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Understanding how habitat heterogeneity may affect the evolution of plant pathogens is essential to effectively predict new epidemiological landscapes and manage genetic diversity under changing global climatic conditions. In this study, we explore the effects of habitat heterogeneity, as determined by variation in host resistance and local temperature, on the evolution of Zymoseptoria tritici by comparing the aggressiveness development of five Z. tritici populations originated from different parts of the world on two wheat cultivars varying in resistance to the pathogen. Our results show that host resistance plays an important role in the evolution of Z. tritici. The pathogen was under weak, constraining selection on a host with quantitative resistance but under a stronger, directional selection on a susceptible host. This difference is consistent with theoretical expectations that suggest that quantitative resistance may slow down the evolution of pathogens and therefore be more durable. Our results also show that local temperature interacts with host resistance in influencing the evolution of the pathogen. When infecting a susceptible host, aggressiveness development of Z. tritici was negatively correlated to temperatures of the original collection sites, suggesting a trade-off between the pathogen’s abilities of adapting to higher temperature and causing disease and global warming may have a negative effect on the evolution of pathogens. The finding that no such relationship was detected when the pathogen infected the partially resistant cultivars indicates the evolution of pathogens in quantitatively resistant hosts is less influenced by environments than in susceptible hosts.
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INTRODUCTION

Plants and pathogens are engaged in a continuous co-evolutionary battle, with pathogens evolving new approaches to attack plants and plants responding through enhanced protection to prevent or mitigate damage (Zhan et al., 2014, 2015). As a consequence, pathogens serve as strong selective agents to regulate host density, diversity and defense mechanisms and plant hosts are among key drivers shaping the evolutionary landscapes of pathogens (Altizer et al., 2003; Garbelotto, 2012). Aggressiveness, defined as a quantitative component of pathogenicity, and measured by the amount of damage caused to plant hosts (Andrivon et al., 2007; Pariaud et al., 2009), is an important life-history trait resulting from the integrated effect of pathogen colonization, development and reproduction on hosts. It is an overall measurement of pathogen fitness composing of infection efficiency, latent period, sporulation rate, infectious period and lesion size (Pariaud et al., 2009) and plays an important role in host-pathogen co-evolution. Knowing evolutionary patterns and the causes of pathogen aggressiveness will provide useful insights into the dynamics of host-pathogen interactions and effective management of pathogen epidemiology and nature resources under changing climates globally (Pariaud et al., 2009; Zhan et al., 2015).

Many host genetic, physiological, biological and demographic characters can influence the evolutionary landscape of pathogen aggressiveness. Among them, host resistance, through its impact on key biological and ecological stochasticities of pathogens such as survival strategies (Carlsson-Graner and Thrall, 2015), reproductive modes (Zhan et al., 2007) and competitive abilities (Zhan and McDonald, 2013), is believed to be one of most important biotic factors shaping the population and evolutionary structure of pathogens (McDonald and Linde, 2002). Though fitness costs have been documented theoretically and experimentally (Dallas et al., 2016), resistance polymorphisms in host plants have been widely observed in natural ecosystems. In agro-ecosystems, resistance has been widely deployed as an artificial means to “compensate” for the host’s relative slowness to respond in the co-evolutionary “arms-race” with pathogens due to the host’s longer generation time and smaller population size compared to their pathogen adversaries (Greischar and Koskella, 2007; Vos et al., 2009).

Over co-evolutionary history, plants have evolved two major forms of host resistance to increase their fitness when encountering pathogens (Poland et al., 2009; Lo Iacono et al., 2012). Qualitative host resistance, expressed as compatible or incompatible relationships between hosts and pathogens following the gene-for-gene model, was first documented in the flax-rust pathosystem (Flor, 1956) and its roles in disease epidemiology and the evolution of pathogens have since attracted considerable theoretical and experimental attention. In contrast, empirical studies linking the impact of quantitative resistance to pathogen population genetic dynamics and evolution have largely been neglected. Quantitative resistance is usually seen as continuous variation in the mitigation of disease development and is thought to result from interactions among multiple genes each contributing minor but additive effects to host defense (Poland et al., 2009; Niks et al., 2015). Theoretically, quantitative host resistance is assumed to select for higher pathogen aggressiveness because it decreases the pathogen’s basic reproduction rate (Gandon and Michalakis, 2000). However, evidence from empirical results is inconsistent. Some data do indicate natural selection for a generalist host genotype with pathogen populations originating from quantitatively resistant hosts displaying significantly higher aggressiveness than those from susceptible hosts (Yang et al., 2013; Delmotte et al., 2014). However, other studies lean more toward the development of host specialists with pathogen populations adapting to dominant or parental host genotypes regardless of the types of host resistance they originated from (Ahmed et al., 1995, 1996; Andrivon et al., 2007). Quantitative host resistance is also thought to be more durable due to its reduced intensity of selection against pathogens (Wolfe and McDermott, 1994).

In addition to host, temperature is one of the most important environmental parameters having critical impacts on nearly all aspects of biological (Nadeem et al., 2014), ecological (Loehle et al., 2016) and biochemical processes (Park et al., 2011). In host-pathogen interactions, temperature can regulate the occurrence, development and severity of disease epidemics in the short-term through its impacts on pathogen metabolic rates and the expression of virulence factors, etc. (Smirnova et al., 2001; Nicholls et al., 2011). In the long-term, it can also exert influence on the evolutionary trajectory of pathogens such as their adaptation to thermal conditions (Zhan and McDonald, 2011; Yang et al., 2016), emergence of novel physiological races (Wu et al., 2016), sensitivity to agrochemicals (Qin et al., 2016) and variation in aggressiveness (Schade et al., 2014). Temperature-mediated pathogen aggressiveness has been documented in some plant pathogens. For example, novel wheat stripe rust isolates collected after 2000 displayed higher aggressiveness especially at higher temperatures than those collected before 2000, possibly associated with the increase in global temperatures detected in recent decades (Milus et al., 2009). However, it is not clear whether this is a general or specific pattern, or how temperature may interact with other factors such as host resistance in determining the evolution of pathogen aggressiveness. Such knowledge is urgently required particularly in light of the high probability that average air temperatures will continue to increase in coming decades, accompanied by a greater frequency of extreme temperature events (Savary et al., 2012; Gautam et al., 2013).

