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Abstract

:

Improved knowledge and a better understanding of the functions of bacterial communities are vital for effective crop disease management. This study was conducted to study a bacterial community’s relationship with the common scab in four different potato varieties (Dejima, DJ; Atlantic, DS; Seohong, SH; Haryeong, HY) at two different locations (Gangneung and Chuncheon) and spatial locations (rhizosphere and furrow) at two different times (preharvest and postharvest). In addition, metagenomic sequencing was performed by extracting genomic DNA from soil samples to observe the dominant bacterial microbes and disease severity of the common scab in all the tested varieties in spatial location and time. The results suggest that the most dominant bacterial phyla in all the soil samples were Proteobacteria, Acidobacteria, and Bacteroidetes. Additionally, Streptomyces spp. were found to be more abundant in the susceptible variety (DJ) than in other varieties (DS, SH, and HY). Interestingly, bacterial communities were found to be more diverse across the two different geographical locations, spatial locations, and harvesting times, rather than the variety of potato, according to PCoA analysis. There were no interlinked changes in bacterial communities among the varieties. Moreover, the 14 most dominant bacterial genus correlation networks with Streptomyces spp. suggested that there was a significant positive and negative correlation to some extent. Alpha and beta diversity results clearly indicated that the possible reason for differences in bacterial communities might have been due to the different spatial locations, in comparison with varieties, which suggests that there was no significant correlation between bacterial community richness and diversity among the varieties.
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1. Introduction


Potato (Solanum tuberosum L.) is the fourth largest staple food crop in the world and provides nutritionally beneficial additives (FAO STAT) [1]. Microorganisms play a pivotal role in soil environments. Shifts in microbial populations often indicate changes in the soil environment. Soil microorganisms are the most active components of soil decomposition systems [2]. Recently, many researchers have focused on soil microbial communities to improve their application and promote plant health [3]. Currently, soil microbiome analysis via metagenomics sequencing has been introduced to assess the resistivity or susceptibility of plants to diseases [4]. Taking these factors into consideration, soil microbiome structure and functioning can determine plant–pathogen interactions under natural field conditions [5].



Common scab on potatoes is a bacterial disease caused by Streptomyces spp. [6]. Symptoms include lesions on the surface of roots and tubers, leading to huge economic losses. Eradication of this bacterial disease is difficult once it is present in the soil [7]. Common scab disease is influenced by various environmental factors, such as pH, soil moisture, and microorganisms [8]. Management of this bacterial disease is difficult because of the diversity of severity in field soils [9,10]. To address this issue, a better understanding of bacterial community structure and diversity in rhizospheric soil and its association with Streptomyces spp. is essential.



The technique of controlling disease by irrigation water treatment during tuber formation has been previously described as a method for controlling common scab. In an early study, irrigation water treatment was effective in reducing the disease in cases of susceptible varieties to common scab [11] whereas Larkin et al. 2011 [12] reported an increase in disease production when water treatment was too frequent. In addition, it has been reported that increased moisture in the soil is related to outbreaks of netted scabs [13]. The change in soil pH by acidic amendments can be effective, as these pathogens are generally inhibited at a low soil pH [14]. However, the emergence of species that tolerate lower pH than S. scabies, such as S. acidiscabies and S. turgidiscabies [15,16], may adversely affect other crops during rotation. Although the treatment of fumigants in the soil is a means of controlling several soil diseases, including common scab [17], this method is limited due to high cost and environmental pollution issues. Previous studies have reported that rotation using canola and rye had an inhibitory effect on plant disease [18,19]. Common scab can be reduced by seed disinfection and planting disease-free seeds, the main purpose of which is to control fungal and viral diseases [8], but the effect on soil diseases will be limited.



