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Editorial on the Research Topic
 Plant microbiome: Diversity, functions, and applications




Considerable attention on plant microbiomes has been growing over the past decade featuring model plants, natural, and agricultural crop systems (Berg et al., 2020; Chialva et al., 2022). Studies are being carried out to understand microbial community composition, assembly process and underlying factors, evolution and ecology, and functional roles (Compant et al., 2019; Dastogeer et al., 2020; Xu et al., 2021; Trivedi et al., 2022). The power of advanced omics and multi-omics techniques, computational power, biostatistics, and remodeling of biological and evolutionary theories allows for a deeper understanding of plant—-microbiome interactions (Subramanian et al., 2020; Xu et al., 2021). The study of how the microbiome interacts with other elements of the environment is gaining momentum, and efforts are being made to understand the functional roles of the microbiome in translating microbiome potentials into sustainable plant production and protection. Currently, the engineering of microbial flora and the development and application of the synthetic community (SynComs) approach have revealed an essential role of microorganisms in plant adaptability and productivity (Liu et al., 2019; Nerva et al., 2022).

This Research Topic hosts eleven original research articles and a review article. The original research articles span experimental findings of various plants with their associated microbes, such as apple, aspen, avocado, chrysanthemum, eucalyptus, licorice, morning glories, tea, tobacco, and yellow witchweed.


Crop management modulates microbiome diversity and composition

It is increasingly evident that crop management practices, including plant protection measures, influence the microbiome of plants and soil (Jing et al., 2022). The study by Wang et al. substantiates that monoculture practice significantly modulates microbiome compositions. They reported that continuous monocropping changed the profiles of the bacterial and fungal communities in cut chrysanthemum. The longer the monocropping time, the greater the reduction of biocontrol bacteria but the augmentation of pathogenic microbes in the rhizosphere of plants. These changes in microbial composition were also correlated with concomitant changes in soil properties in the monoculture practice.

Glycyrrhiza uralensis known as licorice is one of the most commonly used bulk medicinal materials in traditional Chinese medicine (Jiang et al., 2020). The quality of the desired product depends on many factors, including the techniques of licorice processing. Li et al. studied the association of endophytic microorganisms and the accumulation of metabolites in different licorice drying methods. Natural drying impacted the microbial diversity of licorice and Nectriaceae, with Enterobacteriaceae becoming more abundant under these conditions. They reported a correlation between dominant endophyte taxon and the metabolite types present in fresh vs. dry processing, suggesting that fresh-processing is an effective drying method to ensure the quality of licorice.



Association of the microbiome with plant health status

Understanding the role of the microbiome in plant health is essential in pinpointing the etiology of disease and devising appropriate management solutions (Dastogeer et al., 2022; Trivedi et al., 2022). Mahnkopp-Dirks et al. conducted experiments with apple replant disease (ARD) to understand whether it influences structuring plant microbiome composition and diversity. This disease has worldwide occurrence in many tree nurseries, but there still remains a lack of knowledge about the cause and management of this complex disease (Mazzola and Manici, 2012; Winkelmann et al., 2019). Mahnkopp-Dirks et al. used culture-independent and culture-dependent methods to compare the endophytic root microbiome of apple plants grown in ARD-affected soil vs. those in control soil. They reported that several Streptomyces increased over time, particularly in virgin soil, and based on this, they speculated that Streptomyces might be associated with ARD etiology. Also, ARD-affected soil had a reduced abundance of Pseudomonas roots endophytes, indicating its importance for a balanced microbiome in healthy soils. Culturing bacteria in media also showed a high diversity of Pseudomonas, supporting the view of their microbiome study. Ahmed et al. employed similar methods to gain a microbiome perspective of bacterial wilt-infected Flue-Cured Tobacco (Nicotiana tabacum) plants. They reported that the healthy plants exhibited higher microbial diversity than diseased plants with increased abundances of several bacteria such as Bacillus, Bradyrhizobium, Ensifer, Neorhizobium, and Lysobacter, which have been variously reported to be plant growth promoters and disease suppressor. There were increased abundances of bacterial wilt pathogen Ralstonia solanacearum rhizosphere soil and root of diseased plants. In addition, several fungi commonly identified as plant pathogens, Plectosphaerella cucumerina, Alternaria alternata, Thanatephorus cucumeris, and Fusarium sp., were encountered more frequently in the rhizosphere soil and root. They hypothesized that higher abundances of beneficial bacteria in the healthy plants and pathogenic fungi in diseased plants may be associated with the bacterial wilt disease in tobacco and that the complexity of bacterial and fungal communities possibly interact with each other (microbe–microbe) and host (host-microbe) to influence growth and induce resistance against bacterial wilt disease.

