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Abstract

:

The 2,4-Diacetylphloroglucinol (2,4-DAPG) and phenazine (PCA)-producing Pseudomonas inhibit wheat pathogens’ development, but the relationship between communities of pathogens and genotypes of these bacteria has been little studied. Relationships between wheat crown fungi associated with the presence of 2,4-DAPG and PCA-producing pseudomonads were evaluated in four commercial wheat crops located in the La Araucanía and Los Lagos Regions of Chile, during two crops seasons. Portions of the base of the first internode of the culm collected during the grain-filling stage were cultured in an artificial medium for fungal isolation, while roots of the same wheat plants and from plants collected previous harvest, and also used to assess yield and plant height, were used for the detection of 2,4-DAPG and PCA-producing Pseudomonas spp. using PCR with specific primers. Genera Phaeosphaeria, Fusarium, Rhizoctonia, and Microdochium were repeatedly isolated (52.6%, 22.1%, 7.8%, and 4.9%, respectively) and the genetic composition of 2,4-DAPG and PCA-producing Pseudomonas spp. varied between fields and sampling periods. Genetic groups A, B, D, K, L, and P associated with the phlD gene were detected. The presence of 2,4-DAPG-producing bacteria benefited crop health, relating their existence with increasing yield and plant height, and the reduction in the incidence and severity of disease caused by pathogenic microorganisms on the first internode of wheat culms.
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1. Introduction


The development of efficient strategies for managing diseases in plants requires a comprehension of the relationship between pathogens and other organisms and the environment in which they live. Geographic location, climate, cultural practices, relationships among microorganisms, and environmental conditions, are all factors influencing the fungal diversity and the distribution of plant ecosystems [1,2,3,4].



Soilborne pathogens are difficult to control and management practices, such as crop rotation, use of resistant varieties, and fungicides, have not been highly effective in controlling different crown and root rot pathogens [5,6,7,8]. Therefore, the use of antagonistic microorganisms to control diseases caused by these fungi in wheat might be an efficient alternative for its management [3,8,9,10,11,12,13]. Among the most important groups of antagonistic microorganisms to reduce crown and root rot diseases in wheat are the bacteria of the genus Pseudomonas. These bacteria include widely described species of the P. fluorescens group [4,14,15], which suppress soil pathogens, mainly through the production of diverse classes of antibiotics, such as 2,4-diacethylphloroglucinol (2,4-DAPG), phenazine-1-carboxylic acid (PCA), among others [4,9,12,15,16,17]. These bacteria have a worldwide distribution [18,19], with fluctuations in population size and diversity depending on the geographical location, type of soil, plant species present in the rotation, and the wheat cultivar used [12,20,21]. The existence of different genetic groups based on the gene phlD in the P. fluorescens complex has also been determined [14,16,22,23,24].



Despite the potential of these bacteria in the management of soil phytopathogens, there is no current information on the implication or role played by these microorganisms in the suppression of diseases in wheat crops in South America. In Chile, around 1.5 million tons of wheat is produced on approximately 250,000 hectares. This surface area is mainly concentrated among the Biobío (36°46′ S–73°03′ W), Araucanía (38°54′ S–72°40′ W), Los Ríos (39°48′ S–73°14′ W), and Los Lagos (41°28′ S–72°56′ W) regions. This area is characterized by having soils derived from volcanic ashes (Andisols) that have a high content of organic matter and low pH [25]. These aspects make these soils uncommon around the world. This aspect is relevant when taking into account the recent detection of 2,4-DAPG and PCA-producing bacteria in wheat fields located in this area [26,27]. On the other hand, a recent study evaluated both the distribution and prevalence of the pathogens that cause crown and root rot diseases in commercial wheat crops in southern Chile (Araucanía to Los Lagos region), demonstrating that the severity of these diseases varied between 1.3% and 80% in individual fields. In addition, the most common fungi isolated from individual stems, corresponded to members of the Gaeumannomyces graminis, Fusarium, and Phaeosphaeria (13.9%) complexes [28]. Differences observed in these fields for the populations of fungi present in the first internode of the wheat plants could be influenced by the existence of populations of 2,4-DAPG and PCA-producing bacteria, which might regulate the presence or absence of these phytopathogens in those ecosystems.



Few field studies have evaluated how population dynamics of the 2,4-DAPG and PCA-producing bacteria are environmentally related to both the incidence and severity of different fungi that inhabit the wheat roots, crown, and first internode [29,30,31]. This information would provide relevant information to elaborate biological control strategies for the management of soilborne pathogens. This research was conducted to establish the relationships between species of soilborne fungal pathogens and populations of 2,4 DAPG and PCA-producing Pseudomonas spp. present in four commercial wheat fields in southern Chile. In order to achieve this, species of fungi that colonize the crown and first internode of wheat during the grain-filling stage were identified and quantified. In parallel, the species of 2,4-DAPG-producing Pseudomonas spp. and their genetic diversity were identified based on the use of allele-specific primers of phlD. Several environmental relationships between bacterial antagonists and fungal phytopathogens isolated from this micro-ecosystem that corresponds to the base of the stem of the wheat plant were determined.




2. Materials and Methods


Sampling protocol: Wheat samples were collected from four fields located between 38°22′41.42″ and 40°41′48.36″ South latitude. Two intensive sample surveys were performed during the season 2012/2013 in fields of the Araucanía and Los Lagos Regions (Potrero 11-Perquenco and Retén-Osorno). Two other survey samplings were conducted during the season 2013/2014 in the Araucanía Region in the fields Potrero 13-Perquenco and Cajón-Temuco (Table 1).



In each field, a first sampling was performed during the grain-filling stage (Feekes stage 10.1–10.5) to determine the species of fungi associated with the crown and the 2,4 DAPG and PCA-producing bacteria. Prior to harvest (Feekes stage 11) the presence of 2,4 DAPG-producing bacteria and yield parameters, such as productivity (Ton ha−1) and plant height, were determined. The method consisted of a modification of that proposed by Moya-Elizondo et al. [32]. Briefly, at each sampling point, whole wheat plants, including tillers and roots up to 25 cm deep, were considered. A total of 24 samples of 1 linear m within an 800 m transect were collected. The transect started 30 m from the edge of the crop, and samples were taken every 30 m approximately, varying its direction depending on the topographical conditions of each field. All collected samples were stored at 4 °C until being evaluated.



Prevalence of diseases and damage severity in the stems of each crop: Previously the 24 collected samples from each field were individually separated and washed. Subsequently, 20 culms from each sample with their respective root systems were randomly selected and leaves cleaned to assess disease incidence and severity (480 stems per field). Incidence was determined by counting the number of symptomatic culms from the total stems selected in each sampling point. Severity was determined by using a crown rot rating scale described by Moya-Elizondo et al. [28], which is based on the extent of the culm-darkness on the first internode of each tiller, where: 1 = 0% or without symptoms; 2 = 1 to 25%, 3 = 25 to 50%, 4 = 50 to 75%, and 5 = 75 to 100% of blackening on the first internode of the culm. Additionally, an internode discoloration severity index (IDSI) was calculated by adding the number of plants in each category class, multiplied by the value for each category and dividing this sum by the total number of plants × 5 (number of categories), and finally multiplying the total number by 100 in order to create an IDSI for each sample [28].



Biodiversity of fungi associated with wheat crown: In order to isolate the fungi associated with wheat plants during the grain-filling stage, a segment of 3 mm was removed from the basal part of the first internode of each one of the selected 20 wheat culms of each sample and they were used to assess the presence of fungal pathogen species through culturing on a general media of 20% Potato Dextrose Agar amended with 2% of lactic acid (aPDA). Prior to plating, culm segments were disinfected in 1% sodium hypochlorite for 1 min and rinsed three times in sterile distilled water. Five disinfected segments were placed on a Petri plate with 20% aPDA, using four plates per sample (96 plates per field = 480 stem segments per field). Plates were incubated at 24 ± 1 °C and monitored daily for fungal growth. The resulting fungal colonies were individually re-isolated on PDA to develop monoxenic cultures by taking hyphal tips. Isolates were identified at the genus level, based on their morphological and cultural characteristics, by using taxonomic keys described by Barnett and Hunter [33]. Fusarium isolates were grouped according to their morphological characteristics and identified at the species level by means of the keys described by Nelson et al. [34] and Leslie and Summerell [35]. In parallel, complementing the fungal identification, mycelium from some unidentified fungal isolates was suspended in TE buffer pH 8.0 and stored in 1.5 mL microtubes at 4 °C for subsequent DNA extraction. DNA extraction was performed by means of the method described by Montalva et al. [36]. Fungal DNA was amplified by Polymerase Chain Reaction (PCR) with universal primers 18SF2/pITS4 of the region ITS. This reaction was carried out in a volume of 25 µL per sample. Each sample contained 1 × buffer PCR, MgCl2 2 mM, 200 µM dNTP, 0.4 µM of each primer, 2 U of Taq polymerase DNA (Invitrogen, Carlsbad, EE.UU.), sterile distilled water, and 25 ng µL−1 of fungal isolate DNA. The thermal profile of the 35 PCR cycles (MultiGeneTM Gradient Thermal Cycler, Labnet International Inc., Woodbridge, New Jersey, USA) consisted of an initial denaturation at 94 °C for 3 min, followed by 35 cycles at 94 °C for 30 s, 57 °C for 45 s, 72 °C for 60 s, and the final elongation at 72 °C for 5 min. PCR products were run in 1% agarose gels 0.1 µL ml−1 of ethidium bromide in 0.5 × TBE buffer at 100 V for 20 min. Subsequently, amplicons were observed and photographed in a UV light transilluminator. The identification of Fusarium isolates was corroborated through the utilization of specific primers and methods described by Scott et al. [37]. Isolates from the genus Gaeumannomyces were confirmed by means of the specific primers NS5 and GGT.RP and protocols described by Fouly and Wilkinson [38].