Biological control is an alternative to the aforementioned control methods. Hence, many studies on the biological control of common scab have been conducted using antagonistic microorganisms, such as Streptomyces, Pseudomonas, and Bacillus [20,21]. However, treatment with these antagonistic microorganisms often leads to inconsistent effects in the field [22] as biological control methods are difficult to apply due to the complexity of the interaction between the soil environment and soil microbial community [23]. Therefore, if the diversity and alteration of the microbial community in the disease-occurring soil before and after treatment with antagonistic microorganisms can be predicted, the biological control effect on soil diseases, such as common scab, by these antagonistic microorganism treatments can be accelerated. Fortunately, the microbial community and diversity in soil by metagenome analysis was performed recently. For example, identifying the characteristics of microbial communities in soil infected with Ralstonia solanacearum, constructing soil microbial communities using biofertilizers, using these to control Fusarium wilt, and deciphering microbial communities in disease-suppressive soils [24,25].



Metagenomics sequencing is a recently developed technique that provides holistic information on soil bacterial diversity. Recently, this sequencing approach has helped to identify the possible role of the microbial community in soil [26,27]. In addition, metagenomic sequencing analysis helps to clarify the potential functional role of microbial communities in soil [28]. Metagenomics sequencing helps to identify the bacterial diseases invasion which are not noticeable until the total loss of the plant [29]. In addition, non-notable bacterial pathogen causes severe yield losses as they are able to thrive in soil for prolonged periods of time without the presence of the host. Regarding this, metagenomics sequencing analysis can detect the presence or absence of pathogens in soils [30]. This sequencing technology has shown a step-way change in facilitating the characterization of microbiota [31,32]. Previous studies on the diversity of microbes were mainly based on the selective media technique for morphological and molecular identification. Media-based techniques lead to biasness in culturing and identifying microbes. To cope with such limitations, metagenomics sequencing is a better approach to study the diversity of soil microbes and how their functional roles in soil can directly or indirectly affect plant health. The purpose of our study was (1) to analyze the bacterial community, such as the diversity and abundance of microbes according to the season and influence of potato cultivation in potato croplands, by performing a metagenome analysis of the microbiome and (2) detection for any correlation of common scab with dominant bacterial genus. Therefore, microbial communities in the soil before and after potato cultivation, and in the rhizosphere and bulk soil, were analyzed from the repeated potato cultivation in Gangneung site and rotation of potato with Brassicaceae crops (cabbage in spring season and radish in autumn season) in Chuncheon where the distribution patterns of common scab pathogens were shown.




2. Materials and Methods


2.1. Field Site Description


Experimental field sites were designed at the Gangneung Potato Research Center and Chuncheon-si Agricultural Research and Extension Services, Gangwon-do, Republic of Korea (Supplementary Figure S1). Susceptible (Daeji and Daeseo) and resistant (Seohong and Haryeong) varieties of potato were cultivated in both research centers. The field of Gangneung was divided into 12 different plots 10 m in width and 15.7 m in length. Gangneung field has been used continuously cultivated with potato since more than 10 years. A randomized complete block design (RCBD) was performed in three different plots for each variety (resistant and susceptible). Twenty seeds of each variety of potatoes were sown manually at the intervals of 25 cm on each plot on 29 April 2020. In the field of Chuncheon, 12 plots were divided into two ridges with a width of 6 m and a length of 50 m. Chuncheon field has been used for potato cultivation in spring season while cabbage or radish crop in autumn season. Seeds were sown manually similar to the Gangneung field on 8 May 2020. Herbicides and pesticides were not applied during the growing phase of potatoes. However, weeds were manually removed. Environmental parameters such as the average, minimum, and maximum temperatures and precipitation were recorded for a week in both the Gangneung and Chuncheon fields (Supplementary Table S1). The climate of both fields was assessed by the Korea Meteorological Administration (https://www.weather.go.kr/weather/main.jsp, accessed on 8 March 2020).