In this study, we used the Zymoseptoria tritici (anamorph Septoria tritici)-wheat system to test the hypotheses that plant resistance and local thermal conditions can affect the evolutionary trajectory of aggressiveness in plant pathogens. Z. tritici is among the most destructive pathogens of wheat, causing S. tritici leaf blotch. It is considered to be a rapidly evolving pathogen due to its high genetic variation generated by frequent sexual recombination (Chen and McDonald, 1996; Zhan et al., 2007), high gene flow (Zhan et al., 2003) and large effective population sizes (Zhan and McDonald, 2004). Under favorable conditions, the pathogen can cause yield losses of up to 40% (Eyal, 1981). Currently the disease is mainly controlled by the use of host resistance supplemented with fungicide application (Orton et al., 2011). Both quantitative and qualitative resistances have been identified in the wheat host (Risser et al., 2011; Kelm et al., 2012), but the majority of cultivars used commercially carry quantitative resistance.

The main objective of this study was to infer the role of genetic variation, host resistance and temperatures on the evolution of pathogens by comparing: (1) aggressiveness development of Z. tritici from geographic locations varying in thermal conditions: (2) the association between the genetic variation and mean of aggressiveness in Z. tritici; and (3) the amount and spatial distribution of genetic variation in neutral molecular markers and aggressiveness on two wheat cultivars differing in Z. tritici resistance.

MATERIALS AND METHODS

Fungal Populations

Five Z. tritici populations including one each from Israel, Australia and Switzerland and two from Oregon, United States were used in this study. These populations originated from different locations in the world varying in climate and agricultural practices including the use of resistant genes. The Israeli population (ISR) was sampled from a wheat field located at Nahal Oz in 1992. The Australian population (AUS) was collected from a farm near Wagga Wagga in 2001 and the Swiss population (SWI) was sampled from a field located at Berga Irchel near Winterthur in 1999. The two United States populations (ORER and ORES) were collected on the same day in 1990 from a field planted with two different wheat cultivars at Corvallis, OR, United States. ORER was collected from the partially resistant cultivar Madsen while ORES was collected from the highly susceptible cultivar Stephens. All five populations have been characterized previously using restriction fragment length polymorphism (RFLP) markers and DNA fingerprints. A total of 151 genetically distinct isolates were selected from the five populations for aggressiveness assay. Each population was represented by 19–36 isolates each differing in their RFLP profiles (Linde et al., 2002; Zhan et al., 2003).

Aggressiveness Tests

Aggressiveness of the pathogen, measured by the percentage of leaf area covered by lesion (PLACL), was tested on two Swiss wheat cultivars (Toronit and Greina) varying in level of resistance to Z. tritici (Zhan et al., 2005; Yang et al., 2013), Toronit was classified as moderately resistant to Z. tritici, while cultivar Greina was susceptible. Groups of ten seeds were sown separately in plastic pots filled with Ricoter garden soil (Ricoter Erdaufbereitung AG, Switzerland). After inoculation the pots were placed in a greenhouse at 60% RH and 20°C during the day, and 40% RH and 16°C at night.

For inoculation, Z. tritici isolates retrieved from long-term storage were placed on yeast maltose agar plates (YMA, 4 g/L yeast extract, 4 g/L malt extract, 4 g/L sucrose, 15 g/L agar) amended with 50 mg/L kanamycin and kept at 20°C for 1 week until blastospores formed. Blastospores were collected and transferred into sterile flasks containing 50 ml yeast sucrose broth (YSB, 10 g/L sucrose, 10 g/L yeast extract, 50 mg/L kanamycin). The inoculated flasks were maintained in an incubator at 20°C for 1 week before spores were harvested.

Spore suspensions amended with 0.04% Tween 20 (a non-toxic wetting agent) were adjusted to 5 × 106 spores/mL on the day of inoculation using a haemocytometer. Inoculation was conducted appropriately 3 weeks after sowing when the seedlings were at growth stage 11 (Zadoks et al., 1974). Seedlings in each pot were thinned to the five most uniform and then inoculated by spraying with 10 ml of the spore suspension using a semi-automatic sprayer. Five pots (replicates) were inoculated for each cultivar-isolate combination. The inoculated pots were arranged according to Completely Randomized Design and placed at 100% RH and 20°C for 2 days in dark growth chambers before being returned to the original greenhouse. New leaves appearing after inoculation were removed at 3-day intervals.

Twenty-two days after inoculation, 1–2 inoculated top leaves were collected from each plant, and photographed with a digital camera. PLACLs were measured with the image analysis software Assess 2.0. All inoculations and digital images were made during a single day to minimize environmental variance among treatments. The detailed procedure for aggressiveness testing of these isolates has been described in the previous publications (Yang et al., 2013; Zhan et al., 2016).

Data Analysis

Restriction fragment length polymorphism data for the fungal isolates were derived from previous publications (Zhan et al., 2003, 2005) but using only the isolates included in this study. Gene diversity (Nei, 1978) and genetic differentiation in the RFLP loci were estimated using Popgen 3.2 (Yeh et al., 1997). GST was calculated for each pair of populations as well as across all populations. Phenotypic variance of aggressiveness on each cultivar was partitioned into sources attributable to isolate (I, random effect) and population (P, random effect) using SAS GLM and VARCOMP programs (SAS Institute, 1990) according to the model:
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where Yrip, M, P, I(P), Erip is the mean PLACL of replicate r for isolate i in population p, the overall population mean, genetic variance among populations, genetic variance within populations, and the variance among replicates, respectively. In common garden experiments with asexually reproducing species, any variance among replicates can be attributed to environmental effects because individuals in different replicates have the same genotype (Zhan et al., 2005; Zhan and McDonald, 2011). Therefore, variance among replicates in this case is equivalent to the environmental variance of PLACL. Population differentiation in aggressiveness was estimated with following formula (Gonzalez-Martinez et al., 2002; Zhan et al., 2005; Zhan and McDonald, 2011):
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Where δ2AP is the genetic variance in PLACL attributed to among population variation and δ2WP is the genetic variance in PLACL attributed to within population variation.

Like GST, QST for PLACL was also calculated for all possible pairs of populations as well as across all populations. Heritability was estimated by dividing genetic variance within populations by total phenotypic variance (Falconer and Mackay, 1996). Statistical difference between overall GST in RFLP loci and overall QST in aggressiveness was evaluated using the standard deviation of QST constructed from 100 resampling of original data as described previously (Zhan and McDonald, 2011).

Monthly temperatures (mean, maximum and minimum) presented as an average over 10–15 years for each collection site were downloaded from World Climate1. For the ISR, temperature information was not available for Nahal Oz, Israel. In this case, the temperature data for Beer-Sheva, a location approximately 50 km east of Nahal Oz, was used (Zhan and McDonald, 2011). Variation in temperatures (mean, maximum and minimum) at each collection site was estimated based on the temperatures for each month.

Least significant difference was used to compare PLACL among populations sampled from different regions and hosts (Ott, 1992). Associations between pairwise differences in gene diversity and aggressiveness, between population differentiation for RFLP loci (GST) and aggressiveness (QST), as well as between annual temperature and aggressiveness were evaluated using Pearson correlation (Lin, 1989).