PCR products resulting from DNA amplification of the fungi were submitted for sequencing in both directions to MACROGEN Laboratories (Seoul, Korea). Sequences obtained for each genomic region were compared in their homologies with those existing in the database of the European Bioinformatics Institute (www.ebi.ac.uk) and in the BLAST public database present on the website of the National Center of Biotechnology Information (NCBI) of the United States (http://www.ncbi.nlm.nih.gov/BLAST/ (accessed on 26 January 2022).



Detection and quantification of bacterial populations of 2,4 DAPG and PCA-producing Pseudomonas spp.: Root samples of the previously selected wheat plants were used to identify and to detect 2,4-DAPG and PCA producing Pseudomonas spp., by means of a PCR-based dilution end-point assay proposed by McSpadden Gardener et al. [39]. The detection of 2,4-DAPG-producing Pseudomonas spp. was performed by direct PCR based on the specific primers B2BF/BPR4, designed for identifying phlD, which is key to the production of this antibiotic [40]. In order to identify the populations of PCA-producing bacteria, the specific primers PCA2a/PCA3b designed to identify the gene phzCD involved in PCA synthesis were used, based on protocols described by Raaijmakers et al. [40]. As positive or negative controls for the presence of phlD, strains of P. fluorescens Q8r1 and Woody1R (W1R) were used. On the other hand, for phzCD, strain 2–79 was used. phlD and phzCD control strains were grown in 1/3KB broth at 30 °C for 24 h and stored in 1.5 mL micro-centrifuge tubes containing 300 µL of sterile glycerol at −80 °C.



Genotypes of the populations of Pseudomonas with the gene phlD+ were determined by use of the method proposed by De La Fuente et al. [18], based on amplification of the allele-specific PCR of phlD. This technique allows the detection of genotypes A, B, D, K, L, and P of 2,4-DAPG-producing Pseudomonas, by means of the utilization of the set of primers A-align/A-gen-exten, B-genlong/B2BF, D-gen-2/B2BF, K-gen/BPR4, L1-extent/B2BF, and P-gen/BPR4, respectively.



All primer sequences used in this research are available in Supplementary Table S1.



Statistical analysis: Ecological relationships associated with fungal communities isolated from the first internode of the wheat plants were determined through the calculation of the Shannon–Wiener Index and the ecological indices of abundance and evenness. Differences in the incidence and severity of damage on the culms were analyzed by using the Kruskal–Wallis non-parametric sum rank test. The frequency of pathogens and bacterial populations determined from the 24 sampling points was compared between fields with the Chi-square test (χ2). Spearman correlation tests were used to determine relationships between the incidence and severity of the disease with yield parameters and plant height, as a function of the populations of 2,4 DAPG and PCA-producing bacteria. These non-parametric correlations were determined during grain fill and harvest and considered the total of samples, years of separation, and individual fields. Moreover, both the incidence and severity of the disease in the wheat culms were correlated with the diversity indices of Shannon–Wiener obtained for each sampling point as a function of positive and negative sampling points for 2,4 DAPG and PCA bacteria. These evaluations were performed through the package “Rcmdr” of the R-Software (R Foundation for Statistical Computing, Vienna, Austria). In order to explore relationships between groups of fungi present in the fields under study, a principal component analysis was performed, based on the presence or absence of phlD. Thus, the function “princomp” of the ‘stats’ package was used. All statistical analyses were performed with the statistical packages of R-Software (http://www.r-project.org/ (accessed on 1 October 2017), R Foundation for Statistical Computing, Vienna, Austria).




3. Results


The percentage of samples with the presence of fungi in the first internode of wheat in four commercial fields in southern Chile during the grain-filling period was 67.9% (n = 1920), where fungi of the genus Phaeosphaeria were the most common (54.8% of total isolates), followed by Fusarium spp. (21.4% of total isolates) (Figure 1).



Other recurrently isolated genera were Alternaria (4.35%) and Microdochium nivale (7.78%). Species of the genus Rhizoctonia were isolated from all the analyzed sites in percentages not exceeding 8% of relative abundance. Molecular analyses by amplification of the regions ITS allowed for identifying the presence of the species Ceratobasidium cereale D. Murray & L.L. Burpee (anamorph = R. cerealis van der Hoeven) and Waitea circinata Warcup & Talbot (anamorph = R. oryzae Ryker & Gooch) in the analyzed samples. G. tritici (Ggt), the causal agent of the take-all disease of wheat, was the pathogen isolated with the lowest frequency and the only positive samples were observed in fields sampled during the season 2012–2013 (Potrero 11-Perquenco and El Retén-Osorno). The frequency of Ggt was under 0.5%. Fungal genera generally considered to be non-pathogenic and saprophytic included Acremonium, Chaetomium, Cladosporium, Cylindrocladium, Mucorales, Trichoderma, Ulocladium, and Zygorinchus. Other nonsporulating fungi were isolated, but their importance was low, despite representing values close to 6% of the total isolated fungi. Sequences accessions of the fungal microorganisms identified in this research are available in the GenBank under numbers OM964671-OM964715.



Due to the importance represented by the genus Fusarium in the first internode of wheat culms, identification at species level was conducted, based on morphological analyses using taxonomic keys and shape of both macroconidia and microconidia. Such diagnosis was supported by the amplification of specific primers of some Fusarium isolates that presented similar characteristics of color and growth on PDA medium. The presence of several species was determined (Table 2), where F. dimerum (8.1%), F. culmorum (2.6%), F. avenaceum (2.5%), F. oxysporum (1.9%), F. acuminatum (1.5%), F. graminearum (1.3%), and F. solani (0.4%) were highlighted. Other species isolated from the first internode that corresponded to rare or saprophytic species in wheat plants, such as F. chlamidosporium, F. equiseti, F. lateridium, F. proliferatum, F. semitectum, and F. subglutinans, were isolated. Other Fusarium species that could not be identified, despite averaging 3.9% of the total, had a low level of importance within the sampling performed in the studied fields.



The diversity of the fungal community that colonized the first internode of the wheat plant and which was able to be cultured on aPDA was represented on the basis of the Shannon–Wiener diversity index and values of abundance and evenness of species (Table 3). The greatest diversity of fungus was presented in the Cajón-Temuco field, whereas that located in El Retén-Osorno had a lower diversity index value (2.33 and 1.39, respectively). The opposite results were observed in the abundance of species, where El Retén-Osorno presented the highest values with 404 isolates compared, for instance, with Potrero 13 Perquenco, which obtained the lowest values with 262 fungal isolates. On the other hand, the evenness was greater in geographically closer fields, such as Potrero 11 and 13 from Perquenco and Cajón-Temuco than that from El Retén-Osorno. Statistically significant differences between fields were only observed for the abundance according to the χ2 (p < 0.001) test.



Both the incidence and severity of damage on the first internode of the stem assessed during the grain-filling period presented significant differences among the fields and between sampling years (p < 0.05) (Figure 2). The incidence of damage caused by phytopathogens in the first internode varied between 33% and 97%, whereas the severity of the disease (IDSI) presented a variation between 9% and 48%. Fields sampled during the season 2012/2013 presented a greater incidence of affected culms than those collected during the season 2013/2014.