2.2. Soil Sampling and Harvesting of Potato


Preharvest soil sampling was performed on 29 April 2020, and 8 May 2020, in the Gangneung and Chuncheon fields, respectively. Soil samples were collected using a sterilized auger at a depth of 20–30 cm in each ridge. Soil samples were collected around the potato roots and tubers, placed in sterilized polythene zipper bags, and then brought to the laboratory. The soil samples were then dried for five days, after which large roots and pebbles were removed and sieved through an autoclaved-sterilized brass sieve with a 2 mm aperture size and stored at 4 °C until use.




2.3. Soil Chemical Properties Determination


Soil chemical properties such as pH, electrical conductivity (EC), soil organic matter (SOM), and exchangeable cations (Ca2+, K+, Mg2+, Na+) were analyzed (Table 1). Soil pH and EC were measured in a 1:5 ratio of soil to ionized water using a digital pH meter (Orion Star tm A215 pH/Conductivity meter) [33]. SOM was determined using the Walkey and Black method with acid-wet oxidation, and the dichromate method [33]. Exchangeable cations in the soil were measured using an ICP-OES iCAP 6300Duo (Thermo Fisher Scientific, Waltham, MA, USA) instrument.




2.4. Soil DNA Extraction, PCR Amplification and Gene Expression


Total DNA was extracted using a FAST DNATM Spin Kit for soil following the FastPrep system MP Bio protocol (MP Biomedicals, Seoul, Korea). The soil total DNA was adjusted to a concentration of 100 ng/µL, and qPCR was performed using a 96-well plate in the Step One Plus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The DNA, each 10 pmol primer, and 10 µL Real-Time PCR Master Mix (Elpis Biotech, Daejeon, Korea) were mixed and adjusted to a total volume of 20 µL. The results were derived through normalization using the txtAB Ct value and 16S rRNA Ct value. The extracted DNA was stored at −70 °C in a deep freezer for PCR amplification and sequencing. Quantitative polymerase chain reaction (qPCR) amplification was performed after the extraction of total DNA from the soil samples. The expression levels of the 16S rRNA gene and the thaxtomin toxin biosynthesis gene txtAB in the extracted total DNA were detected by qPCR. TxtAB amplification primers were StrepF (5′-GCAGGACGCTCACCAGGTAGT-3′) and StrepR (5′-ACTTCGACACCGTTGTCCTCAA-3′). The 16S rRNA amplification primers 515F (5′-GGACTACVSGGGTATCTAAT-3′) and 806R (5′-GTGCCAGCMGCCGCGGTAA-3′) were used as the target gene 292bp [34]. Primers StrepF (5GCAGGACGCTCACCAGGTAGT-3) and StrepR ACTTCGACACCGTTGTCCTCAA-3′) were used for txtAB amplification [35].




2.5. Sequencing Data and Diversity Analysis


Raw sequences obtained from PCR amplicon sequencing were processed and analyzed in the following three steps: data trimming, taxonomy assignment and normalization, and diversity analysis. Briefly, in data trimming, raw sequences were filtered through FastQC from the software fastqc v0.11.2 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc, accessed on 25 September 2021). Forward and reverse directions of FastQC files were assimilated using vsearch v2.10.3 (https://www.github.com/torognes/vsearch, accessed on 25 September 2021) [36]. This process helped remove low-quality or unassembled sequences with >97% similarity that could be clustered into operational taxonomic units (OTUs). The OTU for each representative sequence was constructed using QIME (Quantitative Insights into Molecular Ecology) software package (version 1.17 [37] to annotate the taxonomic information for each representative sequence. Alpha diversity, including Chao1, OTUs, and Shannon indices, were calculated with QIIME to assess the bacterial species richness and diversity for each soil sample. For beta diversity patterns of the bacterial communities, principal coordinate’s analysis (PCoA) was performed using unweighted UniFrac [38].




