 10, 15, 20 and 25℃ on day 11 to determine its growth and antagonistic activity. Day 11 was chosen for this comparison because after this day, mycelium of the pathogen strains and biocontrol strains was interacting, and no measurements were taken after this day in paired cultures. Our study showed that the mean growth of H. subleteritium strain HHB-11948-SP was higher when paired with both the strains of A. ostoyae (B249-28 and P162-7) at all temperatures except at higher temperature 25℃ (Fig. 6b), which indicates that higher temperature may reduce the biocontrol efficacy of this strain to control the pathogen. However, in case of OKM-6947-SP strain of H. subleteritium, the mean growth increased when paired with both the strains of A. ostoyae at temperatures 15℃, 20℃ and even at higher temperature, 25℃, with highest increase when paired with P162-7. This is interesting as the solo growth of HHB-11948-SP was higher than solo growth of OKM-6947-SP at all temperatures but when paired with the A. ostoyae, the mean growth of OKM -6947- SP was highest at higher temperature, 25℃. This suggests that OKM-6947-SP may be the more effective biocontrol at higher temperature against A. ostoyae. This outcome supports the studies done by Schoeman et al. (1996) and Crowther et al. (2012b), who observed that different response of strains to different temperature can reverse the outcome of the interspecific interactions by stimulating the antagonistic activity of slower growing strain to the extent that it grows faster in presence of competition. 
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Figure 6 (b). Mean growth of H. subleteritium strains (HHB-11948-SP and OKM-6947-SP) in solo (Control) cultures and when paired with strains of A. ostoyae (B249-28 and P162-7) on day 11 at temperatures 10, 15, 20 and 25℃. The black bars indicate the standard error of mean. Same alphabets on the bars indicate there is no significant difference between the mean growth of strains while different alphabets indicate significant differences by Tukey’s post hoc test.
               The mean growth of H. fasciculare strain Pinnel B was highest when in solo cultures and lowest when paired with B249-28 strain of A. ostoyae at all the temperatures (Fig. 6c). However, the growth of strain RLG-12668-SP increased when paired with A. ostoyae at temperatures 15, 20 and 25℃. This study suggests that RLG-12668-SP strain might be more efficient antagonist as compared to Pinnel B in event of temperature rise in future. The decrease or increase in growth of the Hypholoma species and various strains when paired with A. ostoyae strains might be because of certain chemical interactions which may have resulted in the restricted or accelerated growth of these biocontrols in paired cultures (Chapman and Xiao, 2000; Stevens, 2019). This needs to be further investigated to justify and explain the above outcomes. Shortcoming of this study: Increase or decrease in growth of biocontrol species and strains in presence of pathogen may not be the best indicator of their efficiency in controlling the pathogen. For example, we observed decrease in growth of Pinnel B in presence of A. ostoyae but Pinnel B was still able to overgrow the A. ostoyae colonies at all temperatures (Macroscopic observations, not included). Pinnel B was also found to control and significantly decrease the growth of A. ostoyae in macroscopic studies done by Stevens (2019). 
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Figure 6 (c). Mean growth of H. fasciculare strains (Pinnel B and RLG-12668-SP) in solo (Control) cultures and when paired with strains of A. ostoyae (B249-28 and P162-7) on day 11 at temperatures 10, 15, 20 and 25℃. The black bars indicate the standard error of mean. Same alphabets on the bars indicate there is no significant difference between the mean growth of strains while different alphabets indicate significant differences by Tukey’s post hoc test. 
          
 




2.3.4.3.2 P. gigantea paired with H. irregulare at different temperatures on day 5:	Comment by Nanda: As I mentioned above, you need to briefly state here why the observation was made on day 5	Comment by Navjot Kaur: mentioned
            The mean growth was significantly different between species P. gigantea and H. irregulare on day 5, F (1) = 1012.06, p < 0.0001. The mean growth was significantly different when these species were paired together, F (2) = 224.10, p < 0.0001. The mean growth of both species was significantly different at all temperatures, F (3) = 1224.19, p < 0.001). Also, interaction terms of strain, temperature and their corresponding pairing strain were statistically significant. This analysis was performed with log transformation of growth since the violation of the assumption.  Post Hoc analyses were carried out using Tukey’s test to compare the solo growth of strain and growth when paired with other strain at different temperatures. The results are represented in bar chart and same letters above bars that differ indicate significant differences, and matching letters indicate no significant difference in radial growth. This analysis was performed with log transformation of growth since the violation of the assumption.	Comment by Nanda: Similar to the above, this is quite unclear.. need to be more specific here, significantly different does not mean much unless you say which one is more or less.. 	Comment by Navjot Kaur: 5 ANOVA
Effect	DF	F value	P value
Strain	1	1012.06	<0.001
Temperature	3	1224.19	<0.001
Pairing	2	224.1	<0.001
Strain:Temperature	3	226.06	<0.001
Temperature:Pairing	6	21.44	<0.001
And n=5, please see if I need to add this table here..
The significant differences, increase or decrease are explained in the subsequent paragraphs..
             Mean growth of H. irregulare and P. gigantea was measure at temperatures 10, 15, 20 and 25℃ on day 5. Day 5 was chosen to avoid errors in measurements because of interspecific interactions. Post hoc analyses shows that mean growth of H. irregulare decreased significantly at all temperatures when paired with P. gigantea as compared to its solo growth at all temperatures except at 25℃, where it remained same (Fig. 7a). Generally, the metabolic activity of the fungus increases with increase in temperature till optimum and decreases above it due to effect on enzyme catalyzed reactions (Lynne Boddy, 2016). This suggests that at temperature higher than optimal, growth of H. irregulare may not be inhibited much by P. gigantea (Fig. 7c). There was significant increase in growth of biocontrol P. gigantea when paired with H. irregulare at all different temperatures (Fig. 7b), which indicates its antagonistic nature against H. irregulare at all temperatures. However, despite having highest growth at 25℃, P. gigantea could only inhibit the growth of H. irregulare by 9.4% (Table 1) Hence, this study does not support our hypothesis that H. irregulare will show higher resistance against P. gigantea at lower temperatures than at higher temperature. Potential increase in temperature due to possible changing climate conditions, may favour the disease-causing pathogen H. irregulare even in presence of biocontrol P. gigantea. 
            However, this needs to be further investigated through macroscopic studies and field studies as with time, P. gigantea may still be able to overgrow H. irregulare at temperature 25℃ (Oliva et al. 2015) . 	Comment by Nanda: Oh well.. this what is missing in the above pairing study results.. what happened to the growth of Armillaria??