RESULTS

Variations in RFLP Markers and Aggressiveness of Zymoseptoria tritici Populations

Gene diversity in the five Z. tritici populations ranged from 0.15 to 0.48 (Table 1), where the AUS possessed the lowest and the ISR the highest diversity. The two populations ORER and ORES collected from the same location but different host cultivars in Oregon, United States had the same gene diversity. All isolates induced typical S. tritici leaf blotch symptoms on the two cultivars. At the isolate level, PLACL ranged from 1.0 to 90.3% with an average of 25.3% on the moderately resistant cultivar Toronit and from 2 to 90% with an average of 36.9% on the susceptible cultivar Greina. The average coefficient of PLACL variance among isolate replicates was 0.51, suggesting aggressiveness test is sensitive to environmental conditions and adequate replicates is required for a robust estimate of aggressiveness. The average PLACL for the five Z. tritici populations ranged from 16.9 to 32.4% and 23.9 to 45.6% on the Toronit and Greina cultivars, respectively. All populations showed higher PLACL on the susceptible cultivar Greina than on the resistant cultivar Toronit except the population from Israel which displayed similar PLACLs values (28.5 and 29.7 for Greina and Toronit, respectively). Heritability of aggressiveness ranged from 0.425 to 0.633 on Toronit, with an average of 0.543, and from 0.459 to 0.682 on Greina with an average of 0.574. Higher aggressiveness heritability on Greina was found for all Z. tritici populations with the exception of ORER (Table 1). Positive correlations between gene diversity and aggressiveness in the five Z. tritici populations were observed on both Toronit and Greina (Figures 1A,B) but only that involving aggressiveness on the resistant cultivar was significant (r = 0.91, p = 0.032).

TABLE 1. Genetic variation in restriction fragment length polymorphism (RFLP) markers and heritability of aggressiveness measured by the percentage of leaf area covered by lesion in the five Z. tritici populations on a moderately resistant wheat cultivar Toronit and a susceptible wheat cultivar Greina.
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FIGURE 1. Correlation between gene diversity of RFLP markers and aggressiveness measured by the percentage of leaf area covered by lesion of five Z. tritici populations on two wheat cultivars varying in level of resistance. (A) Mean aggressiveness on a moderately resistant wheat cultivar Toronit; (B) mean aggressiveness on a susceptible wheat cultivar Greina.



Population Genetic Differentiation in RFLP Loci and Aggressiveness in Z. tritici

Mean pairwise population differentiation (GST) across the eight RFLP marker loci ranged from 0.03 to 0.23 with a grand mean of 0.11 (Table 2). The pairwise population differentiation (QST) in aggressiveness ranged from 0.00 to 0.23 in Toronit and from 0.00 to 0.41 Greina, with a mean of 0.06 and 0.17, respectively. Most pairwise QST measures of aggressiveness in Toronit were smaller than GST while most QST measures of aggressiveness in Greina were greater than GST (Table 2). The overall GST across the five populations was 0.114, which was significantly higher than overall QST (0.059) in Toronit but significantly lower than overall QST (0.173) in Greina. The correlation between GST and QST was significantly positive in Toronit (r = 0.71, p = 0.021, Figure 2A) but not significant in Greina (r = 0.52, p = 0.123, Figure 2B).

TABLE 2. Pairwise comparisons between population differentiations for RFLP marker loci (GST) and aggressiveness measured by the percentage of leaf area covered by lesion (QST) in the five Z. tritici populations on a moderately resistant wheat cultivar Toronit and a susceptible wheat cultivar Greina.
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FIGURE 2. Pairwise comparisons between population differentiations for RFLP marker loci (GST) and aggressiveness measured by the percentage of leaf area covered by lesion (QST) in the five Z. tritici populations on two cultivars. (A) Moderately resistant wheat cultivar Toronit; (B) susceptible wheat cultivar Greina.



Effects of Local Temperature on Aggressiveness Evolution in Z. tritici

Annual mean, maximum and minimum temperatures in the five locations ranged from 9.0 to 14.9, 12.0 to 24.4 and 5.1 to 13.8 and coefficients of variation in the mean, maximum and minimum temperatures in the locations ranged from 0.206 to 0.288, 0.227 to 0.333 and 0.269 to 0.443 (Supplementary Table S1), respectively. Different patterns of temperature-aggressiveness associations were found in susceptible and resistant wheat cultivars. No associations were detected between aggressiveness and collection site temperatures on the moderate resistant cultivar (Figures 3, 4). On the susceptible cultivar, however, pathogen mean aggressiveness was negatively correlated with collection site temperatures with a p-value ranging from 0.075 to 0.153 (Figures 3B,D,F) but positively correlated with the coefficient of variance in temperatures with a p-value ranging from 0.049 to 0.104 (Figures 4B,D,F).
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FIGURE 3. Correlation between maximum, mean and minimum annual temperatures at collection sites and mean aggressiveness measured by the percentage of leaf area covered by lesion of five Z. tritici populations on a moderately resistant cultivar Toronit (A,C,E) and a susceptible cultivar Greina (B,D,F).
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FIGURE 4. Correlation between coefficient of variance in temperatures at collection sites and mean aggressiveness measured by the percentage of leaf area covered by lesion of five Z. tritici populations on a moderately resistant wheat cultivar Toronit (A,C,E) and a susceptible wheat cultivar Greina (B,D,F).



DISCUSSION

The heritability of aggressiveness in the Z. tritici population originating from a moderately resistant cultivar in Oregon (ORER) was 13% [(0.633-0.562)/0.562] higher on the moderately resistant tester cultivar Toronit than that on the susceptible tester Greina (Table 1). Equally, the heritability of aggressiveness in the Z. tritici population originating from a susceptible cultivar in Oregon was 15% [(0.652-0.565)/0.565] higher on the susceptible tester cultivar Greina than that on the moderately resistant Toronit. This result suggests that Z. tritici has ability to adapt quickly to host resistance and that any new resistance genes deployed could be overcome by the pathogen in a short period of its commercial uses. Similar observations have been made in a number of other plant-pathosystems such as in grapevine-Plasmopara viticola interaction (Delmotte et al., 2014).