2.6. Disease Severity Analysis


Common scab severity in potato plants cultivated in Gangneung and Chuncheon was recorded. The disease incidence for each variety was measured as the average value of three replications. Grading of disease severity was performed on a 0–4 grading scale in accordance with the ratio of scab symptoms on the surface of potato tubers (0 = 0%–1%, 1 = 1%–10%, 2 = 10.1%–20%, 3 = 20.1%–30%, and 4 = more than 30.1%). The disease severity was calculated using the following Equation:


   Disease   severity     ( % )  =    Σ   Grade  ×  number   of   potatoes   according   to   grade     Total   number   of   potatoes  × 5  (   number   of   grade   )    × 100  



(1)








2.7. Statistical Analysis


Statistical analysis was carried out on the datasets using the basic functions of ‘Excel v. 2016 and software ‘R’ studio v4.03’. The analysis of variance (ANOVA) was calculated using the basic package ‘stats v4.03’, and the LSD (Least Significant Difference) test was determined with the Bonferroni method using ‘R package agricolae v1.3-3’. In addition, the heat map was also constructed using ‘R package gplot v3.1.0’. A correlation network of bacterial communities in the soil was generated using ‘cytoscape v3.8.0’.





3. Results


3.1. Environmental Parameters and Soil Chemical Properties


The environmental parameters of the studied locations before and after harvesting are listed in Supplementary Table S1. The mean temperature difference in Gangneung was 2.8 °C. However, the deviation in mean temperature was significantly different in Chuncheon (8.8 °C). In addition, the temperature differences after postharvest among the two study sites were different (Supplementary Table S1). The chemical properties varied among the studied soil samples. The pH of preharvest rhizospheric soils at the Gangneung site showed a low pH, while postharvest furrow soil showed a slightly higher pH (Table 1). The pH of preharvest and postharvest soils from the Chuncheon site soils was higher than that of the Gangneung soil. The EC of postharvest soil samples was lower at both sites (Table 1). SOM content was higher in the postharvest soil samples (Table 1). Among the exchangeable cations (Ca2+, K+, Mg2+, and Na+), Ca2+, K+, and Mg2+ were lower in the postharvest soil samples (Table 1).




3.2. Composition of Dominant Bacterial Community and Their Similarities


The dominant bacterial group was classified at the phylum level from pre- and postharvest soils (rhizosphere and furrow) in Gangneung and Chuncheon (Supplementary Figure S2). The dominant phyla in both study sites were similar. However, the phylum Armatimonadetes was only abundant in the Gangneung soils, and Halanaerobiaeota and Patescibacteria were dominant in the Chuncheon soils. In general, Proteobacteria was the most abundant bacterial phylum detected in the soils at both study sites. When comparing the two sites, we could not observe a difference in bacterial abundance in Gangneung soils with respect to harvesting time (Supplementary Figure S2). However, a higher abundance was observed in the rhizospheric soil of Chuncheon. The results suggest that the Halanaerobiaeota in Chuncheon and the Bacteroidetes in both sites were decreased in postharvest soil samples.



With respect to four different factors: site, spatial location, harvesting time, and variety, the top 20 dominant bacterial genera were categorized. The results indicated that 10 taxa genera were common in preharvest soil samples from both studied sites. Among them, the most dominant genera were Flavobacterium, Sphingomonas, Pseudarthrobacter, and Pyrinomonadaceae, RB41. In contrast, Halocella and Pseudomonas were found at higher ratios (Figure 1A,B). Furthermore, differences in the bacterial communities between preharvest soil samples and rhizospheric soil samples at both sites were also investigated. A total 13 common genera were detected in both the soil samples. Candidatus, Nitrocosmicus, and Pseudolabrus had higher ratios in rhizospheric soil (Figure 1A,C). At the Chuncheon site, Rhodanobacter, and Nitrosomonadaceae MND1 were the most dominant organisms observed (Figure 1B,D). In addition, 12 and 10 bacterial genera (Figure 1A,B,E,F) were recovered from preharvest and furrow soil samples from Gangneung and Chuncheon, respectively. Moreover, the dominance of bacterial genera was also investigated in soils of different cultivated varieties. Candidatus and Nitrocosmicus were higher in the DS variety. In the case of soil samples from Chuncheon, Pyrinomonadaceae RB41 was the most dominant among all varieties (Figure 1E,F).