Cao et al. showed that infection of root-knot nematode (RKN) causes significant alteration in the diversity and composition of root microorganisms in tobacco. While the diversity of rhizosphere bacteria was reduced, the diversity of rhizosphere fungi increased upon infection by RNK. In particular, the abundance of Rhizobiaceae and Chryseobacterium increased after RKN infection. Nematode infection altered the overall composition of root microbiome but only at specific growth stages of plants, indicating variable nematode-microbe-plant interactions at different development stages of plants. Farooq et al. conducted microbial profiling of rhizosphere soil and root endosphere of avocado plants infested or not infested with Phytophthora cinnamomi. They compared the changes in microbial diversity and community composition of infested and non-infested plants grown with various soil additives or by spraying plants with phosphite. The results revealed phosphite treatment or soil application of mineral mulch applied to the soil reduced Phytophthora infestation. Bacterial abundance and diversity were reduced in infested rhizospheres and root endospheres. The mineral mulch application significantly changed diversity and rhizosphere community composition more than any other treatment. Some rhizosphere bacterial groups, especially Actinobacteria and Proteobacteria, had significantly higher relative abundance in the presence of Phytophthora. The bacterial communities of root endospheres were lower in abundance than rhizosphere communities and not affected by soil treatments or phosphite but increased in abundance after infection with P. cinnamomi. These findings suggested that adding silicate-based mineral mulch protects against Phytophthora root rot, which changes in rhizosphere bacterial community composition may partly mediate. However, the changes to the microbiome induced by spraying plants with phosphite are different from those resulting from applying mineral mulch to the soil. Plant fungal communities are diverse and influenced by many biotic and abiotic factors. The influence of biotic factors, however, is still poorly understood. Messal et al. investigated how insect infestation and gall formation on Eucalyptus foliage influence the diverse community composition of foliar fungi in Eucalyptus grandis trees. The infestation of the wasp Leptocybe invasa (Eulophidae: Hymenoptera) indeed brought about significant changes in the composition and diversity of fungal communities and was correlated with the severity of infestations. Their network analysis indicated that the co-occurrence of potential pathogens differed significantly between no to mild and medium to heavy infestation. This study increased our microbial interactions, especially the role of pathogens which may help design management approaches for pests employing beneficial host-associated microbial communities.



Endophytes: Diversity, composition, evolution, and sources of novel metabolites

All plants in natural ecosystems appear to be symbiotic with fungal and bacterial endophytes, and their diversity is very high (Rodriguez et al., 2009; Afzal et al., 2019). They play important roles in helping plant growth and development. Tea is an economically important crop worldwide. The information about the distribution pattern and potential functions of endophytic communities in tea trees has been limited. Lin et al. investigated the diversity and community composition of endophytic bacteria and fungi of tea plants using amplicon sequencing. Ecological niches shape the diversity of endophytic microorganisms. They found that bacterial diversity was highest in root tissues followed by the stem, old leaves, and new leaves, and fungal diversity was highest in the old leaves followed by new leaves, roots, and stems. The cooperative relationship between endophytic bacteria and fungi in the new leaves was more substantial than that in the old leaves, which can better participate in the metabolism of tea material. Microorganisms, specifically the endophytes of medicinal plants, are recognized as valuable sources of novel secondary metabolites. Maela et al. isolated and identified five bacterial endophytes, Alectra sessiliflora, an important medicinal plant. Bacillus was the most dominant bacterial endophyte with two other genera: Lysinibacillus and Peribacillus. The crude extracts of three bacterial strains showed more than 90% growth inhibition against all the cancer cell lines at a concentration of 1,000 μg/ml. They also performed untargeted secondary metabolite profiling and reported the presence of compounds known to have biological activity. In addition to various abiotic and biotic factors, plant-fungal communities are also shaped by management factors. Witzell et al. hypothesized that nitrogen fertilization (N) modulates the quality of aspen (Populus tremula) leaves and thus alters the internal “chemical landscape” for the fungi. The study suggested that nitrogen treatment reduced foliar concentrations of CT precursor catechin but not that of condensed tannins (CTs). The N application also boosted the level of the amino acids and lowered the level of certain sugars. When a beetle herbivore was used as a treatment, no significant alteration in chemical composition or endophyte diversity was noted. A few rare fungi were associated with and potentially vectored by the beetle herbivores. They inferred that under controlled conditions and in a short period, the growth conditions, not the internal chemical quality, are the moderators of the fungal diversity in aspen leaves. The production of bioactive metabolites by endosymbiotic fungi is particularly important to the fitness of the fungus and the host species. The benefits and costs of symbiosis are not well-understood in many cases. The fungal endosymbiont of several plants, locoweeds (Fabaceae), morning glories (Convolvulaceae), and two species of Malvaceae are known to produce swainsonine. Swainsonine has toxic effects on livestock that feed on these plants and has potential pharmaceutical applications. Quach et al. evaluated 244 morning glory species for the presence of swainsonine and built a phylogeny based on available internal transcribed spacer (ITS) sequences. Only a single morning glory clade has swainsonine, and this symbiosis developed ~5 million years. Various orders of swainsonine-producing fungal endosymbionts in different plant families are genetically diverse. Further research would be exciting to know whether different symbioses have similar effects on host plants from other families and fungal-host specificity.

