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Abstract

:

Wheat interactions against fungal pathogens, such as Zymoseptoria tritici, are affected by changes in abiotic factors resulting from global climate change. This situation demands in-depth knowledge of how predicted increases in temperature and CO2 concentration ([CO2]) will affect wheat—Z. tritici interactions, especially in durum wheat, which is mainly grown in areas considered to be hotspots of climate change. Therefore, we characterized the response of one susceptible and two resistant durum wheat accessions against Z. tritici under different environments in greenhouse assays, simulating the predicted conditions of elevated temperature and [CO2] in the far future period of 2070–2099 for the wheat-growing region of Córdoba, Spain. The exposure of the wheat—Z. tritici pathosystem to elevated temperature reduced disease incidence compared with the baseline weather conditions, mainly affecting pathogen virulence, especially at the stages of host penetration and pycnidia formation and maturation. Interestingly, simultaneous exposure to elevated temperature and [CO2] slightly increased Z. tritici leaf tissue colonization compared with elevated temperature weather conditions, although this fungal growth did not occur in comparison with baseline conditions, suggesting that temperature was the main abiotic factor modulating the response of this pathosystem, in which elevated [CO2] slightly favored fungal development.
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1. Introduction


Wheat is considered to be one of the most important food crops for human populations as it is consumed worldwide and provides substantial amounts of components that are essential or beneficial for health [1]. As a result of its key position in global cereal production and its elevated range of cultivation and diversity, this essential crop is constantly threatened by diverse biotic stresses during the growing season, including attacks by pest and pathogens, such as fungi, bacteria, oomycetes, viruses, nematodes, and herbivores, leading to a great constraint in wheat production worldwide [2,3,4]. Among these biotic stresses, plant diseases cause more than 21% of wheat losses on average [3], with fungal pathogens such as wheat rusts, blotch diseases, wheat scab, wheat blast, or powdery mildew, among others, being considered the most detrimental [5,6].



One of the most devastating wheat fungal diseases is Septoria tritici blotch (STB) disease, caused by the fungus Zymoseptoria tritici (Desm.) [7]. This major disease is present in all wheat-growing areas of the world and causes significant yield losses of up to 50% under conducive weather conditions in both common and durum wheat [8]. Z. tritici normally develops well in temperate climates with cool, wet weather where bread wheat cultivation is significant, such as in North America [9], northern France, Germany, and the United Kingdom [10]. However, this pathogen also extends to hot dry climates such as wheat-growing regions of the Mediterranean Basin or North Africa, where durum wheat importance exceeds that of bread wheat due to its common use in the traditional Mediterranean diet [11,12], where lately the reintegration of ancient durum varieties of grain more resistant to pathogens is being tested [13]. This adaptation and speciation of Z. tritici to various agro-ecosystems is thanks to its high genome plasticity and diversity, and its active sexual reproduction, which accelerates its evolution [8], maintaining pathogenic fitness even when it loses accessory chromosomes [14,15]. This situation has hampered the implementation of an efficient strategy to control STB disease, limiting the efficacy of chemical control [8,16]. In fact, STB is probably the most economically important wheat disease in Europe, with an estimated ~EUR 1 billion per year in fungicide expenditure directed toward its control [16].



In addition to fungicide application, protection against STB disease has been traditionally achieved through the use of resistant wheat cultivars [17]. Thus, breeding programs have emerged as an effective, environmentally sustainable and cost-reducing measure to control this disease in comparison to fungicide control [18]. In STB, two types of resistance have been described: qualitative (race-specific) resistance is controlled by major genes with a large effect according to a gene-for-gene interaction [19,20], whereas quantitative (non-race-specific) resistance, which develops a partially resistant phenotype, is conferred by a large number of quantitative trait loci (QTL) with moderate to small effects [17]. Both types of resistance have been thoroughly studied in bread wheat, for which 22 major genes (Stb genes) conferring qualitative resistance, together with 167 QTLs, have been identified and mapped to date [21]. In fact, quantitative resistance plays an important role in wheat breeding against Z. tritici, which is durable and effective against several pathotypes of this pathogen [17]. This type of resistance has been usually evaluated through visual (subjective) quantitative scoring of Z. tritici lesions bearing fungal reproductive structures [22]. However, due to fungal lesions being absent from reproductive structures in some cases, quantitative resistance has also been evaluated by measuring lesions and reproductive structures separately [23,24,25]. Fortunately, recent automated image analysis methods have been postulated as an essential tool to precisely evaluate not only the amount of damage of a Z. tritici isolate to the host, but also its epidemic potential, obtaining an overall measurement of pathogen virulence [26,27]. Additionally, microscopic studies that determine fungal infection process and subsequent plant defense patterns, together with biochemical and molecular analyses, examining fungal enzymes or host defense-related genes, remarkably increase knowledge about this plant–pathogen interaction [28,29].



However, wheat—Z. tritici interaction would be affected by alterations in environmental conditions derived from global climate change, which is mainly characterized by increasing temperature, [CO2], and drought [30]. In fact, alterations in temperature, [CO2], and water regimes are thought to modify plant development and resistance pathways, on the one hand, and pathogen virulence mechanisms and life cycle, on the other hand [31], lastly influencing entire wheat—pathogen interactions [18]. In order to assess this influence, disease risk simulation studies (where crop disease models have been linked to climate projections) have been commonly developed for diverse global locations, showing diverse outputs for STB incidence across European wheat-growing areas [32,33]. Moreover, although researchers recognize that extreme weather events, which are characteristic of climate change, will have large impacts on disease severity and yield loss, its projections are still at the early stages [34].



Disease models are based on the results of experimental investigations that, thanks to the use of diverse facilities (free-air CO2 enrichment systems, phytotrons, or greenhouses), assess the effect of one or several simultaneous abiotic factors, such as high temperature and elevated [CO2], on plant–pathogen interactions [34]. However, there are few realistic field studies investigating the effects resulting from combining simultaneous increasing temperature and [CO2] with biotic stresses in plants [35], and, in the case of wheat, they often obtained varied results regarding different wheat—pathogen interactions [36,37,38]. These variations are a consequence of plants expressing a tailored physiological and molecular response when facing multiple stresses, triggering antagonistic signaling pathways of abiotic and biotic factors [35,39], such as the role of some phytohormones [40,41]. However, although some studies have evaluated the effect of increasing temperature [42,43,44,45] and [CO2] [46] in wheat—Z. tritici interactions, none of them have assessed the effect of both abiotic factors acting simultaneously. Therefore, considering this knowledge gap, the variability in experimental assessments, and the uncertainty of disease risk simulation studies, it is likely that predicting wheat—Z. tritici interactions under climate change conditions would be a complex task.



Besides this situation, it is necessary, considering that the interaction of durum wheat against Z. tritici has been poorly investigated [28], leading to the absence of any Stb genes identified in durum wheat species. This lack of resistant resources against STB disease in durum wheat species implies a great risk for general wheat production, especially in wheat-growing regions in the Mediterranean Basin, such as Spain [12] or Tunisia [11], which altogether stand out for being the largest durum-wheat-producing areas in the world, with about 60% and 75% of the global durum wheat cropping areas and production, respectively [47]. Additionally, these regions are considered hotspots of climate change, where temperature warming, extreme events, and changes in precipitation regimes are likely to occur [48,49]. In this context, durum wheat cultivation would be severely affected by climate change and the Z. tritici pathogen, which is characterized by evolving and rapidly adapting to changing environments [8]. Therefore, there is an urgent necessity to gain knowledge about how future conditions of climate change would affect durum wheat—Z. tritici interactions.



The aim of this study was to characterize the response of durum wheat accessions with diverse resistance traits against STB disease under increasing temperature and [CO2] weather conditions, according to climate projections for the far future period of 2070–2099 for the wheat growing region of Córdoba, Spain.




2. Materials and Methods


2.1. Plant Material


In this study, 3 durum wheat accessions (T. turgidum ssp. durum) selected from the germplasm collection used in Porras et al. [24], ‘Sy Leonardo’, ‘LG Origen’, and ‘RGT Rumbadur’, were evaluated against a local isolate of Zymoseptoria tritici under baseline (control) and climate change conditions. These accessions were commercial Spanish cultivars registered in the Spanish MAPA (Ministerio de Agricultura, Pesca y Alimentación) catalog. Additionally, they were classified according to their reactions against Z. tritici infection using the DS (disease severity) rating scale from 0 to 5 [20], with ‘RGT Rumbadur’, classified with a DS value of 2, and ‘LG Origen’, with a DS value of 3, considered as resistant accessions, and ‘Sy Leonardo’, with a DS value of 5, considered as susceptible [24].