3.1. Detection and Quantification of 2,4 DAPG and PCA-Producing Pseudomonas spp.


2,4-DAPG-producing Pseudomonas spp. were detected more frequently than PCA-producing Pseudomonas spp., where statistically significant differences between fields were observed for the frequency of positive sampling points to the presence of both antimicrobial genes (phlD and phzCD) (p < 0.05; Table 4). The number of sampling points positive for the presence of phlD did not present major variations during the grain-filling stage and harvesting, nevertheless, there were differences between fields (p < 0.05). However, in three of the fields under study (Potrero 11-Perquenco, Cajón-Temuco, and Potrero 13-Perquenco) a higher percentage of phlD-positive sampling points during the grain-filling stage was observed. Only in the field of Potrero 13-Perquenco was a higher frequency of phlD-positive sampling points during the harvest period (96%) observed.



PCA-producing Pseudomonas spp. were detected in three of the four fields under study. Overall, the average percentage of PCA-positive sampling points for the four fields were 22% and 16% in the grain-filling and harvesting periods, respectively (Table 4). The highest percentage of positive sampling points for phzCD was determined in Potrero 11-Perquenco, with 83% and 50% of positive samples in grain fill and harvest, respectively.



Total population densities of bacteria in samples of rhizospheres from the sampled fields were high, using the PCR endpoint assay the population of phlD-producing bacteria did not overpass 105 CFU g−1 during both sampling periods.




3.2. Genotypic Diversity of the Gene phlD+ in Sampling Sites


In this study, the presence of the genetic groups A, B, D, K, L, and P was detected by using genotype allele-specific PCR detection for the six genotypes of phlD. Variation in the genetic composition of the bacterial populations with phlD+ between fields and the phenological stage of wheat plants was observed (Figure 3). The Potrero 11-Perquenco field evidenced the presence of the genotypes A, B, D, K, and L, but only genotypes A and D were only identified during the period of grain fill and harvest, respectively. Similarly, the Potrero 13-Perquenco field presented the lowest variability of genetic groups, because only genotypes L and P were detected, while during the harvest period only the presence of genotype L was detected. The field from Cajón-Temuco evidenced the presence of all six genotypic groups in the grain-filling period, though genotype B was not detected during the harvest stage.




3.3. Relation between the Prevalence of Phytopathogens (Incidence and Severity) and Yield Variables in Sampling Points with and without Populations of 2,4 DAPG-Producing Pseudomonas


Variable relations were observed when the positive and negative sampling points to the presence of bacterial populations with phlD were considered. In general, by considering the total of samples collected (96 sampling points), high positive correlations between yield and incidence were observed (Spearman coefficient r = 0.59; p < 0.001) and the same was observed when the presence or absence of bacterial populations with phlD was considered (Table 5). Plant height presented negative correlations with the incidence in those negative-phlD sampling points for phlD during the grain-filling period (Spearman coefficient r = −0.39; p = 0.006), whereas no significant correlations were observed when positive sampling points were considered. These results were influenced by the effect of the sampling season, in which the yield presented negative correlations to incidence only during the season 2013/2014 (Spearman coefficient r = −0.39; p = 0.006), and this correlation was influenced by the presence of negative sites to phlD bacterial population during the grain-filling period (Spearman coefficient r = −0–65; p = 0.002; Table 5). Plant height was correlated in a contrasting way depending on the season because during the season 2012/2013, negative correlations for all evaluations performed were found, whereas in the following season a positive correlation was observed when the total samples were considered (Spearman coefficient r = 0.42; p = 0.003), but when presence or absence of bacterial populations with phlD was considered this correlation was not significant (Table 5). Independent analysis per field showed a low correlation between incidence and the variables analyzed in the study (data not shown), probably associated with the reduced number of samples collected from each field (24 sampling points per field).



Likewise, the severity was positively correlated to the yield by considering the total samples (96 sampling points) as a function of summing positive and negative sampling points to the presence of bacterial population with phlD (Spearman coefficient r = 0.61; p < 0.001). However, by analyzing the results per sampling year no significant correlations were observed between severity and yield during the season 2012/2013, while during the seasons 2013/2014, a negative correlation was observed when the absence of bacteria with phlD was considered (Spearman coefficient r = 0.57: p = 0.007; Table 5). Those sampling points, in which the presence of populations of Pseudomonas complex with phlD was determined, evidenced no significant correlations with yield during both seasons. The plant height evidenced a negative correlation in those sampling points without the presence of bacterial populations with phlD (r = −0.33; p = 0.021; Table 5). Significant negative correlations between disease severity and plant height were only observed during the season 2012/2013 for sites with the presence and absence of bacterial populations with phlD because during season 2013/2014, correlations were not significant. Analogous to the results observed in the relationships of incidence, the independent analysis by field demonstrated a low correlation between severity versus the analyzed variables (data not shown).




3.4. Relation between Prevalence of Phytopathogens (Incidence and Severity) and Diversity of Fungi in Sampling Points with and without Populations of 2,4 DAPG Producing Pseudomonas


Data for the incidence and severity of fungal microorganisms obtained from each sampling point in the wheat culms tillers were correlated to each other and with the diversity indices of Shannon–Wiener, observing a negative correlation between incidence and diversity (Spearman coefficient r = −0.339: p > 0.001) and between severity and diversity (Spearman coefficient r = −0.372: p > 0.001). This correlation was maintained by considering those sampling points with phlD+ (Spearman coefficientincidence r = −0.470: p < 0.001 and Spearman coefficientseverity r = −0.483: p < 0.001), while this correlation was not observed for those sampling points negative to phlD. These results suggested that by increasing the diversity of fungi in the wheat crown in presence of phlD+ bacteria (Spearman coefficientincidence r = −0.141: p = 0.338 and Spearman coefficientseverity r = −0.189: p = 0.199), a decrease in the incidence and severity of the damage in the first internode of the wheat plants was produced.



Considering that the field Potrero 11-Perquenco presented a high prevalence of sites positive to the phenazine gene (phzCD), correlations between parameters of prevalence and diversity were performed, where similar trends to those for phdlD were observed (positive sampling points, Spearman coefficientincidence r = −0.50: p = 0.03 and Spearman coefficientseverity r = −0.63: p = 0.003).



Principal components analysis (Figure 4) revealed that the fields presented different compositions of fungal populations and only one grouping for fields Potrero 11 and 13 from the Perquenco area was observed in those sites with bacterial populations of phlD+. In addition, a negative relationship between populations of Fusarium and Rhizoctonia was observed in sampling points without populations of Pseudomonas with phlD, despite the fact that coexistence in sampling points with the presence of the gene was also observed. These results suggested the existence of an interaction between both populations of wheat pathogens, which may be regulated by the presence of these beneficial bacteria. An inversely proportional relationship was observed between saprophytic or nonpathogenic fungi and G. tritici (Ggt, Figure 4B), whereas this relation was not observed when bacterial population with phlD was present (Figure 4A).





4. Discussion


The fungal diversity associated with roots, crown, and first internodes of wheat plants in commercial fields has not been frequently studied, because the objective has been to determine the frequency of phytopathogenic fungi in different wheat production areas of global importance [2,31,32,41,42,43,44,45], as well as in Chile [28]. Additionally, this research corresponds to the first study that relates the presence of 2,4-DAPG and PCA-producing bacteria in the roots with the diversity of fungal populations that inhabit the base of the first internode of the wheat plant under field conditions. For this reason, this research provides relevant information concerning the situation presented in southern Chile.



Most genera and species of fungi found in this study have already been associated with the root and crown of wheat in other studies [2,28,32,42,43,44,45]. It should be noted that fungi of the genus Phaeosphaeria (P. nodorum and P. pontiformis) were the most frequently isolated in the four fields (72% of incidence in the culms analyzed in Osorno, El Retén). Fusarium species, such as F. dimerum, F. oxysporum, F. acuminatum, and F. solani, considered to be saprophytic or weak pathogens and pathogenic, such as F. culmorum, F. avenaceum, and F. graminearum, associated with Fusarium crown or root rot of wheat were commonly isolated. The presence of Ceratobasidium cereale (syn. Rhizoctonia cerealis) and Waitea circinata (Syn. R oryzae) associated with the first internode of wheat stems was also determined. Gaeumannomyces tritici was observed only in the two fields studied during the season 2012/2013, although has been reported as one of the most important and common pathogens to be found in wheat crops around the world [46] and in southern Chile [27,47,48]. Environmental conditions could also be influencing the colonization of wheat plant pathogens. Higher temperatures and lower rainfall observed during the crop season 2013/2014 in southern Chile, when the presence of G. tritici was not found, could allow for species adapted to drier conditions to predominate, such as the Fusarium species. In addition, 2,4 DAPG-producing bacteria have been associated with the suppression of take-all disease [3,6,9,12,18,27]. In our research, the presence of these bacteria in the sampled fields was determined, a fact that could also explain the low incidence of G. tritici.