Different relationships between genetic differentiation in the RFLP marker and aggressiveness of Z. tritici populations were found on the moderately resistant cultivar Toronit and the susceptible cultivar Greina (Figure 2), supporting the hypothesis of host resistance-mediated evolution of pathogens documented also in other systems (Poulin et al., 2011; Delmotte et al., 2014). On the moderately resistant cultivar, QST in aggressiveness was significantly lower than GST in RFLP (Figure 2A), suggesting a constraining selection which acts to spatially homogenize the pathogen’s population genetic structure. Previous studies showed that the moderately resistant cultivar displayed continuous variation in susceptibility to Z. tritici isolates (Zhan et al., 2016), suggesting the resistance is likely to be race non-specific as demonstrated in many plant quantitative resistance systems (Chartrain et al., 2004; Caffier et al., 2014). In race non-specific resistance, the host is expected to exert a similar level of selection on pathotypes derived from all geographic locations, leading to an overall lower QST than GST. Furthermore, selection by the moderately resistant cultivar is apparently weak as evidenced by a positive and significant correlation between pairwise QST in aggressiveness and pairwise GST in RFLP (r = 0.71, p = 0.021; Figure 2A). Assuming other evolutionary forces are similar, the positive associations between QST and GST are expected to get stronger as the levels of selection reduce. Theoretically, a perfect correlation (r = 1.00) between the two parameters should be observed when there is no selection on aggressiveness. Constraining and weak selection reduces the evolutionary speed of aggressiveness. However, quantitative resistance in hosts can erode due to constant evolution of pathogens and its durability in commercial productions also depends on ecological and epidemiological processes associated with particular host-pathogen interactions (Brown, 2015).

In contrary to the moderately resistant cultivar, QST in aggressiveness was significantly higher than GST, in the RFLP marker on the susceptible cultivar and no correlation was detected between QST and GST (Figure 2B), indicating directional and stronger selection for local adaptation (Yang et al., 1996; Zhan et al., 2005) by the susceptible cultivar. These patterns of natural selection in aggressiveness on the susceptible cultivar were unexpected. Theoretically all pathogen pathotypes are able to infect susceptible host genotypes, leading to weak host selection. However, stronger host selection imposed by susceptible cultivars rather than moderately resistant cultivars has also been documented previously both in wheat-Z. tritici (Ahmed et al., 1996; Zhan et al., 2002) and other plant-pathogen systems (Abang et al., 2006), suggesting it could be a common phenomenon in host-pathogen interactions. For example, in a mark-release-recapture field experiment involving the wheat-Phaeosphaeria nodorum system, it was found that pathogen populations recovered from susceptible cultivars showed higher selection coefficients distributed in a wider range and quicker change in genotype frequency than those recovered from moderately resistant cultivars within the same 2-year period (Sommerhalder et al., 2011). It has been reported that many susceptible cultivars contain ‘defeated’ qualitative resistance (Lozoya-Saldana, 2011) and stronger selection by susceptible host genotypes may result from the residual effects of the defeated qualitative resistances (Brodny et al., 1986; Pedersen and Leath, 1988).

The hypothesis of host resistance-mediated evolution is also supported by the analysis showing a different pattern of associations between genetic variation and aggressiveness of the pathogen populations on the moderately resistant and susceptible cultivars. Aggressiveness of Z. tritici was positively correlated to its genetic variation on the moderately resistant cultivar but no such association was found on the susceptible cultivar (Figure 1). Genetic variation in life history traits constitutes the basis for the adaptive potential of species (McGuigan, 2006; Boldogkoi, 2007). Fisher’s fundamental theorem of natural selection states that the adaptability of a species to changing environments depends on its additive genetic variance in ecological and morphological characters that are relevant to fitness (Fisher, 1958). A positive correlation between mean aggressiveness and genetic variation of Z. tritici on the moderately resistant cultivar suggests that pathogen populations with high genetic variation perform better in overcoming host defense systems and inducing significant levels of disease. Although rarely studied in pathogens, positive associations between genetic variation and the mean performance of populations have been documented in several host systems (Tiira et al., 2003; Vandewoestijne et al., 2008; Blomquist, 2009). For example, decreased genetic diversity in butterfly populations resulted a sharp reduction in adult lifetime expectancy (Vandewoestijne et al., 2008), a key component of individual fitness. In plant-pathogen interactions, increasing genetic variation of hosts by cultivar mixture reduced disease development (Zhan and McDonald, 2013) and increased seed production (Zhu et al., 2000). Inbreeding depression is a common phenomenon in nature (Rfa, 1986; Astete and De, 2002) and high genetic variation in populations reduces the chance of genetically related individuals to mate. Positive association between population performance and genetic variation in the current and previous studies may results from the reduced inbreeding rate in populations with high variation.

We also found that local temperatures interact with host resistance together in determining the evolution of aggressiveness in wheat-Z. tritici system, consisting with results seen in other host-pathogen interactions (Harvell et al., 2002; Mboup et al., 2012; Schade et al., 2014). The pathogen aggressiveness on the partial resistant cultivar, Toronit, was always total unrelated to any measures of temperatures at the collection sites including maximum, mean and minimum temperatures (Figures 3A,C,E, 4A,C,E). In contrast, on the susceptible cultivar Greina, the p-values between aggressiveness and local temperatures ranged from 0.075 to 0.153 (Figures 3B,D,F) and between the coefficient of variance in maximum, mean and minimum temperatures at collection sites and mean aggressiveness ranged from 0.049 to 0.104 (Figures 4B,D,F). In statistics, though 0.05 level is adopted in most studies, other levels (e.g., 0.1 and 0.01) are also used (Perezgonzalez, 2015). In the ecological and evolutionary studies which are usually constrained by small sample size, 0.1 level has been often used (Johnson et al., 2009; Walker et al., 2014). Only five data points were included in the current study and we consider most of the correlations between pathogen aggressiveness on the susceptible cultivar and local temperatures are significant but further studies involved more data points (populations) are required to confirm the result. The finding that local temperatures at the collection sites do not affect the aggressiveness development of Z. tritici on partially resistant cultivar reinforces that quantitative resistance can slow down the evolution of pathogen.

The finding of negative association between aggressiveness and temperature was unexpected and suggests a counter-gradient adaptation of the pathogen to temperature as a result of a trade-off among pathogen aggressiveness, energy relocation and seasonality. Such trade-offs have also been found in other species such as the Irish famine pathogen Phytophthora infestans (Yang et al., 2016) and Fusarium pseudograminearum (Sabburg et al., 2015). It has been widely suggested that increasing air temperatures due to anthropogenic activity may significantly raise the occurrence, severity and epidemics of plant diseases (Mboup et al., 2012; Gautam et al., 2013). Negative associations of aggressiveness (Figure 3; Sabburg et al., 2015), pathotype complexity (Wu et al., 2016), infectivity frequency (Wu et al., 2016) and pesticide tolerance (Qin et al., 2016) with local temperatures raise the possibility that increases in air temperature during global warming may have a negative effect on the evolution of pathogens. Whether this is a universal phenomenon or it is only specific to the few systems studied is worthy of further investigation.

AUTHOR CONTRIBUTIONS

FC analyzed the data and wrote the manuscript; G-HD and D-LL wrote the manuscript; and JZ conceived and designed the experiments, analyzed the data and wrote the manuscript. All authors reviewed the manuscript.