2.2. Pathogen Isolation


The fungus Zymoseptoria tritici was isolated from naturally infected wheat leaves collected in Santaella, Córdoba (Spain), according to procedures of Stewart and McDonald [50], and the isolate was molecularly identified with the GeneBank accession number MZ026796 at the NCBI database [51]. The fungus isolation, purification, multiplication, and conservation procedures were previously described by Porras et al. [24]. Fungal stocks were stored as microconidia suspensions at −80 °C with 30% glycerol until they were needed for the inoculation of durum wheat plants.




2.3. Greenhouse Conditioning and Design of Climate Environments


The plants of three selected durum wheat accessions were grown in greenhouses with full environmental control of the temperature and [CO2]. To establish these weather and [CO2] conditions, the greenhouses were equipped with air conditioning and dehumidification systems, as well as CO2 supply circuits, all controlled by temperature, humidity, and CO2 sensors, with a fully automated CO2 injection process, to maintain the CO2 target levels (Sysclima, version 9.4, INTA CROP TECHNOLOGY S.L., Murcia, Spain). The established weather conditions were designed to resemble a standard spring day, which is the expected growth period of Z. tritici in the wheat growing area of Córdoba.



As average temperatures may not always be an accurate predictor of the potential for infection [31], this study was performed using a variation of temperatures throughout the day, reaching an established maximum and minimum value. Thus, for the baseline conditions, the maximum and minimum temperature values were obtained from the nearest meteorological station, located in Córdoba and belonging to the Spanish State Meteorological Agency, with average values of 24 °C and 10 °C, respectively. Likewise, the [CO2] value was set at around 420–450 ppm, the level currently observed outdoors. Moreover, in order to define the weather conditions for the far future period (2070–2099), the Representative Concentration Pathway RCP8.5 and an ensemble of five climate models (GFDL-CM3, GISS-E2-R, HadGEM2-ES, MIROC5, and MPI-ESM-MR) were used, resulting in average maximum and minimum temperatures of around 30 °C and 15 °C, respectively, and average [CO2] of around 620–650 ppm.



Five sets of plants from three durum wheat accessions were exposed to three different environments, each in separate greenhouses, so as to assess Z. tritici infection. Under baseline conditions (environment B), the plants were exposed to a maximum temperature of 24 °C and [CO2] around 420–450 ppm. For the far future scenario, two possible environments were established: under increasing temperature (environment 1), the plants were exposed to a maximum temperature of 30 °C and [CO2] of around 420–450 ppm, and under increasing temperature and [CO2] (environment 2), the plants were exposed to a maximum temperature of 30 °C and elevated [CO2] of around 620–650 ppm.



One set of plants was grown, incubated, and maintained for evaluation under baseline weather conditions (set SB), and four sets of plants were grown under far future weather conditions: two sets in environment 1 and two sets in environment 2. As high temperatures could critically affect the penetration success of Z. tritici into the host tissue, two out of four sets of plants grown under far future conditions were inoculated and incubated under baseline weather conditions, before being returned to their far future conditions (sets S1 and S2, respectively). The other two sets of plants were grown, inoculated, incubated, and maintained for evaluation under their respective far future weather conditions (sets S1G and S2G, respectively).




2.4. Inoculation Assays


Seeds of the three selected durum wheat accessions were sown in 8 × 7 × 7 cm pots containing a mix (1:1, v/v) of commercial compost and sand. The pots were placed in trays and incubated in a growth chamber at 21 °C for a 14 h photoperiod to germinate the plants for 6 days, and then the seedlings were transferred to different greenhouses with diverse weather conditions (environments B, 1, and 2) for 15 days until the third leaf was completely unfolded. Meanwhile, fresh spores of Z. tritici were obtained from the spore suspension stored at −80 °C, as previously described by Porras et al. [24]. Thus, a spore suspension was prepared with distilled water and Tween-20 (0.1%) and adjusted to 107 spores mL−1. Then, a total of 180 plants (12 per accession and plant set) were inoculated with 7.5 mL per plant of the prepared spore solution of Z. tritici, using a hand sprayer until the solution ran off the leaves. Once the leaves were totally dry, the plants were sealed in clear plastic bags to provide 100% relative humidity (RH) for the disease incubation for 48 h. Three sets of plants (SB, S1, and S2) were inoculated and incubated in environment B, while two sets of plants were inoculated and incubated in their corresponding environments 1 or 2 (S1G and S2G, respectively). Finally, the plastic bags were removed, and the plants were kept in their respective environments for 21 days for the subsequent macroscopic and microscopic evaluations. The macroscopic and microscopic experiments were performed three times each.




2.5. Assessment of Macroscopic Components of Resistance


In order to precisely assess macroscopic disease symptoms of STB in wheat plants and those possible changes in the wheat—Z. tritici interactions derived from increasing temperature and [CO2], image-based analysis was developed in this study. Several A4 pages that contained a list of sample names according to each accession and plant were printed as templates, as described by Stewart et al. [27]. Each template contained fixed reference points used to set the image scale and boxes within which to mount the leaves. Each box contained the sample name in text as well as encoded as a QR code. Then, the third leaf of 6 plants per accession, plant set, and replication were cut at 21 days post inoculation (dpi), attached to these A4 templates and stored at 4 °C for 2 to 3 days with absorbent paper placed between each sheet of leaves and pressed with approximately 5 kg. Once the leaves were flattened, the templates were digitally scanned at a resolution of 1200 dots per inch using a flatbed scanner (Canon CanoScan LiDE 400, Tokyo, Japan).



Images were analyzed using software ImageJ (version 1.52a) (Wayne Rasband, NIH, MD, USA) [52] using the macro instructions first described by Stewart et al. [27] and later modified by Karisto et al. [26]. The maximum length of leaf area scanned in each box was 17 cm. For each leaf, the following parameters were automatically recorded from the scanned image: total leaf area, necrotic and chlorotic leaf area, number of pycnidia, and their positions on the leaf. Despite obtaining a high efficiency in the identification of pycnidia presented in Z. tritici lesions, some of these pycnidia were not counted by the software, which were then manually annotated to increase the accuracy of the measurements. Thus, we calculated the percentage of leaf area covered by lesions (PLACL), the frequency of pycnidia per unit of lesion area (Pyc/lesion), and the frequency of pycnidia per unit of leaf area (Pyc/leaf).




2.6. Assessment of Microscopic Components of Resistance


The central leaf segments (~6 cm) of the inoculated third leaves were cut in 3 leaves per accession, plant set, and replication at 4 and 21 dpi. The samples were processed as described in Shetty et al. [53] and then examined using a Nikon microscope (Nikon, Tokyo, Japan). The samples were cleared on filter paper saturated with a mixture of absolute ethanol/glacial acetic acid (3:1, v/v) for 24–48 h. The leaves were then transferred to filter paper saturated with lactoglycerol (lactic acid/glycerol/water, 1:1:1, v/v), where they were stored until examination. For localization of the fungal structures, the leaves were stained with 0.1% Evans blue (Sigma-Aldrich, St. Louis, MO, USA) in lactoglycerol. In the samples collected at 4 dpi, 400 total spores were observed and classified as follows: spores leading to a stomatal penetration (SP), spores leading to a direct penetration (DP), and spores without penetration (NP) [28,29]. Only the germinated spores were counted. In the samples collected at 21 dpi, 450 total fungal stages were observed and classified as follows: non-colonized stomata (NCS), colonized stomata but not yet transformed into pycnidia (CS), and colonized stomata transformed into pycnidia (Pyc) [28,29]. Both spores and fungal stages of development were photographed using a Nikon DS-Fi1 camera (Nikon, Tokyo, Japan).




2.7. Statistical Analysis


The experimental design was developed as randomized blocks. Macroscopic and microscopic parameters whose data did not achieve normality and homogeneity requirements among the different environments for each accession were transformed for statistical analysis with the one way ANOVA test, and transformed back for presentation. However, the parameters whose data could not achieve those requirements using transformations were analyzed through a nonparametric Kruskal−Wallis test. Thus, data from the macroscopic parameter PLACL were transformed according to the formula y = √(x) in the studied accessions, and were analyzed using one way ANOVA and LSD (Least Significant Difference) tests. However, data from the other two macroscopic parameters, Pyc/lesion and Pyc/leaf, were analyzed using the Kruskal−Wallis test.



In terms of microscopic parameters, data were analyzed using one way ANOVA and Duncan tests for the three selected accessions. However, data from microscopic spore development stages of SP and DP in accessions ‘Sy Leonardo’ and ‘RGT Rumbadur’, coupled with data of SP in accession ‘LG Origen’, were transformed according to the formula y = log(x). In addition, data from NP in accessions ‘Sy Leonardo’ and ‘RGT Rumbadur’ were transformed according to the formula y = arcsin(√(x/100)). Finally, data from fungal development NCS in ‘Sy Leonardo’ were transformed according to the formula y = log(x), whereas data from Pyc in ‘LG Origen’ were transformed according to the formula y = arcsin(√(x/100)). Data processing, statistical analyses, and figure design were carried out using R (version 3.5.0) [54] and ImageJ (version 1.52a) [52] software.