The difference determined by principal component analysis of the interaction between populations of Fusarium and Rhizoctonia in sampling points with and without the presence of bacterial populations with phlD+ suggested that there is a relationship between both populations of wheat pathogens that may be regulated by the presence of these beneficial bacteria. To determine this relationship will require conducting interaction studies that analyze how these bacterial populations regulate the interaction between phytopathogens that compete for the same ecological niche. This is important, especially considering previous interaction studies between F. pseudograminearum and Bipolaris sorokiniana, which proved that different levels of one or another phytopathogen prevent the infection of the other in the first internode of the wheat plant. Nevertheless, F. pseudograminearum is capable of colonizing the first internode and reducing the populations of B. sorokiniana when both are co-inoculated [49]. How this dynamic occurs between species of Fusarium and Rhizoctonia will also need to be explored.



The ecological analysis indicated that the fungal diversity level in the base of the first internode presented normal values in fields Potrero 11-Perquenco and Cajón-Temuco, and low values in Potrero 13-Perquenco and El Retén-Osorno (Table 3), considering that Shannon–Wiener diversity index values range from 0 to 5 and usual ranging from 1.5 to 3.5. These values of diversity are higher than those described in soils with wheat crops in Australia and close to those observed in culms, leaves, and roots by Vujanovic [2].



The presence in the studied fields of bacteria populations with phlD+, which is associated mainly with the production of 2,4 DAPG in the rhizosphere of wheat plants, could explain, in part, the previous results. In the fields in which the presence of these bacteria was determined more frequently, a lower incidence and severity of damage in the first internode of wheat plants was observed. On the other hand, these relations were not observed in those sampling points in which the presence of phlD was not determined, indicating that in order for the positive effect of the diversity of species to be effective, the presence of antagonistic bacteria or other microorganisms that colonize the roots or crown of wheat plants is required. These results support those reported by Penton et al. [31], who proposed the need for including broad studies of the communities of fungi and bacteria associated with the suppression and the development of the crown and root rot diseases in order to obtain a complete comprehension of this phenomenon. Other authors have indicated that the suppression of diseases in the soil is determined by a change in the composition of the bacterial populations [4,31,50,51]. For instance, Schreiner et al. [50] working on barley in soils with take-all decline determined by means of molecular techniques (TRFLP and microarrays), found that the dynamics of the bacterial population varied according to the crop cycle, such that Actinobacteria prevailed during the first vegetative cycle of the crop, followed by populations of Proteobacteria, Bacteroidetes, Chloroflexi, Planctomycetes, and Acidobacteria at the time in which the disease was more severe, and finishing with a prevalence of Protobacteria during the declining cycle of the disease. In the present work, where only Pseudomonas that have genes associated with the production of antibiotics, such as 2,4 DAPG and PCA, were analyzed. Nevertheless, it is necessary to appreciate that these bacterial populations and compounds are among the most important antimicrobial compounds involved in the biological control of soil pathogens in wheat [18,52].



Bacteria with genes associated with the production of 2,4 DAPG were detected more frequently than PCA, suggesting that in the soils of southern Chile there is a predominance of 2,4 DAPG-producing Pseudomonas. This is similar to that reported by Raaijmakers et al. [40], who determined that 2,4 DAPG-producing bacteria were present in all soils with a take-all decline in the United States, but not phenazine-producing bacteria. PCA-producing bacteria associated with suppressive soils have been found with more frequent prevalence in soils from China [53] and the United States [54], suggesting that different patterns associated with the origin and conditions of these suppressive soils are associated with the populations of microorganisms that form them. It should be noted that the Chilean sampled fields had no history of soils suppressive to G. tritici, although experiments under controlled conditions carried out in our lab have demonstrated the capacity of inducing the phenomenon of take-all decline in these soils (data not published). These results also support the hypothesis that PCA-producing Pseudomonas spp. are adapted only to grow and survive in the rhizosphere of wheat plants under water-stress conditions, being that soil humidity is an important abiotic factor that regulates the development of PCA-producing bacteria [30,54].



The phlD-producing bacteria populations observed in our study (105 CFU g of roots−1) were similar to those reported in other studies that used the same counting methodology as used in this research [18,30]. Most of the soils in southern Chile, just as those sampled in this study, correspond to allophanic Andisol soils that present a high content of organic matter, which promotes the population of microorganisms within them. Moreover, allophonic Andisol soils present low pH, associated with the high rainfall of the area and their origin from volcanic ashes [25]. The acidic reaction of the soil could also explain the predominance of Pseudomonas with phlD+, considering that when the pH of the soil is decreased, the abundance of these bacteria is increased [21].



Genetic diversity of populations of 2,4 DAPG-producing Pseudomonas spp. has been previously described on wheat [40,55]. In this study, the presence of bacterial populations of the genotypes A, B, D, K, L, and P was determined during the grain-filling and harvesting period, which is the first study about the genetic groups of 2,4 DAPG-producing bacteria in Chile. Differences in the genetic composition of the fields analyzed in this study were observed, which is commonly noted in suppressive soils where the presence of multiple genotypes has been determined, and generally with the presence of a predominant genotype [16,18,29,56]. In the present study, genotype B was the most common to be found during the season 2012/2013, and genotype L was the most common during the season 2013/2014. It has been determined that several genotypes can be present in the soil in a given place, though generally there are one or two predominant genotypes in that soil [57]. Our results differ from those observed in studies conducted in the United States, where the main genotype found in suppressive soils is D [40,57]. It is clear that crop management factors, such as species used in rotation [16] or the wheat cultivar used [56,58], can influence the genetic composition of the populations of 2,4 DAPG-producing Pseudomonas. Fields analyzed presented differences in terms of rotations and genotypes of wheat used (Table 1), which could explain the differences in the observed genetic groups; for example, genotype B predominated in the field Retén-Osorno, whereas genotype L occurred in Cajón-Temuco. In addition, a greater genetic diversity was observed in the latter. Rotations performed in the fields sampled in this study correspond to those commonly used in the area and generally include several years of different cereals (wheat, oat, barley, and triticale), naturalized pastures, leguminous species, such as lupine or even Brassicas, in which the canola crop (Brassica napus var. oleifera) is commonly used.



It is important to note that the species of crops that grow in a given field enriches certain genotypes of 2,4-DAPG producing Pseudomonas [24,57], and these enrichments can be interrupted according to the species or crop used in the rotation [59]. Genotypes B and L have been frequently associated with wheat [55], though genotype B has also been associated with pea [24]. These results could explain the high frequency of these genotypes in the analyzed fields, though it has been determined that these genotypes present a lower capacity in order to compete in the rhizosphere than genotype D [24] so that wheat monoculture in southern Chile soils could produce an increase in the frequency of the genotype D. While genotype A is widely distributed worldwide, presence of genotype K is very uncommon and this genotype has been only described in soils from Ireland [18]. Interestingly, Irish soils are originated from volcanic ashes, such as the allophanic Andisol soils from southern Chile, which suggests that this uncommon genotype could be more prevalent in this type of soil.



The incidence and severity negatively affected parameters of plant height and yield in those sampling points without the presence of populations of phlD+ bacteria. However, some of these correlations were not observed when phlD+ sampling points were considered (Table 5), suggesting that the presence of bacteria with this gene in the wheat rhizosphere present a positive effect on the protection of the crop by increasing plant height and yield.



Weather conditions could have an influence on the correlations observed among incidence, severity, and parameters of yield and plant heights, because some of the significant results observed by analyzing the whole set of data were not matched by separating results per sampling year; i.e., correlations of incidence and severity with yield were only significant during the season 2013/2014. In addition, by analyzing results per field, a positive and significant correlation was observed in the Retén-Osorno field (data unshown). This was also the field where the lowest frequency of bacteria Pseudomonas phlD+ was observed, though it was also observed in Potrero 13-Perquenco when negative sites to the presence of bacterial populations with the gene were correlated with incidence and severity. Notwithstanding the above, the relationships observed in this research can be influenced by being dependent on the different wheat cultivars used, or by the different agricultural practices used by farmers in each field. Therefore, further research is necessary to explain some of the relationships observed in this study.



Investigations on microbial communities in suppressive soils have been focused mainly on the study of the fungi and bacteria of the soil [31,50,60]. Relevant information on fungal diversity associated with the base of the internode of wheat, as well as the genotypes of Pseudomonas with phlD+ present in southern Chile, are provided in this study, which is the first evidence for South America about the diversity of such groups associated with wheat. On the other hand, relationships between the diversity of fungi of the first internode and the presence of phlD+ bacteria were established. These relationships suggest a positive effect on the reduction in both the incidence and severity of wheat pathogens. Comprehension of the biodiversity of these relationships is key to the development of biological control strategies that utilize a mixture of compatible antagonists for the suppression of the main fungal diseases that affect the crown and roots of wheat.