Gruet et al. provide an excellent review that sheds light on our current understanding of the microbiome of wheat root and rhizosphere based on pre-and post-domestication wheat history. Wheat, one of the major crops in the world, has had a complex history that includes genomic hybridizations between Triticum and Aegilops species and several domestication events. The author discusses differences between wild and domesticated wheat, ancient and modern types of cultivars, as well as individual cultivars within a given wheat species. Their analyses pointed out two significant trends. The majority of the investigations were carried out toward taxonomic diversity rather than the microbial functioning microbiota and more for bacteria and mycorrhizal fungi. Second, studies primarily compared wheat genotypes of T. aestivum cultivars, sometimes with little consideration for their particular genetic and physiological traits. The author hoped that the employment of current state-of-the-art sequencing technologies would enable revisiting the wheat microbiome's diversity to understand the wheat evolutionary history's significance better. This would provide the baseline information needed to develop microbiome-based breeding strategies for sustainable wheat farming.

The twelve articles comprising this special topic on Plant Microbiome: Diversity, Functions, and Applications highlight the advances and progress in research on a great diversity of plant species globally. The rapid developments in omics technologies and bioinformatics analysis are continuing to evolve the microbiome science field forward. We can expect many more novel discoveries in the coming years featuring innovative experimentation and predictive analyses.
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The method of drying licorice is an important factor affecting the quality of the final product. To determine the best processing method of licorice postharvest, we investigated the interaction of increasing aridity between the endophytic microorganisms and the accumulation of metabolites. Samples from the roots of licorice growing along an aridity gradient during the natural drying process were collected, and the metabolic components, the content of the main active substances and the dynamic changes of the endophytic microbial community were assessed. The glycyrrhizic acid and liquiritin contents decreased slightly or remained flat during natural drying, whereas those of liquiritigenin and isoliquiritigenin increased slightly. Moreover, the Shannon index of endophytic microbial diversity of licorice was the highest in the fresh period and showed a downward trend during the drying process. When the licorice were fresh, Cladosporiaceae and Burkholderiaceae were the dominant family present, but after drying, Nectriaceae and Enterobacteriaceae were the dominant families. A similar trend was also found in which the differential metabolites of licorice were reduced during natural drying. Furthermore, correlation analysis between dominant families and differential metabolites showed that there was a correlation between the two. Therefore, fresh processing is an effective drying method to ensure the quality of licorice. This study revealed the relationship of endophytic microbiota and changes in the licorice metabolites during different stages of drying, which provided a scientific basis for the drying method of licorice.

Keywords: natural drying, water change, metabolism, endophytic microorganisms, licorice


INTRODUCTION

Glycyrrhiza uralensis Fisch. (Licorice) is the most commonly used bulk medicinal material in traditional Chinese medicine. Licorice and its extracts have anti-inflammatory and antiviral properties (Chen et al., 2021; van de Sand et al., 2021). It is also an important additive in cosmetics, healthcare products, tobacco and other industries, and its annual demand is huge (Hayashi and Sudo, 2009; Shakeri et al., 2018; Yin et al., 2020). The licorice plant needs to be processed in a series of steps to become a medicinal material. Drying licorice is the most critical step in this process, ensuring the licorice does not rot due to high water content (Icier et al., 2021). Recent studies have focused on the microwave drying and vacuum freeze drying of licorice (Balbay and Sahin, 2012; Li et al., 2017). However, in general, sun-drying is the method primarily used in cultivation areas; that is, licorice is dug out once it has grown for approximately 3years, gathered into small bundles in the cultivation field, dried in the sun, remoisturized with water and finally cut into decoction pieces. However, this particular method of drying licorice in the sun takes a significant amount of time, which can negatively affect the quality and effectiveness of the final medicinal materials (Icier et al., 2021). Therefore, the analysis of the content of the effective components of licorice in the sun-drying process would be helpful in characterizing the best drying and processing technology of licorice production areas, helping to improve the quality of licorice.

Endophytic microorganisms live in various tissues and organs of healthy host plants without negatively affecting the plant’s health or functions (Wu et al., 2021). Endophytic microorganisms have important effects on plant growth, development and the accumulation of metabolites (Lugtenberg et al., 2016; Zhou et al., 2020; Liu and Wei, 2021; Santos et al., 2021; Singh et al., 2021). It has been reported that Bacillus pumilus can alleviate the drought stress of licorice and increase the accumulation of licorice metabolites (Xie et al., 2019). Endophytic microorganisms are affected by a variety of external factors, including changes in the water content (Huang et al., 2021; Tian et al., 2021). As an important part of licorice, the microbial community composition and function will also change as the water content changes during the drying process. However, the effect of licorice on the functional microbial community during the natural drying process is still largely unknown. Therefore, a clearer understanding of the composition and function of the microbial community during the drying process provides a scientific basis for perfecting licorice production, which is conducive to perfecting the production area and processing of licorice, and provides a scientific basis for obtaining high-quality licorice.