3. Results


3.1. Macroscopic Components of Resistance to Z. tritici Infection under Climate Change Conditions


The automated analysis of Z. tritici-infected leaves carried out in this study led to precisely assessing the differences in macroscopic disease symptoms in durum wheat accessions exposed to diverse weather conditions (Figure 1 and Figure S1). Thus, we evaluated three components of STB infection, such as percentage of leaf area covered by lesions (PLACL), frequency of pycnidia per unit of lesion area (Pyc/lesion), and frequency of pycnidia per unit of leaf area (Pyc/leaf) (Table 1).



The susceptible accession ‘Sy Leonardo’ showed the greatest differences in macroscopic parameter values, with the SB plants expressing higher numbers in comparison with the other plant sets for the three studied parameters. Thus, it showed statistically lower PLACL values for future weather conditions, i.e., S1 and S2 plants (21.71% and 23.29%, respectively) in comparison with SB plants (37.48%). In addition, S1G and S2G plants, which were grown, inoculated, and incubated under environments 1 and 2, respectively, expressed a dramatic reduction in the lesion area caused by Z. tritici, showing PLACL values of 5.12% and 9.24%, respectively. This same pattern of reduced values across plant sets also occurred for the Pyc/lesion and Pyc/leaf parameters. Thus, for Pyc/lesion, the S1 and S2 plants expressed acutely reduced values (226.0 and 266.08 Pyc/cm2, respectively) followed by S1G and S2G (105.05 and 139.21 Pyc/cm2, respectively) compared with the SB plants (601.27 Pyc/cm2). Similarly, for the Pyc/leaf parameter, values ranged from 222.77 Pyc/cm2 in SB plants to 61.81 Pyc/cm2 and 47.01 Pyc/cm2 in S2 and S1 plants, respectively, with the values in S2G (11.92 Pyc/cm2) and S1G (4.43 Pyc/cm2) plants being severely reduced.



The moderately resistant accession ‘LG Origen’ showed statistically lower PLACL values in all plant sets exposed to future weather conditions in comparison with SB plants (9.09%). In this accession, the reduction across plant sets was more pronounced than in ‘Sy Leonardo’, showing values ranging from 2.19% for S2 plants to 0.73% in S1G plants. For Pyc/lesion, S1 and S2 plants expressed non-significantly different values (82.05 and 47.91 Pyc/cm2, respectively) in comparison with SB plants (70.83 Pyc/cm2), whereas the S1G and S2G plants showed statistically reduced values (2.00 and 44.82 Pyc/cm2, respectively). In contrast, all plant sets exposed to future weather conditions showed relevantly lower values for Pyc/leaf in comparison with SB plants (4.63 Pyc/cm2), with these values being non-statistically significant among them.



Despite resistant accession ‘RGT Rumbadur’ showed similar PLACL values in SB plants in comparison to ‘LG Origen’, the observed values for the other plant sets were not as greatly reduced as for ‘LG Origen’. In fact, ‘RGT Rumbadur’ showed statistically similar values in S2 plants (8.67%) and SB plants (8.88%), followed by significantly reduced values in the other plant sets. Moreover, this accession developed Pyc/lesion values ranging from 12.59 Pyc/cm2 in SB plants to 5.49 Pyc/cm2 in S2G plants. Lastly, ‘RGT Rumbadur’ developed the lowest Pyc/leaf values for SB plants (1.18 Pyc/cm2) of the three studied accessions, showing similar values for S1 and S2 plants (0.60 and 0.66 Pyc/cm2, respectively), whereas S1G and S2G plants expressed statistically lower values (0.22 and 0.13 Pyc/cm2, respectively).




3.2. Microscopic Components of Resistance to Z. tritici Infection under Climate Change Conditions


Different stages of spores (SP, spores leading to a stomatal penetration; DP, spores leading to a direct penetration; NP, spores without penetration) and fungal development (NCS, non-colonized stomata; CS, colonized stomata but not yet transformed into pycnidia; Pyc, colonized stomata transformed into pycnidia) were identified during the microscopic evaluation of Z. tritici infection at 4 and 21 dpi, respectively (Figure 2), and then analyzed as percentages (Figure 3 and Figure 4, Supplementary Table S1).



The microscopic results of the three selected accessions showed similar distribution patterns in the percentages of SP, DP, and NP stages observed at 4 dpi (Figure 3 and Table S1). Accession ‘Sy Leonardo’ expressed statistically higher values in SB plants for SP (16.85%) and DP (25.57%) stages in comparison with the rest of plant sets for both stages (Figure 3A). Thus, SP values ranged from 8.48% in S1 plants to 5.14% in S2G plants, whereas DP values ranged from 11.48% in S1 plants to 5.26% in S1G plants, with the last and the S2G plant set being statistically different from the S1 and S2 plants. In contrast, SB plants presented a reduced value for the NP stage in comparison with the other sets, showing a percentage far from the S1 and S2 plants (80.04% and 81.65%, respectively) and even more distant from S1G and S2G plants (88.52% and 89.00%, respectively).



In the ‘LG Origen’ accession, the SB plants differed significantly compared with the other sets for the SP and DP stages, showing elevated percentages of 23.98% and 21.34%, respectively (Figure 3B). Plant sets exposed to future weather conditions did not have statistical differences among them for both stages, with their values ranging from 5.13% in S2G plants to 7.02% in S2 plants for the SP stage, and from 6.22% in S2G to 10.77% in S1 for the DP stage. The NP stage followed the same trend as in ‘Sy Leonardo’, with the SB plants showing the lowest value (54.68%), while the other plant sets presented higher percentages that were statistically different. Thus, the S1 and S2 plants expressed similar numbers (82.57% and 82.29%, respectively), showing these two sets had statistically different values than the S1G and S2G plants (87.06% and 88.65%, respectively).



The accession ‘RGT Rumbadur’ showed a similar pattern for the SP stage as in the other two accessions, with the SB value (15.75%) being statistically different from the rest, and the data ranging from 3.83% in S2G plants to 6.62% in S2 plants (Figure 3C). For the DP stage, the plants exposed to environment B also expressed the greatest value (25.80%), showing relevant differences with the other plant sets, which ranged from 8.27% in S2G plants to 12.15% in S2 plants, with only these two sets being statistically different between them. Lastly, plant sets exposed to future weather conditions showed the highest NP values, which were non-statistically different among them, except the S2 (81.23%) and S2G plants (87.90%), whereas SB plants expressed a significantly reduced NP value (58.45%).



Concerning the percentages of fungal stages of development obtained at 21 dpi (Figure 4, Table S1), susceptible accession ‘Sy Leonardo’ expressed relevantly higher NCS values in plant sets exposed to future weather conditions in comparison with SB plants (16.59%), showing non-statistical differences among them, except for the S1G (33.19%) and S2G (23.01%) plants (Figure 4A). For the CS stage, SB plants also showed the lowest value (24.37%), followed by the S2 (27.78%), S1G (34.66%), S1 (35.93%), and S2G (42.71%) plant sets. However, in the Pyc stage, the SB plants developed the statistically highest value (59.04%) in comparison with the plants exposed to future weather conditions, which showed values ranging from 43.85% in S2 plants to 32.15% in S1G plants, with these two sets being relevantly different between them.



In the ‘LG Origen’ accession, the S1G plant set showed an outstanding value in the NCS stage (97.56%), and it was significantly higher than the S2G (66.52%), S1 (51.45%), S2 (50.37%), and SB (37.90%) plant sets (Figure 4B). In contrast, for the CS stage, the S1G plant set expressed the significantly lowest value (2.44%), whereas the other plant sets showed values ranging from 13.70% in S2G plants, 25.85% in S1, and 35.98% in SB plants, with these sets also being statistically different. Then, considering the Pyc stage, the S1G plants also developed the statistically lowest score, expressing a null value (0.00%), whereas the other plant sets showed similar values, ranging from 19.78% in S2G plants to 26.12% in SB plants.



The ‘RGT Rumbadur’ accession developed the slightest differences among the plant sets for the three fungal stages studied (Figure 4C), expressing NCS values ranging from 36.45% in S2 plants to 57.60% in S1G plants, with only these two sets being statistically different between them. For the CS stage, all of the sets were non-statistically different among them. Lastly, the ‘RGT Rumbadur’ accession, considered to be resistant, developed reduced Pyc values in all plant sets, outstanding SB and S2 plant sets with 12.15% and 14.07% values, respectively, followed by S1 (9.62%) and S2G plants (9.61%), which were both statistically different compared with the S2 plants. The lowest Pyc value was observed in S1G plants (5.57%), which was different to the other plant sets.