Again, numbering of the figures should be linear as it appear in the text.. this means, Fig 7b and 7c should be interchanged…	Comment by Navjot Kaur:  I did not consistently measure the growth of A. ostoyae strains in presence of competition because of the presence of rhizomorphs in the paired cultures formed as a result of ethanol addition. It was hard to get the correct measurement as I could not figure out at that time if I should measure the growth of rhizomorphs or just the mycelium, hence it was not included in study due to lack of data and possible errors in whatever data was collected). 
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[bookmark: _Hlk119939846]Fig 7(a). Mean growth of H. irregulare in solo culture and when paired with P. gigantea at different temperatures on day 5. Black bars indicate the standard errors of mean. Same alphabets on the bars indicate no significant differences by Tukey’s post hoc test 	Comment by Nanda: What is the test used?
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Figure 7(b). Mean growth of P. gigantea in solo cultures and when paired with H. irregulare at different temperatures on day 5. Black bars indicate the standard errors of mean. Same alphabets on the bars indicate no significant differences by Tukey’s post hoc test									Comment by Nanda: See my comments above
	Temperature 
	Mean growth of H. irregulare in control (mm)
	 Mean growth (mm) of H. irregulare when paired with P. gigantea                                            
	Inhibition %

	10℃
	4.9
	1.96
	60

	15℃
	22.9
	14.1
	32.83

	20℃
	24.5
	15.4
	42.44

	25℃
	13.8
	12.5
	9.4


Table (c). Percentage inhibition of H. irregulare at different temperatures by P. gigantea on day 5, when H. irregulare was paired with P. gigantea.  		Comment by Nanda: This is not figure.. this should be labelled as table.. and number it properly..

2.4 Conclusions: 	Comment by Nanda: So my question here is have you not paired Hypholoma with Heterobasidion and P. gigantean with A. ostoyae?? I forgot about that whether you mentioned that in the previous chapters, or sections. If not, you need to explain whay you did the comparison only between the pairs that you described above..

The discussion is very poor… you need to discuss the results in light of the literature much more in detail.. what are the possible reasons for the increased or decreased growth in these species.. what physiological changes that might result in this observed outcome, what is its importance in the context of climate change, how is your hypothesis of the study uphold or not supported? What are the best things to follow to devise controlling these diseses in light of your results etc.. 

So please go over the comments and revise it asap to the best possible manner.. this is really challenging to finish within the next term.. the time is really tight.. I don’t know what to say here.. but do as quick as possible.. this does not mean compromising the results or discussion sections..	Comment by Navjot Kaur: 1. I did not pair the above asked species and the reason was explained in the text sent before..
2. Please see the additions in the discussion now..I tried to explain everything in easy and detailed manner. 
            This study revealed that the growth and biocontrol efficiency of Hypholoma spp and P. gigantea against A. ostoyae and H. irregulare varies greatly with temperature, especially at extreme temperatures 2℃ and 25℃. The mean growth not only varies between the different species but also among the different strains of the same species at all temperatures. Although H. capnoide showed better growth at lower temperatures when growing solo, in paired cultures, H. fascicualare and H. subleteritium grew comparatively much faster at all temperatures. At higher temperatures, H. fasciculare and H. subleteritium might be very effective in controlling the growth of A. ostoyae due to their faster growth in competition and thus needs further investigation. These species may provide year-round protection against A. ostoyae in Southern Ontario, especially H fasciculare strain Pinnel B. However, effect of presence of these biocontrol species on the pathogen growth at different temperatures also needs to be investigated. Since there was high variability among different strains of same species when paired with different strains at different temperature conditions, studies need to be done including several native strains of same species of Hypholoma to find out the best possible biocontrol option in the coming future. Ability of pathogen A. ostoyae to grow at high temperature, 30℃ and inability of biocontrol Hypholoma spp. to grow at such high temperature may raise questions on the biocontrol efficacy of this species in future in case of rise in temperatures because of Climate change. On the other hand, ability of P. gigantea to grow more and faster at such higher temperatures such as 25℃ and 30℃ compared to H. irregulare and inability of H. irregulare to grow at 30℃ suggests the biocontrol efficacy of P. gigantea at extremely high temperatures. However, when paired together, P. gigantea was only able to inhibit the growth of H. irregulare at 25℃ by only 9.4% while inhibiting 60 % growth at 10℃. These comparisons were only done on day 5 for H. irregulare and P. gigantea, the interactions of pathogen and biocontrol may be different when paired for a long time and P. gigantea may overgrow H. irregulare at 25℃ since it grows extremely faster than H. irregulare at this temperature. Overall, our study does prove the year-round efficacy of P. gigantea against H. irregulare, but this needs to be further investigated using various native strains of H. irregulare in natural environment. Effect of different temperature on host such as red pine also needs to be investigated to predict the host defense mechanism in response to climate change, which will ultimately affect the virulence and disease-causing ability of these pathogens and their interaction with these biocontrols. 
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