In recent years, researchers have begun using metabolomics to study the types and quantities of plant endogenous metabolites and their changes under the action of internal and external factors. Metabolomics has unique advantages in uncovering these patterns, such as high throughput sequencing, rapid separation, high sensitivity, and widespread use (Jiang et al., 2021; Li et al., 2021). The metabolic components of traditional Chinese medicines are relatively complicated, and the existing detection and analysis methods have been mostly used to focus on one or several known components, making it difficult to achieve a comprehensive quality analysis. Therefore, metabolomics technology can provide an effective method for the qualitative and quantitative analysis of traditional Chinese medicine. At present, metabolomics technology has begun to be used to study the synthesis and transformation of metabolites during the growth and storage of Chinese medicinal materials (Ma et al., 2021). For this reason, metabolomics was used to analyze the dynamic changes in the drying process of licorice in this study.

Here, we analyzed the changes in the content of the effective components of licorice during the drying process and used the Illumina MiSeq high-throughput sequencing platform to analyze the structure and function of endophytic microorganisms in the licorice during the drying process. At the same time, nontargeted metabolomic sequencing was performed on licorice with different water contents, and the relationship between the changes in metabolites and endophytic microorganisms was studied. In summary, our research provides the diversity and composition of the endophytic microbial community of licorice and the simultaneous changes in licorice metabolites during the natural drying process. In addition, it provides a favorable scientific basis for choosing the best licorice processing method.



MATERIALS AND METHODS


Materials

Wild licorice (all G. uralensis Fisch.) was collected from an arid hillside in Suide County, Shaanxi Province, transported on ice and stored at −80°C. It was identified by Professor Chunsheng Liu of Beijing University of Chinese Medicine. Numbers W-1, W-2, and W-3 were three groups of licorice with a thickness of 0.8, 0.9, and 1.1cm, and each group was composed of five licorice roots of the same thickness. The samples were all mixed with five licorice roots to form one sample. The reference substances liquiritin (Lot number: Z13J11X108109), glycyrrhizic acid (Lot number: P24J10F91300), isoliquiritigenin (Lot number: C03A8Q41092), liquiritigenin (Lot number: Z20J8X40265), and glycyrrhetinic acid (Lot number: T27J7X18416) were purchased from Shanghai Yuanye Bio Technology Co., Ltd. (Shanghai, China).



Drying Method

The fresh licorice root was dried in a simulated production area (natural drying). During the process, the water content was measured every 6days (0day: fresh, 6days: early stage of drying, 12days: middle stage of drying, 18days: completely dried). Then, the previous operation was repeated until the water content of licorice was below 10%, when the medicinal material was considered to have reached the dry standard. At the same time, the licorice root was sampled every 6days (The samples were mixed with five licorice roots to form one sample). The metabolites of the samples were analyzed and determined by HPLC–MS. The licorice was remoisturized and sliced within half a year after it was completely dried, which was also in line with the processing method of licorice. After that, the content of the active ingredients of licorice was tested.



Extraction and UPLC Analysis of the Effective Components of Licorice

The licorice powder was extracted with 70% methanol and detected by UPLC. Liquiritin, liquiritigenin, isoliquiritigenin, glycyrrhizic acid, and glycyrrhetinic acid were taken in appropriate amounts to prepare mother liquor with a liquiritin concentration of 0.139mg/ml, liquiritigenin concentration of 0.051mg/ml, isoliquiritigenin concentration of 0.065mg/ml, glycyrrhizic acid concentration of 0.24mg/ml and glycyrrhetinic acid concentration of 0.099mg/ml. Then, 0.5, 1, 1.5, 2, and 2.5ml was taken and diluted to 10ml with methanol to a series of concentrations. The chromatographic conditions were as follows: BEH C18 column (100mm×2.1mm, 1.7μm, Waters, United States) acetonitrile (A)-0.1% phosphoric acid water (B); gradient elution: 1min, 10% A; 7min, 14% A; 14min, 21% A; 21min, 30% A; 25min, 45% A; 28min, 70% A; 34min, 10% A; 35min, 10% A. The flow rate was 0.4ml/min, and the injection volume was 1μl. Each experiment was repeated five times.



Extraction of Metabolites and HPLC–MS Analysis Conditions

One hundred milligram of licorice tissue was added to 800μl of 80% cold methanol solution, which was then crushed by a high-throughput tissue breaker under low temperature conditions. After being mixed, it was placed on ice and ultrasonically extracted for 10min, repeated three times. The sample was placed at −20°C for 30min and centrifuged at 13,000g at 4°C for 15min. After centrifugation, the supernatant was collected for detection by LC–MS. The chromatographic conditions were as follows: the column was a BEHC18 column (100mm×2.1mm, 1.7μm, Waters, United States). The mobile phase was acetonitrile (A)-0.1% phosphoric acid water (B); gradient elution: 0min, 95% B; 3min, 80% B; 9min, 5% B; 13.0min, 5% B; 13.1min, 95% B; 16min, 95% B. The flow rate was 0.4ml/min, the column temperature was 40°C, and the injection volume was 10μl. Using positive and negative ion scanning modes, the positive electrode ionization voltage was 3.5kV, the negative electrode ionization voltage was 2.8kV, the ion source heating temperature was 400°C, the sheath gas flow rate was 40psi and the aus gas flow rate was 10psi. Each experiment was repeated six times.