4. Discussion


Zymoseptoria tritici has become a serious threat for wheat cultivation worldwide thanks to its speciation to diverse agro-ecosystems [8], which would imply an uncertain scenario for the wheat—Z. tritici interactions in the context of future climate change, especially for durum wheat species cultivated in regions considered to be hotspots of climate change [48,49]. Although some experimental studies have assessed the effects of increasing temperature [43,44,45] and [CO2] [46] in the wheat—Z. tritici pathosystem, there is scarce knowledge about how the combination of these two abiotic factors, or the diurnal fluctuating temperature as well as the occurrence of heat events, would influence STB disease [31]. Therefore, this study considered the infection of Spanish durum wheat commercial cultivars against Z. tritici under diverse weather conditions of increasing (and fluctuating) temperature and [CO2] to elucidate, through macroscopic and microscopic evaluations, the feasible durum wheat—Z. tritici interactions. Additionally, in order to assess how the even more frequent heat waves caused by climate change would affect STB disease, expected weather conditions were conducted during both disease establishment and development (S1G and S2G plant sets).



4.1. Fungal Penetration Success at Elevated Temperature and [CO2]


In order to assess the capability of Z. tritici to penetrate the host plants and cause infection, microscopic observations were conducted at 4 dpi, similar to previous studies carried out in durum wheat cultivars [28,29]. S1 and S2 plants (inoculated and incubated under baseline weather conditions) of the three accessions expressed significantly higher NP values compared with the SB plants. These values could be explained as follows: once the spores germinate, Z. tritici hyphae are capable of growing epiphytically on the leaf surface for several days (up to 10) [55]. In addition, S1 and S2 plants, which were returned to environments 1 and 2 after 48 h of disease incubation, respectively, were then exposed to maximum temperatures of 30 °C until observation at 4 dpi. Therefore, this period of exposure could hamper both the stomatal (SP) and direct (DP) penetration of the germinated spores, because temperature seems to have a strong effect on Z. tritici spore viability and survival [56,57,58]. Accordingly, S1G and S2G plants, which were inoculated and incubated under future weather conditions, developed even greater NP percentages for the three accessions, showing an increase in failing to penetrate into the host up to 34% higher compared with the SB plants. Moreover, it seems that events of direct penetration were more restricted in S1G and S2G plants, especially in susceptible accession ‘Sy Leonardo’, possibly due to elevated temperature reducing the fungal capability of forming appressorium-like structures [53,57]. Considering all of these results, we may suggest, on the one hand, that increasing the temperature up to 30 °C would severely affect the ability of Z. tritici to establish the infection process in durum wheat plants, and, on the other hand, that the presence of elevated [CO2] would not modify these fungal patterns. In addition, as the three accessions developed different STB reactions, but expressed similar patterns of fungal penetration, it seems that temperature affected Z. tritici development [45,58] more severely than the wheat—plant physiology or wheat—Z. tritici interaction at this stage of the infection process [59,60].




4.2. Final Disease Development at Elevated Temperature and [CO2]


In order to measure the damage caused by Z. tritici, quantification of the final chlorotic and necrotic lesions (PLACL) is usually considered in image-based analyses [26,27,50,61]. In this study, the PLACL values of the plants exposed to future weather conditions in the three studied accessions can be mainly explained regarding the temperature effect reducing spore penetration in microscopic results obtained at 4 dpi. Thus, it is very likely that spores could develop more successful infection sites in S1 and S2 plants rather than in S1G and S2G plants, even after observations made at 4 dpi [55], demonstrating the reduced PLACL values observed in S1G and S2G plants. In addition, several studies have considered the optimum temperature for disease development under greenhouse conditions to range from 17 to 25 °C [43,44,45]. Therefore, once disease was established, it is feasible that post inoculation maximum daily temperature in environments 1 and 2 contributed to reducing the subsequent disease progression in plants exposed to these environments until evaluation at 21 dpi. Contrary to this study, Wainshilbaum and Lipps [45] found that wheat plants incubated and evaluated at 29 °C did not show almost any Z. tritici symptoms in the final disease evaluation. This is possibly because the temperature range of that study was constantly 29 °C during both the incubation process and disease development, whereas in the present study, the temperature changed throughout the day, highlighting the importance of resembling natural field conditions as well as possible to assess plant–pathogen interactions [31].



Particularly, in the ‘LG Origen’ accession, considered moderately resistant, the reduction in PLACL values in S1 and S2 plants was greater in proportion compared with ‘Sy Leonardo’ and ‘RGT Rumbadur’. Considering that microscopic parameters observed at 4 dpi and diverse weather conditions were similar for the three accessions, a remarkable post penetration reduction of the disease in ‘LG Origen’ accession could be suggested. In this sense, elevated temperature has been found to modulate plant resistance against pathogens, increasing or decreasing it in terms of both basal and race-specific resistance [62]. Additionally, increasing temperature is known to upregulate jasmonic acid (JA) synthesis [41], which activates immunity against necrotrophic pathogens [40]. With Z. tritici being categorized as a latent necrotrophic pathogen according to recent studies [63,64], it could be possible that partial resistance of ‘LG Origen’ could be favored at elevated temperatures through JA-induced defense responses.



In addition, it seems that the presence of elevated [CO2] in environment 2 led plants to express higher PLACL values in comparison with the plants exposed to environment 1. Indeed, some studies support that exposure to elevated [CO2] increases the disease severity of necrotrophic pathogens such as Z. tritici or Fusarium pseudograminearum, even in resistant cultivars [38,46]. This enhanced expression of STB disease could be originated from alterations in host physiology produced at high levels of [CO2] [59,65]. In fact, it is known that elevated [CO2] enhances the photosynthetic efficiency of plants, especially in C3 plants such as wheat [30], by increasing carbohydrate supply and finally resulting in elevated starch and sugar levels in the leaf tissue [59,66]. Yang et al. [67] also showed that there was enhanced sugar production in the leaves during the symptomatic stage of STB disease. Therefore, it is possible that Z. tritici mobilizes leaf sugars for nutritional gain and is favored by the increased levels of sugar presented in leaf tissue at elevated [CO2]. Additionally, there are studies that indicate that exposure to elevated [CO2] suppresses biosynthesis of stress-induced JA [68], the main phytohormone responsible for plant defense response against necrotrophic pathogens.



Despite these facts, plants exposed to elevated [CO2] (and temperature) in this study did not express higher Z. tritici disease symptoms than plants exposed to baseline conditions, but rather than plants exposed just to elevated temperatures. Therefore, a feasible explanation is that simultaneous exposure to both elevated temperature and [CO2] forced S2 and S2G plants to develop a unique response during the subsequent Z. tritici infection, which could be regulated by antagonistic plant physiological mechanisms, signaling pathways, plant genotypes, pathogen biology, and/or timing and intensity of simultaneous abiotic factors [35,39]. Indeed, differences in PLACL values were not equal among accessions, indicating that diverse environmental conditions could differently influence wheat resistance against Z. tritici [61,63]. Thus, it seems that relevant differences in susceptible and moderately resistant accessions arise between S2G and S1G plants, highlighting the beneficial effect of elevated [CO2] for the fungus when its development was hampered by elevated temperature during the incubation process and host defense responses were not complete. In contrast, resistant accession ‘RGT Rumbadur’ exposure to simultaneously elevated temperature and [CO2] counteracted this disease reduction, showing S2 plants to have similar PLACL values to SB plants. Therefore, it is possible that the predicted increase in [CO2] would compromise STB resistant cultivars [46,69], even if exposed to simultaneous elevated temperature during disease progression.




4.3. Pycnidia Development at Elevated Temperature and [CO2]


Lesions caused by Z. tritici finally develop asexual reproduction structures, called pycnidia [70], which contain asexual pycnidiospores that disperse the disease to other leaves and plants [58]. Therefore, the restriction of pycnidia development can be considered as a key component of resistance against Z. tritici [22,25,71]. However, some studies have shown that resistance based on a reduction in pathogen damage to host tissue (indicated by PLACL) can be independent of resistance, which minimizes pathogen reproduction (indicated by Pyc/lesion) [26,61]. Additionally, there is little knowledge about how environmental factors would affect the formation and functionality of these fruiting bodies [71].



In microscopic results, plants of the susceptible accession ‘Sy Leonardo’ under future weather conditions developed significantly higher levels of non-colonized stomata values (NCS) and a notably reduced proportion of colonized stomata, which finally transformed into pycnidia (Pyc). These values were confirmed macroscopically with a great reduction in Pyc/lesion values in S1 and S2 plants, with this reduction being even more severe in S1G and S2G plants. Therefore, it could be suggested that the elevated maximum temperature of 30 °C affects not only the progression of the disease, but also the ability of the fungus to develop pycnidia [43,44,45]. However, the reduction in Pyc/lesion values in S1G and S2G plants cannot be explained through microscopic Pyc data values. In this sense, a feasible explanation is that a relevant number of microscopic colonized stomata classified as pycnidia (Pyc stage) were arrested or immature due to elevated temperature [72], which considerably reduces its detection by macroscopic image analysis. This is contrary to the commonly observed pycnidia evolution, where pycnidia become smaller as the density increases on necrotic lesions [73]. Therefore, it is likely that exposure to elevated temperature during the incubation process, as well as during subsequent disease progression, reduce the pycnidia number and may affect pycnidial maturity in S1G and S2G plants in susceptible accessions. Hence, it seems that both Z. tritici reproduction and dispersal capability would be severely affected in plants exposed to future weather conditions through reduced pycnidia number and pycnidia size, compromising pycnidiospores production for subsequent disease cycles [25,58,61,74,75]. Lastly, although it seems that elevated [CO2] could slightly improve the formation of pycnidia in S2 and S2G plants in comparison with S1 and S1G plants, respectively, these values were irrelevant, suggesting that elevated [CO2] mainly improved fungal colonization to a certain extent [46,67,68], rather than pycnidia development.