Principal coordinate analysis (PCoA) was performed to visualize the similarities of the bacterial communities in all soil samples. The results obtained from PCoA suggest that the bacterial communities in Gangneung and Chuncheon were not similar (Figure 2). Interestingly, bacterial communities from rhizospheric and furrow soils were clustered during preharvest in Chuncheon (Figure 2). In addition, all varieties were clustered together in the rhizospheric soils of Gangneung.




3.3. Bacterial Diversity


Bacterial diversity was analyzed according to the location and harvesting time (Supplementary Figure S3). The Chao1 index (species richness) in preharvest soils at both locations was not significantly different. The Chao1 index was higher in postharvest soil samples from the rhizosphere and furrows (Supplementary Figure S3). There was no significant difference in the Chao1 index between preharvest and rhizosphere soils, but it was higher in furrow soils of Chuncheon. The OTUs of the soil samples were found to be similar to those of Chao1 in both locations (Supplementary Figure S3). The Shannon index from the Gangneung soils did not differ with respect to location and harvesting time. Preharvest and rhizospheric soils had a higher Shannon index.



Furthermore, bacterial diversity was compared in the cultivated soils of different potato varieties. The Chao1 index in all varieties (except DS cultivated in Gangneung) was higher in the postharvest rhizosphere and furrow than in preharvest soil samples (Supplementary Figure S4a). Chao1 and OTUs were observed to be different in samples from all varieties. No significant difference was observed in DJ and HY based on location and harvesting time in Chao1 and OTUs. The OTUs of DS were lower in rhizospheric soil during preharvest, but higher in furrow soils. The Chao1 and OTUs of SH from the Chuncheon site were similar to those of Gangneung site soils (Supplementary Figure S4b). Moreover, there was no significant difference in the Shannon index between the varieties based on location and harvesting time.




3.4. Relative Abundance of Streptomyces spp. in Soil and Its Severity in Potato Varieties


We observed a difference in the relative abundance of Streptomyces spp. based on the spatial location and harvesting time at both study sites (Figure 3). The abundance of Streptomyces spp. in the preharvest and furrow soils of Gangneung was not significantly different. Notably, the abundance of Streptomyces spp. was high in the rhizospheric soil where potato tubers were grown in both sites.



The results confirmed that the relative abundance of Streptomyces spp. and severity was higher in rhizospheric soils at both sites (Figure 4A–D). Further comparisons were made for disease severity between the potato varieties and the ratio of Streptomyces spp. in the rhizospheric soils of Gangneung and Chuncheon. Likewise, the level of txtAB coding biosynthesis of thaxtomin gene expression to confirm the presence of Streptomyces spp. based on the location and harvesting time was also performed (Figure 4E,F). The results suggest that disease severity was high in susceptible varieties cultivated in Gangneung. Although the relative abundance of Streptomyces spp. was high in the resistance variety, the disease severity was found to be low (Figure 4A). Disease severity patterns were similar in Chuncheon and Gangneung, except for the DJ variety (Figure 4B). Surprisingly, we could not find a significant difference in disease severity between the resistant and susceptible varieties. However, txtAB expression was observed at both studied locations in the preharvesting soil samples. According to the results, the expression level of txtAB in the DJ and HY varieties was relatively high in rhizospheric soil (Figure 4E,F). In contrast, txtAB expression was low in the DS variety (Figure 4E).




3.5. Correlation between Streptomyces spp. and Other Bacterial Communities


Correlation networking analysis showed that 51 taxon groups were correlated with Streptomyces spp. (Supplementary Figure S5). Among the 51 taxon groups. 14 were significantly correlated according to Spearman correlation (Table 2). Streptomyces spp. were found to be positively correlated with Acidobacteria, Chloroflexi, and Planctomycetes, and negatively correlated with Bacteroidetes, Patescibacteria, and Verrucomicrobia (Supplementary Figure S5).