FUNDING

The project was partially supported by the Chinese National Natural Science Foundation grant No. 31371901, Funding of Fujian Agriculture and Forestry University for Distinguished Young Scholars (xjq201621) and the Swiss Federal Institute of Technology Grant TH-49a/02-1.

ACKNOWLEDGMENT

We thank Bruce McDonald and Celeste Linde’s assistance in collection of the data.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fmicb.2017.01217/full#supplementary-material

FOOTNOTES

1 http://www.worldclimate.com/

REFERENCES

Abang, M. M., Baum, M., Ceccarelli, S., Grando, S., Linde, C. C., Yahyaoui, A., et al. (2006). Differential selection on Rhynchosporium secalis during parasitic and saprophytic phases in the barley scald disease cycle. Phytopathology 96, 1214–1222. doi: 10.1094/phyto-96-1214

Ahmed, H. U., Mundt, C. C., and Coakley, S. M. (1995). Host-pathogen relationship of geographically diverse isolates of Septoria tritici and wheat cultivars. Plant Pathol. 44, 838–847. doi: 10.1111/j.1365-3059.1995.tb02743.x

Ahmed, H. U., Mundt, C. C., Hoffer, M. E., and Coakley, S. M. (1996). Selective influence of wheat cultivars on pathogenicity of Mycosphaerella graminicola (Anamorph Septoria tritici). Phytopathology 86, 454–458. doi: 10.1094/Phyto-86-454

Altizer, S., Harvell, D., and Friedle, E. (2003). Rapid evolutionary dynamics and disease threats to biodiversity. Trends Ecol. Evol. 18, 589–596. doi: 10.1016/j.tree.2003.08.013

Andrivon, D., Pilet, F., Montarry, J., Hafidi, M., Corbiere, R., Achbani, E. H., et al. (2007). Adaptation of Phytophthora infestans to partial resistance in potato: evidence from French and Moroccan populations. Phytopathology 97, 338–343. doi: 10.1094/phyto-97-3-0338

Astete, M. F. A., and De, M. F. J. B. (2002). Inbreeding depression in maize populations of reduced size. Sci. Agric. 59, 335–340. doi: 10.1590/S0103-90162002000200020

Blomquist, G. E. (2009). Fitness-related patterns of genetic variation in rhesus macaques. Genetica 135, 209–219. doi: 10.1007/s10709-008-9270-x

Boldogkoi, Z. (2007). Genetic background of phenotypic variation. Prog. Nat. Sci. 17, 1119–1126.

Brodny, U., Nelson, R. R., and Gregory, L. V. (1986). The residual and interactive expressions of “defeated” wheat stem rust resistance genes. Phytopathology 76, 546–549. doi: 10.1094/Phyto-76-546

Brown, J. K. (2015). Durable resistance of crops to disease: a Darwinian perspective. Annu. Rev. Phytopathol. 53, 513–539. doi: 10.1146/annurev-phyto-102313-045914

Caffier, V., Lasserre-Zuber, P., Giraud, M., Lascostes, M., Stievenard, R., Lemarquand, A., et al. (2014). Erosion of quantitative host resistance in the apple x Venturia inaequalis pathosystem. Infect. Genet. Evol. 27, 481–489. doi: 10.1016/j.meegid.2014.02.003

Carlsson-Graner, U., and Thrall, P. H. (2015). Host resistance and pathogen infectivity in host populations with varying connectivity. Evolution 69, 926–938. doi: 10.1111/evo.12631

Chartrain, L., Brading, P. A., Widdowson, J. P., and Brown, J. K. M. (2004). Partial resistance to Septoria tritici blotch (Mycosphaerella graminicola) in wheat cultivars Arina and Riband. Phytopathology 94, 497–504. doi: 10.1094/phyto.2004.94.5.497

Chen, R. S., and McDonald, B. A. (1996). Sexual reproduction plays a major role in the genetic structure of populations of the fungus Mycosphaerella graminicola. Genetics 142, 1119–1127.

Dallas, T., Holtackers, M., and Drake, J. M. (2016). Costs of resistance and infection by a generalist pathogen. Ecol. Evol. 6, 1737–1744. doi: 10.1002/ece3.1889

Delmotte, F., Mestre, P., Schneider, C., Kassemeyer, H.-H., Kozma, P., Richart-Cervera, S., et al. (2014). Rapid and multiregional adaptation to host partial resistance in a plant pathogenic oomycete: evidence from European populations of Plasmopara viticola, the causal agent of grapevine downy mildew. Infect. Genet. Evol. 27, 500–508. doi: 10.1016/j.meegid.2013.10.017

Eyal, Z. (1981). Integrated control of Septoria diseases of wheat. Plant Dis. 65, 763–768. doi: 10.1094/PD-65-763

Falconer, D., and Mackay, T. (1996). Introduction to Quantitative Genetics. Harlow: Scientific & Technical.

Fisher, R. A. (1958). The Genetical Theory of Natural Selection. New York, NY: Dover Publications.

Flor, H. H. (1956). The complementary genic systems in Flax and Flax Rust. Adv. Genet. 8, 29–54. doi: 10.1016/S0065-2660(08)60498-8

Gandon, S., and Michalakis, Y. (2000). Evolution of parasite virulence against qualitative or quantitative host resistance. Proc. R. Soc., B, Biol. Sci. 267, 985–990. doi: 10.1098/rspb.2000.1100

Garbelotto, M. (2012). Host and environmental feed-backs on invasive plant pathogens: ecological and evolutionary consequences on novel plant pathogen interactions. J. Plant Pathol. 94, S4.41.

Gautam, H. R., Bhardwaj, M. L., and Kumar, R. (2013). Climate change and its impact on plant diseases. Curr. Sci. 105, 1685–1691.