5. Conclusions


Bacteria with genes associated with the production of 2,4-DAPG presented a higher frequency of isolation from wheat plants grown in the allophanic Andisol soils of southern Chile.



Pseudomonas bacteria of the genetic groups A, B, D, K, L., and P were detected in fields with commercial wheat crops established in allophanic Andisols soils in southern Chile, observing a variation in the genetic composition between fields and sampling years and plant stages.



The presence of 2,4 DAPG bacteria in the rhizosphere of wheat plants had a positive effect on the health of the crop, avoiding decreases in yield and height of plants caused by an increase in the incidence and severity of microorganisms in the crown, also a synergistic effect with microorganisms’ diversity was observed. A lower incidence and severity were observed in those fields that presented a greater diversity of crown fungi and frequency of positive sites for 2,4-DAPG-producing bacteria.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/agronomy12030710/s1, Table S1: List of PCR primers used in this study.





Author Contributions


Conceptualization, E.A.M.-E.; methodology, E.A.M.-E. and N.L.A.; formal analysis, H.A.D. and E.A.M.-E.; investigation, H.A.D., N.L.A. and E.A.M.-E.; resources, E.A.M.-E.; writing—original draft preparation, H.A.D.; writing—review and editing, E.A.M.-E.; supervision, N.L.A. and E.A.M.-E.; project administration, E.A.M.-E.; funding acquisition, E.A.M.-E. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Initiation FONDECYT Grant Nº 11110105, “Take all decline (TAD) and effect of plant extract on bacterial population associates with this phenomenon in wheat crop farms in Southern Chile”.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


Authors would like to thank Barry J. Jacobsen from Montana State University for his time, useful comments, and assistance in the preparation of this article. In addition, the authors would like to recognize that bacterial control strains were provided by courtesy of Brian McSpadden Gardener from Ohio State University, and David Weller and Patricia Okubara from the USDA-ARS group at Washington State University in the United States, respectively.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bellgard, S.E.; Williams, S.E. Response of mycorrhizal diversity to current climatic changes. Diversity 2011, 3, 8–90. [Google Scholar] [CrossRef]

	



Vujanovic, V. Fungal communities associated with durum wheat production system: A characterization by growth stage, plant organ and preceding crop. Crop Prot. 2012, 37, 26–34. [Google Scholar] [CrossRef]

	



Durán, P.; Tortella, G.; Viscardi, S.; Barra, P.J.; Carrión, V.J.; Mora, M.L.; Pozo, M.J. Microbial community composition in Take-All suppressive soils. Front. Microbiol. 2018, 9, 2198. [Google Scholar] [CrossRef] [PubMed]

	



Thomashow, L.S.; Kwak, Y.-S.; Weller, D.M. Root-associated microbes in sustainable agriculture: Models, metabolites and mechanisms. Pest Manag. Sci. 2019, 75, 2360–2367. [Google Scholar] [CrossRef] [PubMed]

	



Scherm, B.; Balmas, V.; Spanu, F.; Pani, G.; Delogu, G.; Pasquali, M.; Migheli, Q. Fusarium culmorum: Causal agent of foot and root rot and head blight on wheat. Mol. Plant Pathol. 2013, 14, 323–341. [Google Scholar] [CrossRef]

	



Weller, D.M. Take-all decline and beneficial pseudomonads. In Principles of Plant-Microbe Interactions; Microbes For Sustainable Agriculture, 1st ed.; Lugtenberg, B., Ed.; Springer International Publishing: Cham, Switzerland, 2015; pp. 363–370. [Google Scholar] [CrossRef]

	



Hansen, J.C.; Schillinger, W.F.; Sullivan, T.S.; Paulitz, T.C. Soil microbial biomass and fungi reduced with canola introduced into long-term monoculture wheat rotations. Front. Microbiol. 2019, 10, 1488. [Google Scholar] [CrossRef]

	



Castro, M.P.; Madariaga, R.P.; Ruiz, B.E.; Vargas, M.; Vera, C.; Moya-Elizondo, E.A. Antagonistic activity of Chilean strains of Pseudomonas protegens against fungi causing crown and root rot of wheat (Triticum aestivum L.). Front. Plant Sci. 2020, 11, 951. [Google Scholar] [CrossRef]

	



Raaijmakers, J.M.; Paulitz, T.C.; Steinberg, C.; Alabouvette, C.; Moënne-Loccoz, Y. The rhizosphere: A playground and battlefield for soilborne pathogens and beneficial microorganisms. Plant Soil 2008, 321, 341–361. [Google Scholar] [CrossRef]

	



Expósito, R.G.; De Bruijn, I.; Postma, J.; Raaijmakers, J.M. Current insights into the role of rhizosphere bacteria in disease suppressive soils. Front. Microbiol. 2017, 8, 2529. [Google Scholar] [CrossRef]

	



Imperiali, N.; Chiriboga, X.; Schlaeppi, K.; Fesselet, M.; Villacrés, D.; Jaffuel, G.; Bender, S.F.; Dennert, F.; Blanco-Pérez, R.; van der Heijden, M.G.A.; et al. Combined field inoculations of Pseudomonas bacteria, arbuscular mycorrhizal fungi, and entomopathogenic nematodes and their effects on wheat performance. Front. Plant Sci. 2017, 8, 1809. [Google Scholar] [CrossRef]

	



Yang, M.M.; Mavrodi, D.M.; Thomashow, L.S.; Weller, D.M. Differential response of wheat cultivars to Pseudomonas brassicacearum and Take-all decline soil. Phytopathology 2018, 108, 1363–1372. [Google Scholar] [CrossRef] [PubMed]

	



Vera, C.; Madariaga, R.; Gerding, M.; Ruiz, B.; Moya-Elizondo, E.A. Integration between Pseudomonas protegens strains and fluquinconazole for the control of take-all in wheat. Crop Prot. 2019, 121, 163–172. [Google Scholar] [CrossRef]

	



Ramette, A.; Frapolli, M.; Saux, M.F.; Le Gruffaz, C.; Meyer, J.M.; Défago, G.; Sutra, L.; Moënne-Loccoz, Y. Pseudomonas protegens sp. nov., widespread plant-protecting bacteria producing the biocontrol compounds 2,4-diacetylphloroglucinol and pyoluteorin. Syst. Appl. Microbiol. 2011, 34, 180–188. [Google Scholar] [CrossRef] [PubMed]

	



Loper, J.E.; Hassan, K.A.; Mavrodi, D.V.; Davis, E.W.; Lim, C.K.; Shaffer, B.T.; Elbourne, L.D.H.; Stockwell, V.O.; Hartney, S.L.; Breakwell, K.; et al. Comparative genomics of plant-associated Pseudomonas spp.: Insights into diversity and inheritance of traits involved in multitrophic interactions. PLoS Genet. 2012, 8, e1002784. [Google Scholar] [CrossRef] [PubMed]

	



De La Fuente, L.; Landa, B.B.; Weller, D.M. Host crop affects rhizosphere colonization and competitiveness of 2,4-diacetylphloroglucinol-producing Pseudomonas fluorescens. Phytopathology 2006, 96, 751–762. [Google Scholar] [CrossRef] [PubMed]

	



Haas, D.; Défago, G. Biological control of soil-borne pathogens by fluorescent pseudomonads. Nat. Rev. Microbiol. 2005, 3, 307–319. [Google Scholar] [CrossRef]

	



De La Fuente, L.; Mavrodi, D.V.; Landa, B.B.; Thomashow, L.S.; Weller, D.M. phID-based genetic diversity and detection of genotypes of 2,4-diacetylphloroglucinol-producing Pseudomonas fluorescens. FEMS Microbiol. Ecol. 2006, 56, 64–78. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.; Ramette, A.; Punjasamarnwong, P.; Zala, M.; Natsch, A.; Moënne-Loccoz, Y.; Défago, G. Cosmopolitan distribution of phlD-containing dicotyledonous crop-associated biocontrol pseudomonads of worldwide origin. FEMS Microbiol. Ecol. 2001, 37, 105–116. [Google Scholar] [CrossRef]

	



Meyer, J.B.; Lutz, M.P.; Frapolli, M.; Péchy-Tarr, M.; Rochat, L.; Keel, C.; Défago, G.; Maurhofer, M. Interplay between wheat cultivars, biocontrol pseudomonads, and soil. Appl. Environ. Microbiol. 2010, 76, 6196–6204. [Google Scholar] [CrossRef]