Then, although moderately resistant accession, ‘LG Origen’ showed reduced Pyc/lesion values in comparison with ‘Sy Leonardo’; these values were slightly different among SB plants and plants exposed to future weather conditions. Concretely, only S1G and S2G plants expressed significantly reduced values in comparison to SB plants, confirmed microscopically in higher NCS values and lower CS and Pyc values, singularly in S1G plants. In fact, the supposed reinforced resistance expression of ‘LG Origen’ under elevated temperature [41,62], coupled with the unfavorable inoculation conditions for a subsequent disease development of S1G plants [43,44,45], could be reflected in the curiously higher NCS value. Additionally, although S2 and S2G plants expressed similar microscopic Pyc values in comparison with SB plants, they also showed reduced Pyc/lesion values. These results indicate that elevated [CO2] mainly improved the fungal colonization of the leaves instead of developing mature pycnidia in ‘LG Origen’ accession.



‘RGT Rumbadur’ accession showed very reduced pycnidia development among diverse weather conditions, which is considered a resistance trait against Z. tritici [22,25,26,71] and, obviously, stands out compared with the other two accessions. Focusing on microscopic analysis, NCS and CS values were not statistically different between SB plants and the other plant sets. Indeed, it could be observed that, overall, CS values were higher in the resistant accession in comparison with the other two evaluated ones, which means the mycelium was generally restricted to the substomatal cavity, and this is supposed to be a specific characteristic of some resistant cultivars [70]. In addition, only S1G plants varied statistically in microscopic Pyc values in comparison with the SB plants, whereas these differences did not occur in the Pyc/lesion parameter. This lack of relevant differences in both microscopic and macroscopic parameters suggests that future weather conditions carried out in this study would barely change pycnidia development in the resistant accession.



Finally, the Pyc/leaf parameter was obtained in order to assess how future weather conditions would affect pycnidia development regarding the whole plant and to identify differences compared with pycnidia development restricted to STB lesions. On this point, differences observed in Pyc/leaf values among plants exposed to diverse weather conditions were almost similar to those obtained in Pyc/lesion values for the three accessions, especially for ‘Sy Leonardo’. In fact, the susceptible accession showed statistically similar reduction patterns in plants exposed to future weather conditions for the Pyc/lesion and Pyc/leaf parameters, mainly as a combination of reduced PLACL values, pycnidia number and, probably, pycnidia size. Then, the severe reduction in PLACL values in ‘LG Origen’ accession led to reduced Pyc/leaf values for plant sets exposed to future weather conditions, showing irrelevant differences among them. Finally, as ‘RGT Rumbadur’ developed such a low number of pycnidia, it was the accession with fewer changes in Pyc/leaf values through plant sets, mainly due to reduced PLACL values. Additionally, Pyc/leaf values in S2 and S2G plants did not show relevant differences in comparison with S1 and S1G plants. These results suggest that pycnidia development at the leaf level of plants exposed to changing conditions of increasing temperature and [CO2] would vary mainly regarding the lesion surface in which pycnidia could develop, which is mainly affected by temperature, and that variations due to elevated [CO2] would be negligible at this level. Therefore, to detect possible differences under changing environmental conditions, moderately resistant and resistant accessions would require microscopic and specific analysis of lesions caused by Z. tritici to a greater extent than susceptible accessions.





5. Conclusions


In conclusion, the most important fact in this study is that exposure to elevated maximum temperature alone or in combination with elevated [CO2] not only did not suppress the general defense response in the studied accessions ‘LG Origen’ (moderately resistant) and ‘RGT Rumbadur’ (resistant), but also that the disease severity was reduced in these accessions as well as in ‘Sy Leonardo’ accession (susceptible). This indicates that increasing temperature could mainly affect Z. tritici virulence rather than plant physiology, especially in the processes of disease establishment and pycnidia formation and maturation, which would severely hamper the subsequent infection cycles of STB. Concretely, this situation was even worse for Z. tritici in the case of plants exposed to climate change conditions during the whole disease process. In contrast, despite the adverse effect of elevated temperature, simultaneous exposure to elevated [CO2] could induce physiological and molecular alterations in the host plant that eventually benefit Z. tritici disease development in terms of leaf tissue colonization, especially in the resistant accession, which would threaten resistant cultivars under the predicted [CO2] increase. Finally, it should be noted that for assessment of the climate change effects on wheat—Z. tritici interactions, it is essential performing experiments in weather conditions that are as realistic as possible and using both macro and microscopic methods of disease analysis. Despite the progress made in this study, further research should be focus in the combination of three abiotic stresses, increased temperatures, elevated [CO2], and drought, during wheat—Z. tritici interactions. In addition, we aim to investigate the cell wall degrading enzymes pattern of Z. tritici as well as plant defense responses during the infection process.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/agronomy13102638/s1. Figure S1: Output example of Septoria tritici blotch (STB) image analysis in the studied durum wheat accession Sy Leonardo, LG Origen, and RGT Rumbadur. Upper panels show original leaves. Lower panels show the analyzed leaves in which leaf area, lesion area, and pycnidia were selected in blue, purple and yellow colors, respectively. Numbers indicate selected necrotic areas to be analyzed. Table S1: Microscopic stages of spores and fungal development of the Z. tritici infection in three selected durum wheat accessions under baseline and climate change environments.





Author Contributions


Conceptualization and supervision, A.P.-d.-L., J.C.S. and I.J.L.; project administration, funding acquisition, and resources, A.P.-d.-L. and J.C.S.; investigation, R.P. and C.M.-R.; methodology, formal analysis, and writing—original draft preparation, data curation, and visualization, R.P.; writing—review and editing, J.C.S., A.P.-d.-L., I.J.L. and C.M.-R. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Agencia Estatal de Investigacion (Spain), grant number PID2020-118650RR-C32, and IFAPA (Spain) grant number AVA23.INV202301.003 (both co-funded by European Regional Development Fund).




Data Availability Statement


Not applicable.




Acknowledgments


The authors acknowledge the European Social Fund (European Union) and the Agencia Estatal de Investigación (Spain) for PhD grant number BES-C2017-0091.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Shewry, P.R.; Hey, S.J. The contribution of wheat to human diet and health. Food Energy Secur. 2015, 4, 178–202. [Google Scholar] [CrossRef]

	



Oerke, E.C. Crop losses to pests. J. Agric. Sci. 2006, 144, 31–43. [Google Scholar] [CrossRef]

	



Savary, S.; Willocquet, L.; Pethybridge, S.J.; Esker, P.; McRoberts, N.; Nelson, A. The global burden of pathogens and pests on major food crops. Nat. Ecol. Evol. 2019, 3, 430–439. [Google Scholar] [CrossRef]

	



Strange, R.N.; Scott, P.R. Plant disease: A threat to global food security. Annu. Rev. Phytopathol. 2005, 43, 83–116. [Google Scholar] [CrossRef]

	



Figueroa, M.; Hammond-Kosack, K.E.; Solomon, P.S. A review of wheat diseases—A field perspective. Mol. Plant Pathol. 2018, 19, 1523–1536. [Google Scholar] [CrossRef] [PubMed]

	



Singh, R.P.; Singh, P.K.; Rutkoski, J.; Hodson, D.P.; He, X.; Jørgensen, L.N.; Hovmøller, M.S.; Huerta-Espino, J. Disease Impact on Wheat Yield Potential and Prospects of Genetic Control. Annu. Rev. Phytopathol. 2016, 54, 303–322. [Google Scholar] [CrossRef]

	



Quaedvlieg, W.; Kema, G.H.J.; Groenewald, J.Z.; Verkley, G.J.M.; Seifbarghi, S.; Razavi, M.; Mirzadi Gohari, A.; Mehrabi, R.; Crous, P.W. Zymoseptoria gen. nov.: A new genus to accommodate Septoria-like species occurring on graminicolous hosts. Persoonia Mol. Phylogeny Evol. Fungi 2011, 26, 57–69. [Google Scholar] [CrossRef]

	



McDonald, B.A.; Mundt, C.C. How knowledge of pathogen population biology informs management of Septoria tritici blotch. Phytopathology 2016, 106, 948–955. [Google Scholar] [CrossRef]