Gonzalez-Martinez, S. C., Alia, R., and Gil, L. (2002). Population genetic structure in a Mediterranean pine (Pinus pinaster Ait.): a comparison of allozyme markers and quantitative traits. Heredity 89, 199–206. doi: 10.1038/sj.hdy.6800114

Greischar, M. A., and Koskella, B. (2007). A synthesis of experimental work on parasite local adaptation. Ecol. Lett. 10, 418–434. doi: 10.1111/j.1461-0248.2007.01028.x

Harvell, C. D., Mitchell, C. E., Ward, J. R., Altizer, S., Dobson, A. P., Ostfeld, R. S., et al. (2002). Climate warming and disease risks for terrestrial and marine biota. Science 296, 2158–2162. doi: 10.1126/science.1063699

Johnson, M. T. J., Vellend, M., and Stinchcombe, J. R. (2009). Evolution in plant populations as a driver of ecological changes in arthropod communities. Philos. Trans. R. Soc. B Biol. Sci. 364, 1593–1605. doi: 10.1098/rstb.2008.0334

Kelm, C., Ghaffary, S. M. T., Bruelheide, H., Roeder, M. S., Miersch, S., Weber, W. E., et al. (2012). The genetic architecture of seedling resistance to Septoria tritici blotch in the winter wheat doubled-haploid population Solitar x Mazurka. Mol. Breed. 29, 813–830. doi: 10.1007/s11032-011-9592-8

Lin, L. I.-K. (1989). A concordance correlation coefficient to evaluate reproducibility. Biometrics 45, 255–268. doi: 10.2307/2532051

Linde, C. C., Zhan, J., and McDonald, B. A. (2002). Population structure of Mycosphaerella graminicola: from lesions to continents. Phytopathology 92, 946–955. doi: 10.1094/phyto.2002.92.9.946

Lo Iacono, G., van den Bosch, F., and Paveley, N. (2012). The evolution of plant pathogens in response to host resistance: factors affecting the gain from deployment of qualitative and quantitative resistance. J. Theor. Biol. 304, k152–163. doi: 10.1016/j.jtbi.2012.03.033

Loehle, C., Idso, C., and Wigley, T. B. (2016). Physiological and ecological factors influencing recent trends in United States forest health responses to climate change. For. Ecol. Manage. 363, 179–189. doi: 10.1016/j.foreco.2015.12.042

Lozoya-Saldana, H. (2011). Evolution of vertical and horizontal resistance and its application in breeding resistance to potato late blight. Potato J. 38, 1–8.

Mboup, M., Bahri, B., Leconte, M., De Vallavieille-Pope, C., Kaltz, O., and Enjalbert, J. (2012). Genetic structure and local adaptation of European wheat yellow rust populations: the role of temperature-specific adaptation. Evol. Appl. 5, 341–352. doi: 10.1111/j.1752-4571.2011.00228.x

McDonald, B. A., and Linde, C. (2002). Pathogen population genetics, evolutionary potential, and durable resistance. Annu. Rev. Phytopathol. 40, 349–379. doi: 10.1146/annurev.phyto.40.120501.101443

McGuigan, K. (2006). Studying phenotypic evolution using multivariate quantitative genetics. Mol. Ecol. 15, 883–896. doi: 10.1111/j.1365-294X.2006.02809.x

Milus, E. A., Kristensen, K., and Hovmoller, M. S. (2009). Evidence for increased aggressiveness in a recent widespread strain of Puccinia striiformis f. sp tritici causing stripe rust of wheat. Phytopathology 99, 89–94. doi: 10.1094/phyto-99-1-0089

Nadeem, S. M., Ahmad, M., Zahir, Z. A., Javaid, A., and Ashraf, M. (2014). The role of mycorrhizae and plant growth promoting rhizobacteria (PGPR) in improving crop productivity under stressful environments. Biotechnol. Adv. 32, 429–448. doi: 10.1016/j.biotechadv.2013.12.005

Nei, M. (1978). Estimation of average heterozygosity and genetic distance from a small number of individuals. Genetics 89, 583–590.

Nicholls, S., MacCallum, D. M., Kaffarnik, F. A. R., Selway, L., Peck, S. C., and Brown, A. J. P. (2011). Activation of the heat shock transcription factor Hsf1 is essential for the full virulence of the fungal pathogen Candida albicans. Fungal Genet. Biol. 48, 297–305. doi: 10.1016/j.fgb.2010.08.010

Niks, R. E., Qi, X., and Marcel, T. C. (2015). Quantitative resistance to biotrophic filamentous plant pathogens: concepts, misconceptions, and mechanisms. Annu. Rev. Phytopathol. 53, 445–470. doi: 10.1146/annurev-phyto-080614-115928

Orton, E. S., Deller, S., and Brown, J. K. M. (2011). Mycosphaerella graminicola: from genomics to disease control. Mol. Plant Pathol. 12, 413–424. doi: 10.1111/j.1364-3703.2010.00688.x

Ott, R. L. (1992). An Introduction to Statistical Methods, and Data Analysis. Belmont, CA: Duxbury Press.

Pariaud, B., Ravigne, V., Halkett, F., Goyeau, H., Carlier, J., and Lannou, C. (2009). Aggressiveness and its role in the adaptation of plant pathogens. Plant Pathol. 58, 409–424. doi: 10.1111/j.1365-3059.2009.02039.x

Park, H. J., Kim, W.-Y., Park, H. C., Lee, S. Y., Bohnert, H. J., and Yun, D.-J. (2011). SUMO and SUMOylation in plants. Mol. Cells 32, 305–316. doi: 10.1007/s10059-011-0122-7

Pedersen, W. L., and Leath, S. (1988). Pyramiding major genes for resistance to maintain residual effects. Annu. Rev. Phytopathol. 26, 369–378. doi: 10.1146/annurev.py.26.090188.002101

Perezgonzalez, J. D. (2015). P-values as percentiles. Commentary on: null hypothesis significance tests. A mix-up of two different theories: the basis for widespread confusion and numerous misinterpretations. Front. Psychol. 6:341. doi: 10.3389/fpsyg.2015.00341

Poland, J. A., Balint-Kurti, P. J., Wisser, R. J., Pratt, R. C., and Nelson, R. J. (2009). Shades of gray: the world of quantitative disease resistance. Trends Plant Sci. 14, 21–29. doi: 10.1016/j.tplants.2008.10.006

Poulin, R., Krasnov, B. R., and Mouillot, D. (2011). Host specificity in phylogenetic and geographic space. Trends Parasitol. 27, 355–361. doi: 10.1016/j.pt.2011.05.003

Qin, C. F., He, M. H., Chen, F. P., Zhu, W., Yang, L. N., Wu, E. J., et al. (2016). Comparative analyses of fungicide sensitivity and SSR marker variations indicate a low risk of developing azoxystrobin resistance in Phytophthora infestans. Sci. Rep. 6:20483. doi: 10.1038/srep20483

Rfa, M. (1986). The origin of inbreeding depression in honeybees. Bee World 67, 157–163. doi: 10.1080/0005772X.1986.11098894

Risser, P., Ebmeyer, E., Korzun, V., Hartl, L., and Miedaner, T. (2011). Quantitative trait loci for adult-plant resistance to Mycosphaerella graminicola in two winter wheat populations. Phytopathology 101, 1209–1216. doi: 10.1094/phyto-08-10-0203

Sabburg, R., Obanor, F., Aitken, E., and Chakraborty, S. (2015). Changing fitness of a necrotrophic plant pathogen under increasing temperature. Glob. Change Biol. 21, 3126–3137. doi: 10.1111/gcb.12927

SAS Institute (1990). SAS User’s Guide, Statistics. Release 6.03 Edn. Cary, NC: SAS Institute Inc.