4. Discussion and Conclusions


The growing interest in manipulating soil microbes to enhance plant health and productivity [39] indicates the importance of the soil microbiome. The common scab of potatoes causes huge losses in temperate countries worldwide [6]. The soil microbiome could be an effective tool to better understand and control the abundance of the pathogenic Streptomyces spp. bacteria. However, it is still not clear how bacterial communities change between preharvest, rhizosphere, furrow, and potato varieties in different geographical locations. Hence, this study was performed to evaluate changes in bacterial communities for four potato varieties from two spatial locations (rhizosphere and furrow) and different harvest times (pre- and postharvest) from two different geographical locations (Gangneung and Chuncheon). The results of this study showed that, in most cases, the bacterial communities were not similar among Gangneung and Chuncheon in postharvest (rhizosphere and furrow) (Figure 1). However, we observed slight similarities in the bacterial communities among the potato varieties in both locations (Figure 1A–F). In a previous study, changes in the diversity of bacterial communities were reported for cultivars [40]. In contrast, in this study the bacterial richness (Chao1), OTUs, and diversity (Shannon) were similar in the DJ, DS, and SH varieties in furrow soil in Gangneung (Supplementary Figure S4); however, diversity was not similar in furrow soil after harvest. This result suggests that the variations in bacterial communities are due to differences in the soil composition and abundance of root exudates [41]. Although some differences in Chao1, OTUs, and Shannon indices were observed among varieties (Supplementary Figure S4a,b), there was a significant variation between pre-and postharvest interactions. Linked with this, variety was not a significant factor when describing the diversity (alpha and beta) of the bacterial community [41] according to PCoA Unifrac analysis (Figure 2). In previous studies, beta diversity of the bacterial community differed at different growth stages of various varieties [42], thus, it may be the time of sampling (pre-and postharvest) and spatial locations (rhizosphere and furrow), not the potato varieties, responsible for the differences in the diversity of the bacterial community in this study. Similar results were also observed in a previous study [41].



Soil microorganisms play a crucial role in the occurrence and prevention of plant diseases [23]. The pathogenicity and severity of common scab was determined using various methods. A precise study exploring the interlinked relationship between common scab and microbial communities has not yet been clearly reported.



We noticed variations in the chemical properties of preharvest and postharvest soils. Such variation in the chemical properties of the soil samples might be due to the changing environmental conditions, topography, and climate [43] during the preharvest and postharvest periods. The distribution of local and regional microclimates alters the pattern of temperature and precipitation [44], which is what we have accessed in our study by examining two different locations (Gangneung and Chuncheon) (Supplementary Table S1).



Previous studies have reported that the abundance of phytopathogenic Streptomyces spp. was not the causative factor for the severity of common scab among potato varieties [41]. The rhizosphere is diversified by different microorganisms [45]. Various factors, such as competition and cooperation between microbes, improve their survival rate in changing environments [46]. Linked to this, in this study, Figure 4A,B also suggest that disease severity could be affected by some kind of interaction between virulence and non-virulence factors, rather than varieties. The important virulence factor of common scab is thaxotomin, which is encoded by txtAB genes through the process of non-ribosomal peptide synthetase [35]. Gene expression was determined by quantitative PCR (Figure 4C,D). This clearly suggests that, rather than varieties, harvest time might be a significant factor affecting Streptomyces spp. As the number of txtAB gene copies was higher in the geocaulosphere than in rhizospheric soil [23], the level of txtAB gene expression might be diverse (Figure 4C,D). In addition, when comparing the Streptomyces spp.-susceptible DJ variety to other varieties (DS, SH, and HY), it expressed higher relative abundance in soils from both locations (Gangneung and Chuncheon). Furthermore, Streptomyces spp. in both sites and their correlation with other bacterial genera (through correlation network analysis) (Supplementary Figure S5) also provide considerable evidence. The 14 most dominant bacterial genera were found to have significant relationships with Streptomyces spp. (Table 2). In contrast, Pseudomonas showed a negative correlation in this study. In previous studies, it was reported that Pseudomonas strains reduced common scab by interfering with the transcriptional expression of txtA and txtC genes in vitro and effectively reduced the symptoms of common scab in field conditions [21,47]. This statement may be related to the possibility of negatively correlated microbes inhibiting the common scab.