DNA Extraction and Diversity Sequencing of Endophytic Microorganisms

The licorice root was sampled every 6days for sequencing after sterilization. The sterilization method was as follows: rinsing with purified water for 30min, rinsing with sterile water 2–3 times, disinfecting with 75% ethanol for 2min, rinsing with sterile water 2–3 times, sterilizing with 0.1% mercury for 5min, and rinsing with sterile water 2–3 times. The last rinse was used to verify that it was cleaned. Total DNA was extracted from the samples (licorice roots at 0, 6, 12, and 18days of drying) with a DNA kit (Fast DNA Soil, MP, United Sates) according to the instructions. Primers were designed according to the 16S rRNA and ITS conserved regions. The sequences were as follows: 799F: AACMGGATTAGATACCCKG; 1193R: ACGTCATCCCCACCTTCC; ITS1F: CTTGGTCATTTAGAGGAAGTAA; ITS2R: GCTGCGTTCTTCATCGATGC. The DNA was amplified by PCR, purified and quantified, after which the sequencing library was constructed. Sequencing was performed using Illumina HiSeq 2500. The PE reads obtained by MiSeq sequencing were first spliced according to the overlap relationship, and the sequence quality was controlled and filtered at the same time. OTU clustering was performed after distinguishing the samples. Species annotation and abundance analysis were carried out to reveal the composition of the samples. Alpha and β diversity of species was analyzed. In addition, significant species difference analysis was used to explore the differences of samples under different drying times. Picrust2 was used to predict the function of endophytic microorganisms.



Data Analysis

The content of effective components is expressed as mean±SD. Statistical significance was evaluated using a one-way ANOVA for multiple comparisons (SAS 9.4 Software). A value of p<0.05 was considered statistically significant. The raw metabolic data were imported into the metabolomics processing Progenesis QI (Waters Corporation, Milford, United States) for baseline filtering, peak identification, integration, retention time correction, peak alignment, and finally a data matrix of retention time, mass-to-charge ratio and peak area was obtained. Then, the data were preprocessed, and the MS and MS/MS mass spectra information were matched with the metabolic database. The main database used were http://www.hmdb.ca; http://metlin.scripps.edu and other public databases. Correlations between the microbial community and metabolites were carried out based on Spearman correlation coefficients. All sequences produced from Illumina sequencing were uploaded to the sequence read archive (SRA) of the NCBI database. The accession number of all samples is PRJNA748524.




RESULTS


Dynamic Changes in Effective Components in Licorice During Drying

Because the age of wild licorice could not be ascertained, the licorice was divided into three groups according to root thickness, and each group was composed of five licorice roots of the same thickness to eliminate the risk of error caused by unequal root thickness. Five index components were selected for the determination: liquiritin, liquiritigenin, isoliquiritigenin, glycyrrhizic acid, and glycyrrhetinic acid. However, it may have been impossible to detect glycyrrhetinic acid in some samples due to the extremely small concentration in licorice roots, so we did not analyze the glycyrrhetinic acid content of the samples. Compared with fresh licorice, the contents of liquiritin and glycyrrhizic acid in the three groups of samples decreased slightly or remained flat with increasing drying time (Figures 1A,D), while the contents of liquiritigenin and isoliquiritigenin increased slightly (Figures 1B,C). It was speculated that the aglycone was removed from glucose and converted into glycosides or other compounds during the natural drying of licorice. Except for the difference between the content of isoliquiritigenin and that of completely dried isoliquiritigenin in the W-3 group, the contents of liquiritin, liquiritigenin, isoliquiritigenin and glycyrrhizic acid in the other groups were significantly different between fresh and completely dried samples. In addition, after a long period of drying and then moistening with water, the content of all active ingredients in licorice was extremely reduced. Therefore, it was speculated that a large portion of the effective ingredients of licorice will be lost after traditional processing technology (after remoistening and cutting).
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FIGURE 1. Dynamic changes in the active ingredient content of licorice every 6days during the natural drying process. (A) Dynamic changes in liquiritin content during different drying periods. (B) Dynamic changes in liquiritigenin content during different drying periods. (C) Dynamic changes in isoliquiritigenin content during different drying periods. (D) Dynamic changes in glycyrrhizic acid content during different drying periods. The dotted line indicates that the licorice is moistened again after drying for a long time, and *** of different colors indicates a significant difference between fresh and completely dried components of different groups, p<0.01. Each sample was made by mixing five licorice roots, and the measurement was repeated five times.