	



Estep, L.K.; Torriani, S.F.F.; Zala, M.; Anderson, N.P.; Flowers, M.D.; McDonald, B.A.; Mundt, C.C.; Brunner, P.C. Emergence and early evolution of fungicide resistance in North American populations of Zymoseptoria tritici. Plant Pathol. 2015, 64, 961–971. [Google Scholar] [CrossRef]

	



Fones, H.N.; Gurr, S.J. The impact of Septoria tritici Blotch disease on wheat: An EU perspective. Fungal Genet. Biol. 2015, 79, 3–7. [Google Scholar] [CrossRef]

	



Ben M’Barek, S.; Laribi, M.; Kouki, H.; Castillo, D.; Araar, C.; Nefzaoui, M.; Ammar, K.; Saint-Pierre, C.; Yahyaoui, A.H. Phenotyping Mediterranean Durum Wheat Landraces for Resistance to Zymoseptoria tritici in Tunisia. Genes 2022, 13, 355. [Google Scholar] [CrossRef] [PubMed]

	



Royo, C.; Briceño-Félix, G.A. Spanish wheat pool. In The World Wheat Book: A History of Wheat Breeding; Bonjean, A.P., Angus, W.J., van Ginkel, M., Eds.; Lavoisier Publishing: Paris, France, 2011; pp. 121–154. [Google Scholar]

	



Abenavoli, L.; Milanovic, M.; Procopio, A.C.; Spampinato, G.; Maruca, G.; Perrino, E.V.; Mannino, G.C.; Fagoonee, S.; Luzza, F.; Musarella, C.M. Ancient wheats: Beneficial effects on insulin resistance. Minerva Medica 2020, 112, 641–650. [Google Scholar] [CrossRef] [PubMed]

	



Goodwin, S.B.; Ben M’Barek, S.; Dhillon, B.; Wittenberg, A.H.J.; Crane, C.F.; Hane, J.K.; Foster, A.J.; van der Lee, T.A.J.; Grimwood, J.; Aerts, A.; et al. Finished genome of the fungal wheat pathogen Mycosphaerella graminicola reveals dispensome structure, chromosome plasticity, and stealth pathogenesis. PLoS Genet. 2011, 7, e1002070. [Google Scholar] [CrossRef] [PubMed]

	



Wittenberg, A.H.J.; van der Lee, T.A.J.; Ben M’Barek, S.; Ware, S.B.; Goodwin, S.B.; Kilian, A.; Visser, R.G.F.; Kema, G.H.J.; Schouten, H.J. Meiosis drives extraordinary genome plasticity in the haploid fungal plant pathogen Mycosphaerella graminicola. PLoS ONE 2009, 4, e5863. [Google Scholar] [CrossRef]

	



Torriani, S.F.F.; Melichar, J.P.E.; Mills, C.; Pain, N.; Sierotzki, H.; Courbot, M. Zymoseptoria tritici: A major threat to wheat production, integrated approaches to control. Fungal Genet. Biol. 2015, 79, 8–12. [Google Scholar] [CrossRef]

	



Brown, J.K.M.; Chartrain, L.; Lasserre-Zuber, P.; Saintenac, C. Genetics of resistance to Zymoseptoria tritici and applications to wheat breeding. Fungal Genet. Biol. 2015, 79, 33–41. [Google Scholar] [CrossRef]

	



Pérez-Méndez, N.; Miguel-Rojas, C.; Jimenez-Berni, J.A.; Gomez-Candon, D.; Pérez-De-Luque, A.; Fereres, E.; Catala-Forner, M.; Villegas, D.; Sillero, J.C. Plant Breeding and Management Strategies to Minimize the Impact of Water Scarcity and Biotic Stress in Cereal Crops under Mediterranean Conditions. Agronomy 2022, 12, 75. [Google Scholar] [CrossRef]

	



Brading, P.A.; Verstappen, E.C.P.; Kema, G.H.J.; Brown, J.K.M. A gene-for-gene relationship between wheat and Mycosphaerella graminicola, the Septoria tritici blotch pathogen. Phytopathology 2002, 92, 439–445. [Google Scholar] [CrossRef]

	



McCartney, C.A.; Brûlé-Babel, A.L.; Lamari, L. Inheritance of race-specific resistance to Mycosphaerella graminicola in wheat. Phytopathology 2002, 92, 138–144. [Google Scholar] [CrossRef]

	



Louriki, S.; Rehman, S.; El Hanafi, S.; Bouhouch, Y.; Al-Jaboobi, M.; Amri, A.; Douira, A.; Tadesse, W. Identification of Resistance Sources and Genome-Wide Association Mapping of Septoria tritici Blotch Resistance in Spring Bread Wheat Germplasm of ICARDA. Front. Plant Sci. 2021, 12, 600176. [Google Scholar] [CrossRef]

	



Kema, G.H.J.; Annone, J.G.; Sayoud, R.; Van Silfhout, C.H. Genetic variation for virulence and resistance in the wheat-Mycosphaerella graminicola pathosystem. I. Interactions between pathogen isolates and host cultivars. Phytopathology 1996, 86, 200–212. [Google Scholar] [CrossRef]

	



Gerard, G.S.; Börner, A.; Lohwasser, U.; Simón, M.R. Genome-wide association mapping of genetic factors controlling Septoria tritici blotch resistance and their associations with plant height and heading date in wheat. Euphytica 2017, 213, 27. [Google Scholar] [CrossRef]

	



Porras, R.; Pérez-De-Luque, A.; Sillero, J.C.; Miguel-Rojas, C. Behavior of Spanish durum wheat genotypes against Zymoseptoria tritici: Resistance and susceptibility. Span. J. Agric. Res. 2021, 19, e1002. [Google Scholar] [CrossRef]

	



Suffert, F.; Sache, I.; Lannou, C. Assessment of quantitative traits of aggressiveness in Mycosphaerella graminicola on adult wheat plants. Plant Pathol. 2013, 62, 1330–1341. [Google Scholar] [CrossRef]

	



Karisto, P.; Hund, A.; Yu, K.; Anderegg, J.; Walter, A.; Mascher, F.; McDonald, B.A.; Mikaberidze, A. Ranking quantitative resistance to Septoria tritici blotch in elite wheat cultivars using automated image analysis. Phytopathology 2018, 108, 568–581. [Google Scholar] [CrossRef]

	



Stewart, E.L.; Hagerty, C.H.; Mikaberidze, A.; Mundt, C.C.; Zhong, Z.; McDonald, B.A. An improved method for measuring quantitative resistance to the wheat pathogen Zymoseptoria tritici using high-throughput automated image analysis. Phytopathology 2016, 106, 782–788. [Google Scholar] [CrossRef]

	



Somai-Jemmali, L.; Randoux, B.; Siah, A.; Magnin-Robert, M.; Halama, P.; Reignault, P.; Hamada, W. Similar infection process and induced defense patterns during compatible interactions between Zymoseptoria tritici and both bread and durum wheat species. Eur. J. Plant Pathol. 2017, 147, 787–801. [Google Scholar] [CrossRef]

	



Somai-Jemmali, L.; Siah, A.; Harbaoui, K.; Fergaoui, S.; Randoux, B.; Magnin-Robert, M.; Halama, P.; Reignault, P.; Hamada, W. Correlation of fungal penetration, CWDE activities and defense-related genes with resistance of durum wheat cultivars to Zymoseptoria tritici. Physiol. Mol. Plant Pathol. 2017, 100, 117–125. [Google Scholar] [CrossRef]

	



Chaudhry, S.; Sidhu, G.P.S. Climate change regulated abiotic stress mechanisms in plants: A comprehensive review. Plant Cell Rep. 2022, 41, 1–31. [Google Scholar] [CrossRef]

	



Velásquez, A.C.; Castroverde, C.D.M.; He, S.Y. Plant–Pathogen Warfare under Changing Climate Conditions. Curr. Biol. 2018, 28, R619–R634. [Google Scholar] [CrossRef]

	



Juroszek, P.; von Tiedemann, A. Linking plant disease models to climate change scenarios to project future risks of crop diseases: A review. J. Plant Dis. Prot. 2015, 122, 3–15. [Google Scholar] [CrossRef]

	



Miedaner, T.; Juroszek, P. Climate change will influence disease resistance breeding in wheat in Northwestern Europe. Theor. Appl. Genet. 2021, 134, 1771–1785. [Google Scholar] [CrossRef] [PubMed]

	



Newbery, F.; Qi, A.; Fitt, B.D. Modelling impacts of climate change on arable crop diseases: Progress, challenges and applications. Curr. Opin. Plant Biol. 2016, 32, 101–109. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, N.; Rivero, R.M.; Shulaev, V.; Blumwald, E.; Mittler, R. Abiotic and biotic stress combinations. New Phytol. 2014, 203, 32–43. [Google Scholar] [CrossRef]