Bacterial diversity was analyzed using α-diversity indices based on location, harvesting time, and variety (Supplementary Figure S4a,b). The results clearly indicate that diversity was not consistent among all factors. Similar results were reported in previous study [41]. The diversity of microbes in rhizospheric soil is determined by the type of crop cultivated [48] and the properties of crops. However, this study found no differences in microbial diversity between the varieties. Another factor shaping bacterial diversity is soil pH [49], carbon sources, nutrient composition [50,51], various climatic factors such as temperature [52] and precipitation [53].



Although the diversity of bacterial communities did not change between the varieties in time and spatial locations in this study, some differences were observed in alpha and dominant relative abundance of key bacterial phyla among the varieties. This study clearly indicates that bacterial community diversity is affected by time (pre- and postharvest), spatial location (rhizosphere and furrow), and geographical location (Gangneung and Chuncheon), rather than varieties. In addition, the relative abundance of Streptomyces spp. was higher in the susceptible DJ variety than in the other varieties (DS, SH, and HY). There is a possibility that synergistic or antagonistic interactions among the specific taxa and the common scab pathogen may have led to differences in the abundance of common scab pathogens. However, detailed insights are needed to correlate the specific bacterial genus interaction with common scab pathogens and different varieties (susceptible, semi-susceptible, tolerant, semi-tolerant), spatial locations, and in different geographical locations to determine the general trend in manipulating the soil microbiome in plant health.
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Figure 1. Heat map of relative abundance of dominant genus. The relative abundance at the genus level was analyzed according to the sites, spatial locations, harvest time and varieties. The color of each heat map block was visualized as the average value of three replica (A,B) dominant bacterial genus before harvesting of potato in Gangneung and Chuncheon field soils; (C,D), dominant bacterial genus obtained from rhizospheric soils of harvested potato field of Gangneung and Chuncheon; (E,F) dominant bacterial genus obtained from furrow soils of harvested potato field of Gangneung and Chuncheon. Note: (DJ: Daeji, DS: Daeseo, SH: Seohong and HY: Haryoung). 
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Figure 2. Analysis of variation of bacterial communities using PCoA on the basis of Unweighted UniFrac. PCoA analysis was carried out according to the sites (Gangneung and Chuncheon), spatial locations (rhizosphere and furrow), harvest time (preharvest and post-harvest) and varieties (DJ, DS, SH, HY). Note: (DJ: Daeji, DS: Daeseo, SH: Seohong and HY: Haryoung). 
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Figure 3. Comparison of relative abundance of Streptomyces spp. based on sites (Gangneung and Chuncheon), spatial locations (rhizosphere soil and furrow soil) and harvest time (preharvest soil). Each box plot is represented with 12 average values. The values with same alphabetic letters are not significantly different at p < 0.05. Note: Preharvest soil; before harvesting of potato. Rhizophere and furrow soil; spatial locations. 
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Figure 4. Relative abundance of Streptomyces spp. severity and txtAB expression. (A,B) indicated disease severity in Gangneung and Chuncheon; (C,D) relative abundance of Streptomyces spp. (E,F) showed kevels of gene expression of each varieties in Gangneung and Chuncheon. (DJ: Daeji, DS: Daeseo, SH: Seohong and HY: Haryoung). Note: Preharvest; before harvesting of potato. Rhizophere and furrow; spatial locations. 