Dynamic Changes in Endophytic Microorganisms During Drying


Structural Characteristics of the Endophytic Microorganism Community

To better understand changes in microbial communities during drying, 16S rRNA and ITS gene amplification sequences were used to investigate the microbial community within licorice. The analysis results showed that the sequence length of the endophytic fungi was between 180 and 320 bp (Figure 2A), belonging to 128 OTUs (indicating 128 different endophytic fungi), and 66 OTUs were distributed when licorice was fresh, 42 of which were unique. There were 44 OTUs at the beginning of drying, 14 of which were unique. There were 44 OTUs in the mid-drying period, 12 of which were unique. There were 47 OTUs when the licorice was completely dried, 17 of which were unique (Figure 2B). Each experimental group had a different proportion of endophytic fungi. The number first declined rapidly and then remained almost unchanged. At the family level of fungi, unclassified fungi (average abundance of 31.07%), Cladosporiaceae (average abundance of 14.37%), Helotiales-fam-incertae-sedis (average abundance of 10.4%) and Aspergillaceae (average abundance of 9.59%) composed the entire fresh licorice bacterial community. However, Nectriaceae emerged as the dominant family, and the abundance increased dramatically in the slow drying (Figure 2C). The Shannon index was used to estimate the diversity of the microbial community. The Shannon index was 2.39 when the licorice was fresh, and the diversity of endophytic fungi was the highest at this time. In the subsequent drying process, the diversity of endophytic fungi showed a decreasing trend (Figure 2D).
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FIGURE 2. Structural characteristics of the endophytic microbial community of licorice during the natural drying process (GZ_1: fresh licorice; GZ_2: early drying: 6days after drying; GZ_3: mid-drying: 12days after drying; and GZ_4: complete drying: 18days after drying. Each sample was made by mixing five licorice roots). (A) The distribution range of the sequence length of endophytic fungi. (B) Venn diagram of endophytic fungi in different groups. (C) Endophytic fungal community composition. (D) Shannon index at the level of endophytic fungal species in different groups. (E) The distribution range of the length of the endogenetic bacteria sequencing sequence. (F) Venn diagram of endophytic bacteria in different groups. (G) Endophytic bacterial community composition. (H) Shannon index at the level of different groups of endophytic bacteria.


The sequences of endophytic bacteria ranged from 360 to 400bp (Figure 2E), belonging to 350 OTUs. When licorice was fresh, there were 343 OTUs and 315 unique OTUs (Figure 2F). There were 18 OTUs and 17 OTUs in the early and mid-drying stages, respectively, and there were no unique OTUs. When licorice was completely dried, there were 30 OTUs and four of which were unique. At the family level (Figure 2G), Burkholderiaceae (average abundance of 62.25%) and Nocardiaceae (average abundance of 16.19%) composed the entire fresh licorice bacterial community. In the early stage of drying, Enterobacteriaceae (average abundance of 72.52%) and Erwiniaceae (average abundance of 21.83%) were the main dominant bacteria. After the mid-drying period, Yersiniaceae was the main dominant bacteria, with an average abundance of 90.63%. When the licorice was completely dried, Enterobacteriaceae (average abundance of 67.85%) and Erwiniaceae (average abundance of 29.25%) were the main dominant bacteria. When the licorice was fresh, its Shannon index was the highest, indicating that the microorganisms were diverse and abundant at this time (Figure 2H). In short, endophytic fungi or bacteria had the highest diversity in fresh licorice.



Analysis of the Microbial Function of Licorice During Slow Drying

Based on ITS and 16S rRNA sequences, PICRUSt2 was used to predict and analyze the function of fungal and bacterial communities in licorice during the drying process. The main types and gene functions of the obtained samples were analyzed to predict their molecular functions to further elucidate the metabolic activity of endophytic bacteria during the drying process (Tian et al., 2021). The MetaCyc pathway results of endophytic fungi showed that the main function of endophytic fungi with the highest abundance was aerobic respiration I and II, palmitate biosynthesis I, glyoxylate cycle, fatty acid and beta, oxidation and GDP-mannose biosynthesis (Supplementary Material 1). Among them, glucose and glucose-1-phosphate degradation also had certain functions. Surprisingly, we unearthed the squalene synthase and glucose transferase (Supplementary Material 2) that encode the triterpene biosynthetic pathway in the KEGG library of endophytic fungi (Kaewkla and Franco, 2021).

The MetaCyc pathway results of endophytic bacteria showed that the main function with the highest abundance was pyruvate fermentation into isobutanol (engineering), pentose phosphate pathway (nonoxidative branch), fatty acid β-oxidation I, D-fructose ester degradation, glycine biosynthesis (anaerobic), L-alanine biosynthesis super pathway and the fatty acid biosynthesis initiation super pathway (Escherichia coli, etc.). COG functional classification (Figure 3) showed that in addition to the relatively high abundance of unknown functions, cell cycle control, cell division, chromosome partitioning, energy production and conversion, carbohydrate transport and metabolism and organic ion transport and metabolism were still the most important functions.
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FIGURE 3. COG function classification statistical histogram (The x-axis is different groups. GZ_1: fresh licorice; GZ_2: early drying-6days after drying; GZ_3: mid-drying-12days after drying; and GZ_4: completely drying-after 18days. The y-axis is the relative abundance of function).