	



Hay, W.T.; McCormick, S.P.; Vaughan, M.M. Effects of atmospheric CO2 and temperature on wheat and corn susceptibility to Fusarium graminearum and deoxynivalenol contamination. Plants 2021, 10, 2582. [Google Scholar] [CrossRef]

	



Matić, S.; Cucu, M.A.; Garibaldi, A.; Gullino, M.L. Combined effect of CO2 and temperature on wheat powdery mildew development. Plant Pathol. J. 2018, 34, 316–326. [Google Scholar] [CrossRef]

	



Melloy, P.; Aitken, E.; Luck, J.; Chakraborty, S.; Obanor, F. The influence of increasing temperature and CO2 on Fusarium crown rot susceptibility of wheat genotypes at key growth stages. Eur. J. Plant Pathol. 2014, 140, 19–37. [Google Scholar] [CrossRef]

	



Atkinson, N.J.; Jain, R.; Urwin, P.E. The response of plants to simultaneous biotic and abiotic stress. In Combined Stresses in Plants; Mahalingam, R., Ed.; Springer: Cham, Switzerland, 2015; pp. 181–201. [Google Scholar]

	



Castroverde, C.D.M.; Dina, D. Temperature regulation of plant hormone signaling during stress and development. J. Exp. Bot. 2021, 72, 7436–7458. [Google Scholar] [CrossRef]

	



Kim, J.H.; Castroverde, C.D.M.; Huang, S.; Li, C.; Hilleary, R.; Seroka, A.; Sohrabi, R.; Medina-Yerena, D.; Huot, B.; Wang, J.; et al. Increasing the resilience of plant immunity to a warming climate. Nature 2022, 607, 339–344. [Google Scholar] [CrossRef]

	



Chungu, C.; Gilbert, J.; Townley-Smith, F. Septoria tritici blotch development as affected by temperature, duration of leaf wetness, inoculum concentration, and host. Plant Dis. 2001, 85, 430–435. [Google Scholar] [CrossRef]

	



Hess, D.E.; Shaner, G. Effect of moisture and temperature on development of Septoria tritici blotch in wheat. Phytopathology 1987, 77, 215–219. [Google Scholar] [CrossRef]

	



Magboul, A.M.; Geng, S.; Gilchrist, D.G.; Jackson, L.F. Environmental Influence on the Infection of Wheat by Mycosphaerella graminicola. Phytopathology 1992, 82, 1407–1413. [Google Scholar] [CrossRef]

	



Wainshilbaum, S.J.; Lipps, P.E. Effect of Temperature and Growth Stage of Wheat on Development of Leaf and Glume Blotch Caused by Septoria tritici and S. nodorum. Plant Dis. 1991, 75, 993–998. [Google Scholar] [CrossRef]

	



Váry, Z.; Mullins, E.; McElwain, J.C.; Doohan, F.M. The severity of wheat diseases increases when plants and pathogens are acclimatized to elevated carbon dioxide. Glob. Chang. Biol. 2015, 21, 2661–2669. [Google Scholar] [CrossRef]

	



Royo, C.; Soriano, J.M.; Alvaro, F. Wheat: A Crop in the Bottom of the Mediterranean Diet Pyramid. In Mediterranean Identities—Environment, Society, Culture; Fuerst-Bjeliš, B., Ed.; InTech: Rijeka, Croatia, 2017; pp. 381–399. [Google Scholar] [CrossRef]

	



Diffenbaugh, N.S.; Giorgi, F. Climate change hotspots in the CMIP5 global climate model ensemble. Clim. Chang. 2012, 114, 813–822. [Google Scholar] [CrossRef]

	



Trnka, M.; Rötter, R.P.; Ruiz-Ramos, M.; Kersebaum, K.C.; Olesen, J.E.; Žalud, Z.; Semenov, M.A. Adverse weather conditions for European wheat production will become more frequent with climate change. Nat. Clim. Chang. 2014, 4, 637–643. [Google Scholar] [CrossRef]

	



Stewart, E.L.; McDonald, B.A. Measuring quantitative virulence in the wheat pathogen Zymoseptoria tritici using high-throughput automated image analysis. Phytopathology 2014, 104, 985–992. [Google Scholar] [CrossRef]

	



National Center for Biotechnology Information (NCBI), Bethesda, MD, USA. Available online: https://www.ncbi.nlm.nih.gov/ (accessed on 12 July 2023).

	



Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675. [Google Scholar] [CrossRef]

	



Shetty, N.P.; Kristensen, B.K.; Newmana, M.A.; Møller, K.; Gregersen, P.L.; Jørgensen, H.J.L. Association of hydrogen peroxide with restriction of Septoria tritici in resistant wheat. Physiol. Mol. Plant Pathol. 2003, 62, 333–346. [Google Scholar] [CrossRef]

	



R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2023; Available online: https://www.r-project.org/ (accessed on 1 June 2023).

	



Fones, H.N.; Eyles, C.J.; Kay, W.; Cowper, J.; Gurr, S.J. A role for random, humidity-dependent epiphytic growth prior to invasion of wheat by Zymoseptoria tritici. Fungal Genet. Biol. 2017, 106, 51–60. [Google Scholar] [CrossRef]

	



Chaloner, T.M.; Fones, H.N.; Varma, V.; Bebber, D.P.; Gurr, S.J. A new mechanistic model of weather-dependent Septoria tritici blotch disease risk. Philos. Trans. R. Soc. B Biol. Sci. 2019, 374, 20180266. [Google Scholar] [CrossRef] [PubMed]

	



Francisco, C.S.; Ma, X.; Zwyssig, M.M.; McDonald, B.A.; Palma-Guerrero, J. Morphological changes in response to environmental stresses in the fungal plant pathogen Zymoseptoria tritici. Sci. Rep. 2019, 9, 9642. [Google Scholar] [CrossRef] [PubMed]

	



Suffert, F.; Sache, I.; Lannou, C. Early stages of Septoria tritici blotch epidemics of winter wheat: Build-up, overseasoning, and release of primary inoculum. Plant Pathol. 2011, 60, 166–177. [Google Scholar] [CrossRef]

	



Eastburn, D.M.; McElrone, A.J.; Bilgin, D.D. Influence of atmospheric and climatic change on plant-pathogen interactions. Plant Pathol. 2011, 60, 54–69. [Google Scholar] [CrossRef]

	



Elad, Y.; Pertot, I. Climate Change Impacts on Plant Pathogens and Plant Diseases. J. Crop Improv. 2014, 28, 99–139. [Google Scholar] [CrossRef]

	



Yates, S.; Mikaberidze, A.; Krattinger, S.G.; Abrouk, M.; Hund, A.; Yu, K.; Studer, B.; Fouche, S.; Meile, L.; Pereira, D.; et al. Precision phenotyping reveals novel loci for quantitative resistance to Septoria tritici blotch. Plant Phenomics 2019, 2019, 3285904. [Google Scholar] [CrossRef]

	



Cheng, C.; Gao, X.; Feng, B.; Sheen, J.; Shan, L.; He, P. Plant immune response to pathogens differs with changing temperatures. Nat. Commun. 2013, 4, 2530. [Google Scholar] [CrossRef]

	



Orton, E.S.; Rudd, J.J.; Brown, J.K.M. Early molecular signatures of responses of wheat to Zymoseptoria tritici in compatible and incompatible interactions. Plant Pathol. 2017, 66, 450–459. [Google Scholar] [CrossRef]

	



Sánchez-Vallet, A.; McDonald, M.C.; Solomon, P.S.; McDonald, B.A. Is Zymoseptoria tritici a hemibiotroph? Fungal Genet. Biol. 2015, 79, 29–32. [Google Scholar] [CrossRef]

	



Manning, W.J.; von Tiedemann, A. Climate change: Potential effects of increased atmospheric Carbon dioxide (CO2), ozone (O3), and ultraviolet-B (UV-B) radiation on plant diseases. Environ. Pollut. 1995, 88, 219–245. [Google Scholar] [CrossRef]

	



Loladze, I. Hidden shift of the ionome of plants exposed to elevated CO2 depletes minerals at the base of human nutrition. Elife 2014, 3, e02245. [Google Scholar] [CrossRef] [PubMed]

	



Yang, F.; Melo-Braga, M.N.; Larsen, M.R.; Joørgensen, H.J.L.; Palmisano, G. Battle through signaling between wheat and the fungal pathogen Septoria tritici revealed by proteomics and phosphoproteomics. Mol. Cell. Proteom. 2013, 12, 2497–2508. [Google Scholar] [CrossRef] [PubMed]

	



Bazinet, Q.; Tang, L.; Bede, J.C. Impact of Future Elevated Carbon Dioxide on C3 Plant Resistance to Biotic Stresses. Mol. Plant-Microbe Interact. 2022, 35, 527–539. [Google Scholar] [CrossRef] [PubMed]