Figure 4. Relative abundance of Streptomyces spp. severity and txtAB expression. (A,B) indicated disease severity in Gangneung and Chuncheon; (C,D) relative abundance of Streptomyces spp. (E,F) showed kevels of gene expression of each varieties in Gangneung and Chuncheon. (DJ: Daeji, DS: Daeseo, SH: Seohong and HY: Haryoung). Note: Preharvest; before harvesting of potato. Rhizophere and furrow; spatial locations.



[image: Diversity 13 00659 g004]







[image: Table] 





Table 1. Chemical parameters of the soils from two different sites (Gangneung and Chuncheon), spatial locations (rhizosphere and furrow), and harvesting time (preharvest and postharvest).
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Field Sites

	
Harvest Time

(Spatial Location)

	
pH

	
EC

(dsm−1)

	
SOM

(gkg−1)

	
Ca2+

	
K+

	
Mg2+

	
Na+




	
(Cmolkg−1)






	
Gangneung

	
Preharvest

	
6.05 ± 0.27 ab

	
1.13 ± 0.43 a

	
11.15 ± 0.82 a

	
7.74 ± 0.18 a

	
0.18 ± 0.03 a

	
2.54 ± 0.13 a

	
0.16 ± 0.01 a




	
Postharvest

(Rhizosphere)

	
5.64 ± 0.09 a

	
0.59 ± 0.13 ab

	
13.94 ± 1 b

	
5.68 ± 0.37 b

	
0.12 ± 0.02 a

	
0.6 ± 0.03 b

	
0.19 ± 0.01 a




	
Postharvest

(Furrow)

	
6.37 ± 0.21 a

	
0.35 ± 0.02 b

	
14.83 ± 2.37 a

	
5.66 ± 0.14 b

	
0.1 ± 0.01 b

	
1.61 ± 0.07 b

	
0.17 ± 0.02 a




	
Chuncheon

	
Preharvest

	
6.43 ± 0.28 b

	
4.23 ± 1.56 a

	
19 ± 1.34 a

	
5.52 ± 1.03 a

	
1.12 ± 0.77 a

	
1.35 ± 0.24 a

	
0.54 ± 0.41 a




	
Postharvest

(Rhizosphere)

	
7.36 ± 0.04 a

	
0.53±0.06 a

	
25.72 ± 5.47 a

	
3.83 ± 0.34 ab

	
0.11 ± 0.02 a

	
0.83 ± 0.03 a

	
0.16 ± 0.01 a




	
Postharvest

(Furrow)

	
7.23 ± 0.06 a

	
0.34±0.03 a

	
24.99 ± 2.9 a

	
3.18 ± 0.24 b

	
0.11 ± 0.01 a

	
0.81 ± 0.01 b

	
0.15 ± 0.01 a








Note: pH; soil pH, EC; soil electrical conductivity, SOM; soil organic matter, Ca2+, K+, Mg2+, Na+, soil exchangeable cations. The values are the average of three replications. The number after ± is standard error. The values with same alphabetic letters are not significantly different at p < 0.05.
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Table 2. Correlation analysis of 14 different bacterial genus and their significant level using a Spearman correlation.
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	Order/Genus
	R-Value

(p < 0.05)
	Order/Genus
	R-Value

(p < 0.05)





	Bryobacter
	0.495
	Flavobacterium
	−0.554



	SBR1031/uncultured bacterium
	0.514
	Sphingobacteriales/uncultured bacterium
	−0.495



	Chloroflexales/Uncultured
	0.492
	Saccharimonadales/uncultured bacterium
	−0.562



	Tepidisphaerales/Other
	0.471
	Massilla
	−0.502



	Pseudolabrys
	0.484
	Cellvibrio
	−0.667



	Sphingomonas
	0.541
	Pseudomonas
	0.576



	Other/Other
	0.551
	Chthoniobacter
	0.557
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