	



Rotenberg, D.; Joshi, R.; Benitez, M.-S.; Chapin, L.G.; Camp, A.; Zumpetta, C.; Osborne, A.; Dick, W.A.; McSpadden Gardener, B.B. Farm management effects on rhizosphere colonization by native populations of 2,4-diacetylphloroglucinol-producing Pseudomonas spp. and their contributions to crop health. Phytopathology 2007, 97, 756–766. [Google Scholar] [CrossRef]

	



Von Felten, A.; Meyer, J.B.; Défago, G.; Maurhofer, M. Novel T-RFLP method to investigate six main groups of 2,4-diacetylphloroglucinol-producing pseudomonads in environmental samples. J. Microbiol. Methods 2011, 84, 379–387. [Google Scholar] [CrossRef] [PubMed]

	



McSpadden Gardener, B.B.; Schroeder, K.L.; Kalloger, S.E.; Raaijmakers, J.M.; Thomashow, L.S.; Weller, D.M. Genotypic and phenotypic diversity of phlD-containing Pseudomonas strains isolated from the rhizosphere of wheat. Appl. Environ. Microbiol. 2000, 66, 1939–1946. [Google Scholar] [CrossRef] [PubMed]

	



Landa, B.B.; Mavrodi, O.V.; Schroeder, K.L.; Allende-Molar, R.; Weller, D.M. Enrichment and genotypic diversity of phlD-containing fluorescent Pseudomonas spp. in two soils after a century of wheat and flax monoculture. FEMS Microbiol. Ecol. 2006, 55, 351–368. [Google Scholar] [CrossRef] [PubMed]

	



Huygens, D.; Boeckx, P.; Van Cleemput, O.; Oyarzún, C.; Godoy, R. Aggregate and soil organic carbon dynamics in South Chilean Andisols. Biogeosciences 2005, 2, 159–174. [Google Scholar] [CrossRef]

	



Moya-Elizondo, E.A.; Cattan Suitter, N.; Arismendi, N.L.; Doussoulin, H.A. Determination of 2,4-diacetylphloroglucinol (2,4-DAPG) and phenazine-producing Pseudomonas spp. in wheat crops in southern Chile. Phytopathology 2013, 103, S100. [Google Scholar]

	



Durán, P.; Jorquera, M.; Viscardi, S.; Carrion, V.J.; Mora, M.L.; Pozo, M.J. Screening and characterization of potentially suppressive soils against Gaeumannomyces graminis under extensive wheat cropping by Chilean indigenous communities. Front. Microbiol. 2017, 8, 1552. [Google Scholar] [CrossRef]

	



Moya-Elizondo, E.A.; Arismendi, N.L.; Castro, M.P.; Doussoulin, H.A. Distribution and prevalence of crown rot pathogens affecting wheat crops in southern Chile. Chil. J. Agric. Res. 2015, 75, 78–84. [Google Scholar] [CrossRef]

	



De Souza, J.T.; Arnould, C.; Deulvot, C.; Lemanceau, P.; Gianinazzi-Pearson, V.; Raaijmakers, J.M. Effect of 2,4-diacetylphloroglucinol on Pythium: Cellular responses and variation in sensitivity among propagules and species. Phytopathology 2003, 93, 966–975. [Google Scholar] [CrossRef]

	



Mavrodi, D.V.; Mavrodi, O.V.; Parejko, J.A.; Bonsall, R.F.; Kwak, Y.; Paulitz, T.C.; Thomashow, L.S.; Weller, D.M. Accumulation of the antibiotic phenazine-1-carboxylic acid in the rhizosphere of dryland cereals. Appl. Environ. Microbiol. 2012, 78, 804–812. [Google Scholar] [CrossRef]

	



Penton, C.R.; Gupta, V.V.S.R.; Tiedje, J.M.; Neate, S.M.; Ophel-Keller, K.; Gillings, M.; Harvey, P.; Pham, A.; Roget, D.K. Fungal community structure in disease suppressive soils assessed by 28S LSU gene sequencing. PLoS ONE 2014, 9, e93893. [Google Scholar] [CrossRef]

	



Moya-Elizondo, E.A.; Rew, L.J.; Jacobsen, B.J.; Hogg, A.C.; Dyer, A.T. Distribution and prevalence of Fusarium crown rot and common root rot pathogens of wheat in Montana. Plant Dis. 2011, 95, 1099–1108. [Google Scholar] [CrossRef] [PubMed]

	



Barnett, H.L.; Hunter, B.B. Illustrated Genera of Imperfect Fungi, 4th ed.; The American Phytopathological Society: St. Paul, MN, USA, 2006; p. 218. [Google Scholar]

	



Nelson, P.E.; Toussoun, T.A.; Marasas, W.F.O. Fusarium Species: An Illustrated Manual for Identification, 1st ed.; The Pennsylvania State University Press: University Park, PA, USA, 1983; p. 193. [Google Scholar]

	



Leslie, J.F.; Summerell, B.A. The Fusarium Laboratory Manual, 1st ed.; Blackwell Publishing Ltd.: Ames, IA, USA, 2008; p. 388. [Google Scholar]

	



Montalva, C.; Arismendi, N.L.; Barta, M.; Rojas, E. Molecular differentiation of recently described Neozygites osornensis (Neozygitales: Neozygitaceae) from two morphologically similar species. J. Invertebr. Pathol. 2014, 115, 92–94. [Google Scholar] [CrossRef] [PubMed]

	



Scott, J.; Akinsanmi, O.; Mitter, V.; Simpfendorfer, S.; Dill-Macky, R.; Chakraborty, S. Prevalence of Fusarium crown rot pathogens of wheat in southern Queensland and northern New South Wales. In Proceedings of the 4th International Crop Science Congress, Brisbane, Australia, 26 September–1 October 2004. [Google Scholar]

	



Fouly, H.M.; Wilkinson, H.T. Detection of Gaeumannomyces graminis varieties using Polymerase Chain Reaction with variety-specific primers. Plant Dis. 2000, 84, 947–951. [Google Scholar] [CrossRef] [PubMed]

	



McSpadden Gardener, B.B.; Mavrodi, D.V.; Thomashow, L.S.; Weller, D.M. A rapid polymerase chain reaction-based assay characterizing rhizosphere populations of 2,4-diacetylphloroglucinol-producing bacteria. Phytopathology 2001, 91, 44–54. [Google Scholar] [CrossRef] [PubMed]

	



Raaijmakers, J.M.; Weller, D.M.; Thomashow, L.S. Frequency of antibiotic-producing Pseudomonas spp. in natural environments. Appl. Environ. Microbiol. 1997, 63, 881–887. [Google Scholar] [CrossRef] [PubMed]

	



Gargouri, S.; Khemir, E.; Souissi, A.; Paulitz, T.C.; Murray, T.D.; Fakhfakh, M.; Achour, I.; Chekali, S.; Mliki, Y.; Burgess, L.W. Survey of take-all (Gaeumannomyces tritici) on cereals in Tunisia and impact of crop sequences. Crop Prot. 2020, 135, 105189. [Google Scholar] [CrossRef]

	



Özer, G.; Paulitz, T.C.; Imren, M.; Alkan, M.; Muminjanov, H.; Dababat, A.A. Identity and pathogenicity of fungi associated with crown and root rot of dryland winter wheat in Azerbaijan. Plant Dis. 2020, 104, 2149–2157. [Google Scholar] [CrossRef]

	



Shikur Gebremariam, E.; Sharma-Poudyal, D.; Paulitz, T.C.; Erginbas-Orakci, G.; Karakaya, A.; Dababat, A.A. Identity and pathogenicity of Fusarium species associated with crown rot on wheat (Triticum spp.) in Turkey. Eur. J. Plant Pathol. 2018, 150, 387–399. [Google Scholar] [CrossRef]

	



Poole, G.J.; Smiley, R.W.; Walker, C.; Huggins, D.; Rupp, R.; Abatzoglou, J.; Garland-Campbell, K.; Paulitz, T.C. Effect of climate on the distribution of Fusarium spp. causing crown rot of wheat in the Pacific Northwest of the United States. Phytopathology 2013, 103, 1130–1140. [Google Scholar] [CrossRef]

	



Smiley, R.W.; Gourlie, J.A.; Easley, S.A.; Patterson, L.M.; Whittaker, R.G. Crop damage estimates for crown rot of wheat and barley in the Pacific Northwest. Plant Dis. 2005, 89, 595–604. [Google Scholar] [CrossRef]

	