Dynamic Changes of Metabolites During Drying

The positive and negative ion patterns of the samples were identified, and the structure of the metabolites in licorice was determined by matching the retention time, molecular mass, secondary fragmentation mass spectrum, collision energy and other information. A total of 328 compounds were identified in positive ion mode, and a total of 288 compounds were identified in negative ion mode. Principal component analysis (PCA) was used to comprehensively analyze the clustering trend. The results showed that the metabolite expression patterns of licorice samples were similar during the drying process, and only fresh licorice metabolites were significantly different from other groups. To verify the reliability of the data, QC samples were selected to verify the chromatography and quality inspection system. The PCA score chart showed that the QC samples were close to the origin of the meta-axis and tightly clustered, which showed the stability and reproducibility of the method (Figure 4A). To better reflect the differences in samples during the drying process, a Venn diagram was established for the detected cations. The results showed that the samples contained 14 unique metabolites when fresh. However, licorice contained 4, 5, and 4 unique compounds in the early, middle and complete drying stages, respectively (Figure 4B). In addition, the PLS-DA analysis was established, and the cross-validation of the 200 displacement tests showed that the intercepts R2 and Q2 were 0.6984 and −1.848, respectively (Figure 4D), indicating that the PLS-DA model was reliable. Fresh licorice still had a good degree of separation from the other groups, and the other groups were relatively close, showing no significant difference (Figure 4C).
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FIGURE 4. Changes of metabolites of licorice during the four periods of natural drying process (GZ_1: fresh licorice; GZ_2: early drying-6days after drying; GZ_3: mid-drying-12days after drying; and GZ_4: completely dried-18days after drying. Each sample was made by mixing five licorice roots, and the measurement was repeated six times). (A) Different periods of cationic PCA scores. (B) Venn diagram of metabolites in different periods. (C) PLS-DA score chart of different periods. (D) PLS-DA model verification. (E) Fresh licorice and early drying licorice metabolites’ volcano graph. (F) Volcano map of different metabolites of licorice in the early and mid-drying period. (G) Volcano map of the different metabolites of licorice in the mid-drying period and completely dry.


To further screen the marker compounds related to each group, a volcano map was drawn according to the factor of difference (FC) and value of p to analyze the differences between the fresh licorice and the early drying period, the early drying period and the mid-drying period, and the mid-drying period and the complete drying. When fresh licorice was slowly dried for 6days, a total of 23 compounds were upregulated, among which glycyrrhizin C2 was upregulated, while glycyrrhizin G2, apiosylglucosyl 4-hydroxybenzoate and 12 other compounds were downregulated (Figure 4E). In the mid-dry stage, there were a total of nine different compounds, which were significantly reduced compared to the previous stage, with five upregulating compounds and four downregulating compounds in epidermin, diacetone alcohol, and dihydronaringenin-O-sulphate (Figure 4F). From the mid-drying stage to the complete drying stage, there were a total of 15 different compounds, of which 10 were upregulated compounds and five were downregulated compounds (Figure 4G). The types of compounds changed greatly in the fresh period, and Figure 4E clearly shows that the content was relatively high. Related to the endobiotic species we obtained in the previous period, the types of compounds and endophytic microorganisms are the highest in the fresh period of licorice.



Correlation Analysis Between Microorganisms and Host Metabolites During Drying

Correlation analysis was carried out between the proportion of the dominant family of endophytic microorganisms and the differential metabolites of licorice during slow drying. The results showed that the endophytic fungi Cladosporiaceae and Helotiales_fam_Incertae_sedis and the endophytic bacteria Erwiniaceae and Enterobacteriaceae were significantly correlated with the metabolites diacetone alcohol and dihydronaringenin-O-sulphate (Figure 5). Yersiniaceae and Nectriaceae had a significant correlation with the metabolite menthoside (isoflavone glycoside).
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FIGURE 5. The correlation between the main metabolites and the main endophytic microorganisms of licorice (red font is the family of the microorganism, black font is the identified metabolite, the red square indicates positive correlation, and the blue square indicates negative correlation, ** is p<0.01).





DISCUSSION


Fresh Processing Can Improve the Content of Active Ingredients in Licorice

The postharvest processing of Chinese medicinal materials is the most critical factor affecting their quality (Liu et al., 2019; Su et al., 2019). The biologically active ingredients of licorice dynamically changed during natural slow drying. We found that fresh licorice had a high content of liquiritin and glycyrrhizic acid, and the content of these components showed a downward trend with slow drying (Figure 1). This was consistent with most existing reports that the extension of the drying process time will adversely affect the content of active ingredients (Yabar et al., 2011). Therefore, fresh processing methods after harvesting licorice can reduce the loss of internal components and drying time, thus increasing drying efficiency. In addition, during the determination of the content of active ingredients, it was found that liquiritin, glycyrrhizic acid and other substances in the form of glycosides will slowly lose glucose molecules during the drying process to form aglycones. At present, many medicinal plants are processed when they are harvested fresh (Luz et al., 2009). With the advantage of fresh processing, an increasing number of producers will likely choose this method of fresh processing for medicinal material in the future.