Savary, S., Ficke, A., Aubertot, J.-N., and Hollier, C. (2012). Crop losses due to diseases and their implications for global food production losses and food security. Food secur. 4, 519–537. doi: 10.1007/s12571-012-0200-5

Schade, F. M., Shama, L. N., and Wegner, K. M. (2014). Impact of thermal stress on evolutionary trajectories of pathogen resistance in three-spined stickleback (Gasterosteus aculeatus). BMC Evol. Biol. 14:164. doi: 10.1186/s12862-014-0164-5

Smirnova, A., Li, H., Weingart, H., Aufhammer, S., Burse, A., Finis, K., et al. (2001). Thermoregulated expression of virulence factors in plant-associated bacteria. Arch. Microbiol. 176, 393–399. doi: 10.1007/s002030100344

Sommerhalder, R. J., McDonald, B. A., Mascher, F., and Zhan, J.-S. (2011). Effect of hosts on competition among clones and evidence of differential selection between pathogenic and saprophytic phases in experimental populations of the wheat pathogen Phaeosphaeria nodorum. BMC Evol. Biol. 11:188. doi: 10.1186/1471-2148-11-188

Tiira, K., Laurila, A., Peuhkuri, N., Piironen, J., Ranta, E., and Primmer, C. R. (2003). Aggressiveness is associated with genetic diversity in landlocked salmon (Salmo salar). Mol. Ecol. 12, 2399–2407. doi: 10.1046/j.1365-294X.2003.01925.x

Vandewoestijne, S., Schtickzelle, N., and Baguette, M. (2008). Positive correlation between genetic diversity and fitness in a large, well-connected metapopulation. BMC Biol. 6:46. doi: 10.1186/1741-7007-6-46

Vos, M., Birkett, P. J., Birch, E., Griffiths, R. I., and Buckling, A. (2009). Local adaptation of bacteriophages to their bacterial hosts in soil. Science 325, k833–833. doi: 10.1126/science.1174173

Walker, A. P., Beckerman, A. P., Gu, L. H., Kattge, J., Cernusak, L. A., Domingues, T. F., et al. (2014). The relationship of leaf photosynthetic traits - Vcmax and Jmax - to leaf nitrogen, leaf phosphorus, and specific leaf area: a meta-analysis and modeling study. Ecol. Evol. 4, 3218–3235. doi: 10.1002/ece3.1173

Wolfe, M. S., and McDermott, J. M. (1994). Population genetics of plant pathogen interactions: the example of the Erysiphe graminis-Hordeum vulgare pathosystem. Annu. Rev. Phytopathol. 32, 89–113. doi: 10.1146/annurev.py.32.090194.000513

Wu, E.-J., Yang, L.-N., Zhu, W., Chen, X.-M., Shang, L.-P., and Zhan, J. (2016). Diverse mechanisms shape the evolution of virulence factors in the potato late blight pathogen Phytophthora infestans sampled from China. Sci. Rep. 6:26182. doi: 10.1038/srep26182

Yang, L. N., Gao, F. L., Shang, L. P., Zhan, J. S., and McDonald, B. A. (2013). Association between virulence and triazole tolerance in the phytopathogenic fungus Mycosphaerella graminicola. PLoS ONE 8:59568. doi: 10.1371/journal.pone.0059568

Yang, L.-N., Zhu, W., Wu, E.-J., Yang, C., Thrall, P. H., Burdon, J. J., et al. (2016). Trade-offs and evolution of thermal adaptation in the Irish potato famine pathogen Phytophthora infestans. Mol. Ecol. 25, 4047–4058. doi: 10.1111/mec.13727

Yang, R.-C., Yeh, F. C., and Yanchuk, A. D. (1996). A comparison of isozyme and quantitative genetic variation in Pinus contorta ssp. latifolia by FST. Genetics 142, 1045–1052.

Yeh, F. C., Yang, R., Boyle, T. B. J., Ye, Z., and Mao, J. X. (1997). POPGENE, The User-Friendly Shareware for Population Genetic Analysis. Edmonton, AB: University of Alberta.

Zadoks, J. C., Chang, T. T., and Konzak, C. F. (1974). Decimal code for growth stages of cereals. Weed Res. 14, 415–421. doi: 10.1111/j.1365-3180.1974.tb01084.x

Zhan, F. F., Xie, Y., Zhu, W., Sun, D., McDonald, B. A., and Zhan, J.-S. (2016). Linear correlation analysis of Zymoseptoria tritici aggressiveness with in vitro growth rate. Phytopathology 106, 1255–1261. doi: 10.1094/PHYTO-1012-1015-0338-R

Zhan, J., Linde, C. C., Jurgens, T., Merz, U., Steinebrunner, F., and McDonald, B. A. (2005). Variation for neutral markers is correlated with variation for quantitative traits in the plant pathogenic fungus Mycosphaerella graminicola. Mol. Ecol. 14, 2683–2693. doi: 10.1111/j.1365-294X.2005.02638.x

Zhan, J., and McDonald, B. A. (2004). The interaction among evolutionary forces in the pathogenic fungus Mycosphaerella graminicola. Fungal Genet. Biol. 41, 590–599. doi: 10.1016/j.fgb.2004.01.006

Zhan, J., and McDonald, B. A. (2011). Thermal adaptation in the fungal pathogen Mycosphaerella graminicola. Mol. Ecol. 20, 1689–1701. doi: 10.1111/j.1365-294X.2011.05023.x

Zhan, J., and McDonald, B. A. (2013). Field-based experimental evolution of three cereal pathogens using a mark-release-recapture strategy. Plant Pathol. 62, 106–114. doi: 10.1111/ppa.12130

Zhan, J., Mundt, C. C., Hoffer, M. E., and McDonald, B. A. (2002). Local adaptation and effect of host genotype on the rate of pathogen evolution: an experimental test in a plant pathosystem. J. Evol. Biol. 15, 634–647. doi: 10.1046/j.1420-9101.2002.00428.x

Zhan, J., Mundt, C. C., and McDonald, B. A. (2007). Sexual reproduction facilitates the adaptation of parasites to antagonistic host environments: evidence from empirical study in the wheat-Mycosphaerella graminicola system. Int. J. Parasitol. 37, 861–870. doi: 10.1016/j.ijpara.2007.03.003

Zhan, J., Pettway, R. E., and McDonald, B. A. (2003). The global genetic structure of the wheat pathogen Mycosphaerella graminicola is characterized by high nuclear diversity, low mitochondrial diversity, regular recombination, and gene flow. Fungal Genet. Biol. 38, 286–297. doi: 10.1016/S1087-1845(02)00538-8