Cook, R.J. Fusarium root, crown, and foot rots and associated seedling diseases. In Compendium of Wheat Diseases and Pests, 3rd ed.; Bockus, W., Bowden, R., Hunger, R., Morrill, W., Murray, T., Smiley, R., Eds.; The Pennsylvania State University Press: University Park, PA, USA, 2010; pp. 37–39. [Google Scholar]

	



Andrade, O.; Campillo, R.; Peyrelongue, A.; Barrientos, L. Soils suppressive against Gaeumannomyces graminis var. tritici identified under wheat crop monoculture in southern Chile. Cienc. Investig. Agrar. 2011, 38, 345–356. [Google Scholar] [CrossRef]

	



Campillo, R.; Andrade, O.; Contreras, E. Variaciones del contenido de Mn de dos suelos sometidos a esterilización y su efecto sobre la pudrición radical del trigo o “mal de pie”. Agric. Téc. 2001, 61, 339–351. [Google Scholar] [CrossRef]

	



Moya-Elizondo, E.A.; Jacobsen, B.J.; Hogg, A.C.; Dyer, A.T. Population dynamics between Fusarium pseudograminearum and Bipolaris sorokiniana in wheat stems using Real-Time qPCR. Plant Dis. 2011, 95, 1089–1098. [Google Scholar] [CrossRef]

	



Schreiner, K.; Hagn, A.; Kyselková, M.; Moënne-Loccoz, Y.; Welzl, G.; Munch, J.C.; Schloter, M. Comparison of barley succession and Take-all disease as environmental factors shaping the rhizobacterial community during Take-all decline. Appl. Environ. Microbiol. 2010, 76, 4703–4712. [Google Scholar] [CrossRef] [PubMed]

	



Weller, D.M.; Raaijmakers, J.M.; McSpadden Gardener, B.B.; Thomashow, L.S. Microbial populations responsible for specific soil suppressiveness to plant pathogens. Annu. Rev. Phytopathol. 2002, 40, 309–348. [Google Scholar] [CrossRef]

	



Raudales, R.E.; Stone, E.; McSpadden Gardener, B.B. Seed treatment with 2,4-diacetylphloroglucinol-producing pseudomonads improves crop health in low-pH soils by altering patterns of nutrient uptake. Phytopathology 2009, 99, 506–511. [Google Scholar] [CrossRef] [PubMed]

	



Yang, M.-M.; Mavrodi, D.V.; Mavrodi, O.V.; Bonsall, R.F.; Parejko, J.A.; Paulitz, T.C.; Thomashow, L.S.; Yang, H.-T.; Weller, D.M.; Guo, J.-H. Biological control of Take-All by fluorescent Pseudomonas spp. from Chinese wheat fields. Phytopathology 2011, 101, 1481–1491. [Google Scholar] [CrossRef]

	



Mavrodi, D.V.; Mavrodi, O.V.; Elbourne, L.; Tetu, S.; Bonsall, R.; Parejko, J.; Yang, M.M.; Paulsen, I.; Weller, D.M.; Thomashow, L.S. Long-term irrigation affects the dynamics and activity of the wheat rhizosphere microbiome. Front. Plant Sci. 2018, 21, 345. [Google Scholar] [CrossRef]

	



Raaijmakers, J.M.; Weller, D.M. Exploiting genotypic diversity of 2,4-diacetylphloroglucinol-producing Pseudomonas spp.: Characterization of superior root-colonizing P. fluorescens strain Q8r1-96. Appl. Environ. Microbiol. 2001, 67, 2545–2554. [Google Scholar] [CrossRef] [PubMed]

	



Kwak, Y.-S.; Bonsall, R.F.; Okubara, P.A.; Paulitz, T.C.; Thomashow, L.S.; Weller, D.M. Factors impacting the activity of 2,4-diacetylphloroglucinol-producing Pseudomonas fluorescens against Take-all of wheat. Soil Biol. Biochem. 2012, 54, 48–56. [Google Scholar] [CrossRef]

	



Weller, D.M.; Landa, B.B.; Mavrodi, O.V.; Schroeder, K.L.; De La Fuente, L.; Blouin Bankhead, S.; Allende Molar, R.; Bonsall, R.F.; Mavrodi, D.V.; Thomashow, L.S. Role of 2,4-diacetylphloroglucinol-producing fluorescent Pseudomonas spp. in the defense of plant roots. Plant Biol. Stuttg. Ger. 2007, 9, 4–20. [Google Scholar] [CrossRef] [PubMed]

	



Mazzola, M.; Funnell, D.L.; Raaijmakers, J.M. Wheat cultivar-specific selection of 2,4-diacetylphloroglucinol-producing fluorescent Pseudomonas species from resident soil populations. Microb. Ecol. 2004, 48, 338–348. [Google Scholar] [CrossRef] [PubMed]

	



Bergsma-Vlami, M.; Prins, M.E.; Raaijmakers, J.M. Influence of plant species on population dynamics, genotypic diversity and antibiotic production in the rhizosphere by indigenous Pseudomonas spp. FEMS Microbiol. Ecol. 2005, 52, 59–69. [Google Scholar] [CrossRef] [PubMed]

	



Yin, C.; Hulbert, S.H.; Schroeder, K.L.; Mavrodi, O.V.; Mavrodi, D.V.; Dhingra, A.; Schillinger, W.F.; Paulitz, T.C. Role of bacterial communities in the natural suppression of Rhizoctonia solani Bare patch disease of wheat (Triticum aestivum L.). Appl. Environ. Microbiol. 2013, 79, 7428–7438. [Google Scholar] [CrossRef] [PubMed]








[image: Agronomy 12 00710 g001 550] 





Figure 1. Relative abundance (%) of the fungal species isolated from the first internode of wheat culms on 20% acid PDA obtained from four intensively sampled fields in southern Chile during the grain-filling period: ((A): Potrero 11-Perquenco, (B): El Retén-Osorno, (C): Potrero 13-Perquenco, and (D): Cajón-Temuco). N = total isolates obtained from 24 sampling points collected by field. In each sampling point, 20 culms were selected to be analyzed. A sampling point corresponded to 1 linear m of whole wheat plants, including tillers and roots up to 25 cm deep, collected from each field within an 800 m transect. 
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Figure 2. Incidence and severity of microorganisms causing culm-darkness of the first internode in wheat plants obtained from four intensively sampled fields in southern Chile during the grain-filling period. Letter differences on columns of the same color were significantly different, according to the Kruskal–Wallis test (p < 0.05). 






Figure 2. Incidence and severity of microorganisms causing culm-darkness of the first internode in wheat plants obtained from four intensively sampled fields in southern Chile during the grain-filling period. Letter differences on columns of the same color were significantly different, according to the Kruskal–Wallis test (p < 0.05).



[image: Agronomy 12 00710 g002]







[image: Agronomy 12 00710 g003 550] 





Figure 3. Frequency of genotypes of phlD+ identified in bacterial populations isolated from the rhizosphere of wheat plants obtained from sampling points sampled by amplification with specific primers, according to the protocol by De la Fuente et al. [18] in four intensively sampled fields of southern Chile during the grain-filling and harvesting periods. 
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Figure 4. Principal components analyses for frequency of fungi present in four intensively sampled field in southern Chile during the grain-filling period. Relationships obtained for fungal populations in sites that presented negative bacterial populations (A) and positive populations with phlD (B). 
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Table 1. Description of the crop location, season, cultivars, crop rotation, and pH range of the soil of the intensively surveyed fields evaluated in southern Chile for this research.






Table 1. Description of the crop location, season, cultivars, crop rotation, and pH range of the soil of the intensively surveyed fields evaluated in southern Chile for this research.