	



Volk, T.; Epke, K.; Gerstner, V.; Leuthner, C.; Rotterdam, A.; Johnen, A.; Richthnfen, J.S.V. Klimawandel in Nordrhein-Westfalen-Auswirkungen auf Schädlinge und Pilzkrankheiten Wichtiger Ackerbaukulturen; Abschlussbericht; Pro-Plant GmbH: Münster, Germany, 2010. (In German) [Google Scholar]

	



Kema, G.H.J.; Yu, D.Z.; Rijkenberg, F.H.J.; Shaw, M.W.; Baayen, R.P. Histology of the pathogenesis of Mycosphaerella graminicola in wheat. Phytopathology 1996, 86, 777–786. [Google Scholar] [CrossRef]

	



Eyal, Z. The Septoria tritici and Stagonospora nodorum blotch diseases of wheat. Eur. J. Plant Pathol. 1999, 105, 629–641. [Google Scholar] [CrossRef]

	



Shearer, B.L.; Wilcoxson, R.D. Variation in the size of macropycnidiospores and pycnidia of Septoria tritici on wheat. Can. J. Bot. 1978, 56, 742–746. [Google Scholar] [CrossRef]

	



Eyal, Z.; Scharen, A.L.; Prescott, J.M.; van Ginkel, M. The Septoria Diseases of Wheat: Concepts and Methods of Disease Management; Hettel, G.P., Ed.; CIMMYT: Mexico City, Mexico, 1987. [Google Scholar]

	



Gough, F.J. Effect of Wheat Host Cultivars on Pycnidiospore Production by Septoria tritici. Phytopathology 1978, 68, 1343–1345. [Google Scholar] [CrossRef]

	



Stewart, E.L.; Croll, D.; Lendenmann, M.H.; Sánchez-Vallet, A.; Hartmann, F.E.; Palma-Guerrero, J.; Ma, X.; McDonald, B.A. Quantitative trait locus mapping reveals complex genetic architecture of quantitative virulence in the wheat pathogen Zymoseptoria tritici. Mol. Plant Pathol. 2018, 9, 201–216. [Google Scholar] [CrossRef]








[image: Agronomy 13 02638 g001] 





Figure 1. Output example of Septoria tritici blotch (STB) image analysis developed on selected durum wheat accessions. (A) Original leaf; (B) Analyzed leaf in which leaf area, lesion area and pycnidia were selected in blue, purple and yellow colors, respectively. 
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Figure 2. Microscopic observation of spore germination, growth, and penetration attempts of Z. tritici at 4 dpi (A–C), and mesophyll colonization and pycnidium structure at 21 dpi (D–F) are classified as: (A) spores leading to a stomatal penetration (SP) and (B) spores leading to a direct penetration (DP). Appressorium-like structure formed by an infectious germ tube between stomatal guard cells and epidermal cells over stomata (arrowhead); (C) spores without penetration (NP) with non-germinated spore in small square; (D) non-colonized stomata (NCS). Longitudinal intercellular growth of infection hyphae growing around mesophyll cells (selected area); (E) colonized stomata but not yet transformed into pycnidia (CS). Abundant hyphal growth within the substomatal cavity (arrow); (F) colonized stomata transformed into pycnidia (Pyc). 
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Figure 3. Microscopic stages of spores of Z. tritici presented as mean percentages in three selected durum wheat accessions (A) ‘Sy Leonardo’, (B) ‘LG Origen’, and (C) ‘RGT Rumbadur’ under baseline (SB) and climate change environments (S1, S2, S1G, and S2G) after 4 dpi. Error bars represent the standard error calculated from three independent experiments. Data with the same letter within a fungal stage and accession are not significantly different (Duncan test, p < 0.05). SP, spores leading to a stomatal penetration; DP, spores leading to a direct penetration; NP, spores without penetration. SB: plants grown, inoculated, incubated, and maintained for evaluation under baseline weather conditions (24 °C and [CO2] around 420–450 ppm). S1 and S2: plants inoculated and incubated under baseline weather conditions, and then maintained for evaluation under far future weather conditions (S1, 30 °C, and [CO2] around 420–450 ppm; S2, 30 °C, and elevated [CO2] around 620–650 ppm). S1G and S2G: plants grown, inoculated, incubated, and maintained for evaluation under far future weather conditions (S1G, 30 °C, and [CO2] around 420–450 ppm; S2G, 30 °C, and elevated [CO2] around 620–650 ppm). 
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Figure 4. Microscopic stages of fungal development of Z. tritici presented as mean percentages in three selected durum wheat accessions (A) ‘Sy Leonardo’, (B) ‘LG Origen’, and (C) ‘RGT Rumbadur’ under baseline (SB) and climate change environments (S1, S2, S1G, and S2G) after 21 dpi. Error bars represent the standard error calculated from three independent experiments. Data with the same letter within a fungal stage and accession are not significantly different (Duncan test, p < 0.05). NCS, non-colonized stomata; CS, colonized stomata but not yet transformed into pycnidia; Pyc, colonized stomata transformed into pycnidia. SB: plants grown, inoculated, incubated, and maintained for evaluation under baseline weather conditions (24 °C and [CO2] around 420–450 ppm). S1 and S2: plants inoculated and incubated under baseline weather conditions, and then maintained for evaluation under far future weather conditions (S1, 30 °C, and [CO2] around 420–450 ppm; S2, 30 °C, and elevated [CO2] around 620–650 ppm). S1G and S2G: plants grown, inoculated, incubated, and maintained for evaluation under far future weather conditions (S1G, 30 °C, and [CO2] around 420–450 ppm; S2G, 30 °C, and elevated [CO2] around 620–650 ppm). 
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Table 1. Macroscopic image analysis of Z. tritici infection in three selected durum wheat accessions under baseline and climate change environments after 21 dpi [1].
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Accession

	
Environmental Set

	
PLACL (%)

	
Pyc/Lesion (Pyc/cm2)

	
Pyc/Leaf (Pyc/cm2)






	
Sy Leonardo

	
SB

	
37.48 (6.11 ± 0.09) a

	
601.27 ± 33.09 a

	
222.77 ± 10.81 a




	
S1

	
21.71 (4.61 ± 0.17) b

	
226.00 ± 27.66 b

	
47.01 ± 5.81 b




	
S2

	
23.29 (4.79 ± 0.14) b

	
266.08 ± 33.85 b

	
61.81 ± 8.67 b




	
S1G

	
5.12 (2.21 ± 0.12) d

	
105.05 ± 18.32 c

	
4.43 ± 0.63 c




	
S2G

	
9.24 (2.97 ± 0.16) c

	
139.21 ± 18.75 c

	
11.92 ± 1.83 c




	
LG Origen

	
SB

	
9.09 (2.94 ± 0.16) a

	
70.83 ± 23.85 a

	
4.63 ± 0.91 a




	
S1

	
1.61 (1.17 ± 0.12) b

	
82.05 ± 32.36 ab

	
1.43 ± 0.52 b




	
S2

	
2.19 (1.36 ± 0.14) b

	
47.91 ± 20.67 ab

	
1.71 ± 0.87 b




	
S1G

	
0.73 (0.56 ± 0.16) c

	
2.00 ± 1.70 b

	
0.05 ± 0.37 b




	
S2G

	
1.75 (1.26 ± 0.10) b

	
44.82 ± 24.46 b

	
0.83 ± 0.49 b




	
RGT Rumbadur

	
SB

	
8.88 (2.95 ± 0.10) a

	
12.59 ± 2.11 ab

	
1.18 ± 0.21 a




	
S1

	
5.17 (2.22 ± 0.12) b

	
12.41 ± 1.65 a

	
0.60 ± 0.08 a




	
S2

	
8.67 (2.88 ± 0.15) a

	
7.60 ± 1.06 ab

	
0.66 ± 0.12 a




	
S1G

	
1.76 (1.25 ± 0.10) c

	
10.44 ± 2.56 ab

	
0.22 ± 0.06 b




	
S2G

	
2.42 (1.51 ± 0.09) c

	
5.49 ± 1.38 b

	
0.13 ± 0.03 b








[1] Values are mean ± standard error for six leaves evaluated for each accession and environmental set in three different experiments. Transformed data ± standard error are shown in parentheses. Data with the same letter within an accession and column are not statistically different (LSD and Kruskal−Wallis tests, p < 0.05). PLACL, percentage of leaf area covered by lesions; Pyc/lesion, frequency of pycnidia per unit of lesion area; Pyc/leaf, frequency of pycnidia per unit of leaf area. SB: plants grown, inoculated, incubated and maintained for evaluation under baseline weather conditions (24 °C and [CO2] around 420–450 ppm). S1 and S2: plants inoculated and incubated under baseline weather conditions, and then maintained for evaluation under far future weather conditions (S1, 30 °C and [CO2] around 420–450 ppm; S2, 30 °C and elevated [CO2] around 