Zhan, J. S., Thrall, P. H., and Burdon, J. J. (2014). Achieving sustainable plant disease management through evolutionary principles. Trends Plant Sci. 19, 570–575. doi: 10.1016/j.tplants.2014.04.010

Zhan, J. S., Thrall, P. H., Papaix, J., Xie, L. H., and Burdon, J. J. (2015). Playing on a pathogen’s weakness: using evolution to guide sustainable plant disease control strategies. Annu. Rev. Phytopathol. 53, 19–43. doi: 10.1146/annurev-phyto-080614-120040

Zhu, Y., Chen, H., Fan, J., Wang, Y., Li, Y., Chen, J., et al. (2000). Genetic diversity and disease control in rice. Nature 406, 718–722. doi: 10.1038/35021046

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Chen, Duan, Li and Zhan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-08-01217-g004.jpg
PLACL on Toronit (%) *

PLACL on Toronit (%) @

PLACL on Toronit (%)

40.0

34.0

28.0

22.0

16.0

10.0

40.0

34.0

28.0

22.0

16.0

10.0

40.0 ]
34.0 1
28.0 1
22.0 1

16.0 1

10.0

0.20 023 026 029 032 035
CV of maximum temperature

y=95.484+ 2.6428
r=0.52, p=0.369

\\
PLACL on Greina (%) o

20.0

0.20 022 0.24 0.26 028 0.30
CV of mean temperature

F

0.25 029 033 037 041 0.45
CV of minimum temperature

B 500 ,
S
» < 44.0 ;
® -é
S 38.0 |
_——
S 320 |
. E:
y=32.801x + 16.087 5 26.0 4
r=024,p=0.697 -
20.0

50.0 ]

44.0 7

38.0 1

32.0 1

26.0 ;

— 50.0 ]
S
[ ] < 440 T
(=
° é .
_ S 38.0
* S
5 32.0
. 2
y =-10.089+29.341 5 26.0
r=-0.12,p=0.3848 A
20.0

o Y=198.84x -20.427
r=0.88, p=10.049

020 023 026 029 032 0.35
CV of maximum temperature

y=242.48-21.268
r—080p 0104

020 022 024 026 0.28 0.30
CV of mean temperature

o Y=111.46x -5.117
r=0.83,p=0.082

0.25 0.29 0.33 037 0.41 045
CV of minimum temperature





OPS/images/fmicb-08-01217-g003.jpg
PLACL on Toronit (%) © PLACL on Toronit (%) >

PLACL on Toronit (%) ™

40.0 1 o
é

34.0 po
* . g

28.0 2
\ 5

22.0 ; g
-

16.0 1, — 0.4581x +35.906 >
10.0 1r=-0.37.p =0.540 =

10.0 130 160 190 220 250

Average maximum temperature (°C)
D
40.01 o
S
34.09 , =
. g
28.0 %
20{ ° g
3
[

16.01 y=-0.1443x +27.384 <
r=-0.10, p=0.873 =

10.0

8.0 105 130 155 180 205
Annual mean temperature (°C)

F
40.0 =
=
34.0 1 . S
28.0 L_____________________._.-' &
22,07 g
3
16.01y =0.3521x + 22.759 Z
r=0.21,p=0.753 =

10.0

10.0 13.0 16.0 19.0 202.0 25.0
Average minimum temperature (°C)

50.0 1
44.0
38.0 1
32.0 1
26.0 1

y=-1.7095x + 68.096
r=-0.84,p =0.075

20.0 . : . : .
10.0 13.0 16.0 19.0 22.0 25.0

Ave

50.0 1
44.0 ;
38.0 1
32.0 ;
26.0 1

20.0

50.0
44.0

38.0
32.0 1
26.0 -

20.0

rage maximum temperoature (0]

y=-1.9265x + 61.501
r=-0.84,p=0.075

8.0 10.5 13.0 15.5 18.0 20.5
Annual mean temperature (°C)

y =-2.0543x + 53.109
i r=-0.75,p=0.153

10.0 13.0 16.0 19.0 22.0 25.0

Average minimum temper?ature (°O)





OPS/images/fmicb-08-01217-g002.jpg
>

Pairwise Qg on Toronit

w

Pairwise Qg on Greina

0.25 1
[ ]
L ]
0.20 1
015 { y=07556x-0.0173
r=0.71,p =0.021
0.10 1 .
0.05 1
0.00 -
0.00 005 010 015 020 025
0.50 1
e e
0407 5~ 0.9683x - 0.0634
= = ®
030 | T=052p=00123 ’
0.20 1 e
0.10 -
0.00 - . . —
000 005 010 015 020 025

Pairwise G





OPS/images/fmicb-08-01217-g001.jpg
>

PLACL on Toronit (%)

w

PLACL on Greina (%)

40.0
32.0 J
24.0 1 e
16.0 e
801 y=42.734x +9.5339

r=0.91,p = 0.032
OO L L] L] 1

0.00 0.15 0.30 0.45 0.60
50.0 1
o
[ ] [ )
40.0 |
30.0 .
®

20.0 1
10.0 1

y=38.712x + 22.634

r=0.50,p = 0.391
0.0 L] L) L] 1

0.00 0.15 0.30 0.45 0.60

Gene diversity





OPS/images/fmicb-08-01217-t002.jpg
ORER ORES ISR AUS Swi

ORER - 0.00 (0.00) 0.02 (0.19) 0.01(0.39) 0.06 (0.00)
ORES 0.03 - 0.00 (0.27) 0.09 (0.41) 0.01 (0.00)
ISR 0.06 0.06 - 0.22 (0.01) 0.00 (0.18)
AUS 0.19 0.21 0.23 - 0.23 (0.30)
Swi 0.03 0.03 0.05 0.18 -

Values above the diagonal are Qs in Toronit and Greina (in parenthesis) and below
the diagonal are Gst for RFLP markers.





OPS/images/cross.jpg
3,

i





OPS/images/fmicb-08-01217-t001.jpg
Population = Number of Gene PLACL (%) Heritability of
isolates diversity PLACL

Toronit Greina Toronit Greina

AUS 31 0.15 16.90* 23.9a 0.425 0.459
ORER 36 0.38 256.0b 45.6a 0.633 0.562
ORES 19 0.38 223b 431a 0.565 0.652
SWI 32 0.45 32.4b 43.3a 0.630 0.682
ISR 33 0.48 29.7a 28.5a 0.462 0517
Mean 30.2 0.37 25.3 36.9 0543 0.574

*Values followed by different letters in the same row showing the significant
difference analyzed by t-test at p = 0.05.





OPS/images/cover.jpg


OPS/images/fmicb-08-01217-i001.jpg





OPS/images/fmicb-08-01217-i002.jpg





OPS/images/logo.jpg
, frontiers
in Microbiology