	Sampled Farm-

Location (Season)
	Coordinate
	Cultivar
	Crop Rotation 1
	Soil pH





	Potrero 11-

Perquenco (2012/13)
	38°22′41,42″ S–72°28′25,59″ W
	Ikaro
	W-O-W
	5.6–5.8



	El Reten-

Osorno (2012/13)
	40°41′48,36″ S–73°15′57,25″ W
	Maxi
	W-T-W
	5.4–5.6



	Cajón-

Temuco (2013/14)
	38°40′04,40″ S–72°29′56,38″ W
	Impulso
	T-L-T
	5.8–6.0



	Potrero 13-

Perquenco (2013/14)
	38°23′05,00″ S–72°28′20,95″ W
	Bakan
	O-L-T
	5.6–5.8







1 W: Wheat (Triticum aestivum L.); O: Oat (Avena sativa L.); T: Triticale (X Triticosecale Wittmack) and L: Lupine (Lupinus angustifolius L.).
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Table 2. Percentage of Fusarium isolated from the first internode of wheat culms obtained from four intensively sampled fields in southern Chile during the grain-filling period.
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Sampled Farm-

Location (Season)

	
Fusarium spp. 1 (%)




	
Fac

	
Fav

	
Fc

	
Fdim

	
Fg

	
Fo

	
Fs

	
F. spp






	
Potrero 11-

Perquenco (2012/13)

	
0.6 2

	
1.3

	
0.0

	
2.9

	
1.3

	
0.6

	
0.3

	
2.9




	
El Retén-

Osorno (2012/13)

	
0.0

	
2.5

	
2.5

	
7.4

	
3.7

	
0.0

	
1.0

	
8.3




	
Cajón-

Temuco (2013/14)

	
2.2

	
1.2

	
0.60

	
6.8

	
0.0

	
0.3

	
0.0

	
1.8




	
Potrero 13-

Perquenco (2013/14)

	
3.1

	
5.0

	
7.3

	
15.3

	
0.0

	
6.5

	
0.4

	
2.7




	
Mean

	
1.5

	
2.5

	
2.6

	
8.1

	
1.3

	
1.9

	
0.4

	
3.9








1 Species of Fusarium isolated: Fac = F. acuminatum; Fav = F. avenaceum; Fc = F. culmorum; Fdim = F. dimerum; Fg = F. graminearum; Fo = F. oxysporum; Fs =F. solani y F.spp = other species of Fusarium less frequent, saprophytic, or weak pathogens, such as F. sporotrichioides, F. scirpi, F. equiseti, F. lateridium, F. proliferatum, and F. semictectum, among others. 2 Percentages were determined from total fungal isolates which were obtained from 24 sampling points collected by field. In each sampling point, 20 culms were selected to be analyzed. A sampling point corresponded to 1 linear m of whole wheat plants, including tillers and roots up to 25 cm deep, collected from each field within an 800 m transect.
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Table 3. Indices of abundance and evenness of fungus associated with the crown or the first internode of wheat culms observed in four intensively sampled fields of southern Chile during the grain-filling period.
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	Sampled Farm-

Location (Season)
	Shannon–Wiener (H)

Diversity Index
	Abundance 1
	Evenness (E) 2





	Potrero 11-

Perquenco (2012/13)
	2.11
	315
	0.70



	El Retén-

Osorno (2012/13)
	1.39
	404
	0.46



	Cajón-

Temuco (2013/14)
	2.33
	323
	0.74



	Potrero 13-

Perquenco (2013/14)
	1.81
	262
	0.59



	Mean
	1.91
	326
	0.62



	χ2 (p-value)
	ns 3
	<0.001
	ns







1 Abundance represents the total number of isolates in each sector. 2 Evenness was calculated as H/LnS, with H = Shannon–Wiener diversity index and LnS = natural logarithm of species richness “S” (number of species of taxonomic of interest). 3 ns: nonsignificant.
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Table 4. Percentage of sampling points 1 (n = 24) positive to bacterial populations with the genes phlD and phzCD determined through PCR from the rhizosphere of 20 wheat culms per sampling point obtained in four intensively sampled fields in southern Chile during the grain-filling and harvesting periods.
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Sampled Farm-

Location (Season)

	
phlD+ (%)

	
phzCD+ (%)




	
Grain Filling

	
Harvest

	
Grain Filling

	
Harvest






	
Potrero 11-

Perquenco (2012/13)

	
50

	
38

	
83

	
50




	
El Retén-

Osorno (2012/13)

	
38

	
29

	
0

	
12




	
Cajón-

Temuco (2013/14)

	
42

	
38

	
4

	
0




	
Potrero 13-

Perquenco (2013/14)

	
71

	
96

	
0

	
0




	
Mean

	
50

	
50

	
22

	
16




	
χ2 (p-value)

	
<0.05

	
<0.001

	
<0.001

	
<0.001








1 A sampling point corresponded to 1 linear m of whole wheat plants, including tillers and roots up to 25 cm deep, collected from each field within an 800 m transect.
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Table 5. Spearman correlation coefficients for the incidence and severity of damage versus yield (ton ha−1) and plant height (cm) observed in four intensively sampled fields from southern Chile, analyzing the total collected samples (n = 96), sampling year (2012/2013; n = 48 and 2013/2014; n = 48), and considering those sampled points 1 that presented positive bacterial populations (only+) and negative (only−) to the gene phlD.






Table 5. Spearman correlation coefficients for the incidence and severity of damage versus yield (ton ha−1) and plant height (cm) observed in four intensively sampled fields from southern Chile, analyzing the total collected samples (n = 96), sampling year (2012/2013; n = 48 and 2013/2014; n = 48), and considering those sampled points 1 that presented positive bacterial populations (only+) and negative (only−) to the gene phlD.





	
Factor

	
Spearman Correlation Coefficient




	
Grain Yield

	
Plant Height




	
phlD+

	
phlD−

	
phlD+

	
phlD−






	
Incidence




	
Total samples

	
0.58 (<0.001)

	
0.63 (<0.001)

	
−0.04 (ns)

	
−0.39 (0.006)




	
2012/2013

	
−0.17 (ns 2)

	
0.20 (ns)

	
−0.73 (<0.001)

	
−0.58 (0.002)




	
2013/2014

	
−0.07 (ns)

	
−0.65 (0.002)

	
0.34 (ns)

	
0.40 (ns)




	
Severity




	
Total samples

	
0.64 (<0.001)

	
0.62 (<0.001)

	
−0.01 (ns)

	
−0.33 (0.021)




	
2012/2013

	
−0.11 (ns)

	
0.19 (ns)

	
−0.46 (0.035)

	
−0.42 (0.027)




	
2013/2014

	
0.29 (ns)

	
−0.57 (0.007)

	
−0.24 (ns)

	
0.33 (ns)








1 A sampling point corresponded to 1 linear m of whole wheat plants, including tillers and roots up to 25 cm deep, collected from each field within an 800 m transect. Data of incidence, severity, and phlD+ bacterial populations were obtained from 24 sampling points collected by field. In each sampling point, 20 culms and their root systems were selected to be analyzed. 2 ns: No significant correlation (p > 0.05).



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Incidence and severity (%o)

100

90 A
80
0 -
60 -
50 4

40

30 A
20 1
10 -

Potrero 11- Perquenco  El Reten-Osormo  Potrero 13- Perquenco

B Incidence O Severty

Iy

25

Cajon-Temuco






nav.xhtml


  agronomy-12-00710


  
    		
      agronomy-12-00710
    


  




  





media/file2.png
Alternaria spp.
Fusarium spp.
Ggt

Microdochium nivale

Phaeosphaeria spp. 53.0
Pyrenophora tritici-repentis
Rhizoctonia spp. § 3.5
Nonpathogenic | 6.1 n=315

0.5

| 0.7

I 7> |

| 1.0

02 n=404 | MOl n=2323

40.3

8.1

6.9 n=262

0 20 40 60 80

0 20 40 60 80 0 20 40 60 80

Relative abundance (%)

0

20 40 60 80






media/file5.jpg
A @B @D OK @L ap

Gran | Hauvet | Gran | Havest | Grain | Havest | Gran | Havest
filling. filling filling filling

Potrero 11-Perquenco.  ElReten-Osomo  Potrero 13- Perquenco,  Cajon-Temuco

100%
90%
g 80%
£ 70%
o0
£ s
B
£ 30%
20%
10%
[






media/file3.jpg
100 Bincidence @ Severity

A
90
80
0
60 1
s0 a
4
30
20 b
‘ s
0

Potrero 11-Perquenco  El Reten

Incidence and severity (®o)

Osomo  Potrero 13-Perquenco  Cajon-Temuco





media/file1.jpg
Alternaria spp. | 121 A

Fusarium spp. W95
Gt [0

Microdochium nivale ll 3

Phacosphaeriaspp NI 0 | NN |

Pyrenaphora iicirepents W5

tonia spp.

|02 wd04 (Mot n=323 (B9 pe262

Nonpathogenic 61 e 315

Relative abundance (%)





media/file7.jpg
PCAIDAN






media/file0.png





media/file8.png
PCA 22958 %

o —
Nonpathogenic
-+ —
H e
S - -+--------Fl Reten-----* TP PR
Potrero 13
Potrero 11
B :
1 1 T | 1 1 1
-6 -4 Z 0 2 4 ]

PCA146.2 %

PCA2 23 08 %

Fusarium spp.

PCA173.14%






media/file6.png
Positive reactions

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

mA

Potrero 11-Perquenco

ZB SD BK B[, OP

El Reten-Ogorno

Potrero 13 - Perquenco

Cajon-Temuco