Diversity and Function of the Endophytic Microbial Community

According to previous studies, plants that can survive in extreme environments usually have a unique microbial community. These microbes play a very important role in improving host resistance and productivity (Habibzadeh et al., 2013; Coleman-Derr et al., 2016; Dai et al., 2020). We found that the families Nectriaceae and Enterobacteriaceae in completely dried licorice were the main families that existed after licorice drying, proving that they have a certain “drought resistance” property. These “drought-resistant” microorganisms may have a correlation with the content of active ingredients. For example, the content of isoliquiritigenin in this study had a very significant correlation with the abundance ratio of Cladosporiaceae, Helotiales-fam-incertae-sedis and Enterobacteriaceae (Supplementary Material 3). In addition, some studies have reported that the isolation of microorganisms from plants growing in arid environments can promote plant growth and drought resistance (Marasco et al., 2012; Fan et al., 2020; Dubey et al., 2021). It is of great significance to isolate and culture these “drought resistant” microorganisms to determine whether they can play a role in the host’s tolerance to natural drought stress and to further clarify whether they have an impact on the metabolic pathway of licorice. Therefore, we will continue to isolate and culture these “drought resistant” microorganisms in the future.

Endophytes may be involved in these pathways and affect the changes in the effective components of the host. For example, it has been reported that endophytic microorganisms are involved in the metabolic pathways of amino acids, causing differences in the metabolic profile of the host (Llorens et al., 2019). Some functional prediction analyses have shown that microorganisms have related enzymes and genes in the synthesis pathway of plant secondary metabolism. It has been speculated that these microorganisms have the ability to synthesize or transform secondary metabolites. In addition, we also found some beneficial enzymes in the prediction of microbial function, such as amylase and chitinase, which play an important role in degrading plant residues and plant polysaccharides (Kaewkla and Franco, 2021). The interaction between microorganisms and plants was also further demonstrated to some extent. PICRUSt2 can enrich our understanding of the diversity of internal microbial functions, as well as the proportion of these functions in the flora, and further provide support for the development and utilization of microorganisms. However, in view of the limitations of PICRUSt2, it will be further determined by combining metagenomics and transcriptomics. In addition, these endophytes can be further isolated and cultured to verify their functions.



Endophytic Microorganisms May Cause Differences in Host Metabolites

We simulated the natural drying process of licorice and performed LC–MS metabolome analysis on licorice in the fresh, early and late drying stages. Licorice metabolites were quite different between the drying stages. The variety of different metabolites was the most abundant in the fresh period. At this time, the diversity of endophytic microorganisms in licorice was also the highest. It is speculated that the enzymes of the microorganisms in the fresh period of licorice have better activity and participate more in the metabolic pathway of the host. After drying for a period of time, the enzymes of the microorganisms or the host’s enzymes are gradually inactivated, which may be due to changes in various biochemical processes, including the participation of endophytic microorganisms in the formation of host metabolites and the action of enzymes or the activity of the host’s own enzymes. For example, it has been reported in the literature that Salvia miltiorrhiza has a rich microbial community, which helps the host plant’s genome encode metabolic processes, thus affecting the tanshinone synthesis pathway (Chen et al., 2018). This result further shows that endophytic microorganisms can indeed affect the metabolic pathway of the host, and the specific mechanism by which they interact needs further study. Subsequently, the correlation between the differential metabolites and the main endophytic microorganisms was analyzed, and the results showed that the endophytic microbial community has a certain correlation with the metabolites. Therefore, it can be inferred that host metabolites were also closely related to endophytic microorganisms. This may be caused by changes in host metabolites caused by endophytic microorganism metabolites or by more complex microbial-host interactions. However, how endogenous microorganisms affect host metabolites should continue to be studied further in the future.




CONCLUSION

This study explored the dynamic changes in endophytic microorganisms, the content of active ingredients, and metabolites of licorice during natural drying. During the drying process, the decrease in water content caused the contents of glycyrrhizic acid and liquiritin to decrease, while the liquiritigenin and isoliquiritigenin contents increased. The microbial diversity in the roots of licorice also showed a downward trend of decreasing content. The endophytic fungus Cladosporiaceae and endophytic bacteria Burkholderiaceae were the dominant family when fresh, but Nectriaceae and Enterobacteriaceae were the dominant families after drying. In addition, the metabolomics results showed that the differential metabolites of licorice were reduced during the natural drying process. Correlation analysis between dominant families and differential metabolites showed that there was a certain correlation between the two. Based on these results, we suggest that fresh processing is better after harvest.
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Wheat, one of the major crops in the world, has had a complex history that includes genomic hybridizations between Triticum and Aegilops species and several domestication events, which resulted in various wild and domesticated species (especially Triticum aestivum and Triticum durum), many of them still existing today. The large body of information available on wheat-microbe interactions, however, was mostly obtained without considering the importance of wheat evolutionary history and its consequences for wheat microbial ecology. This review addresses our current understanding of the microbiome of wheat root and rhizosphere in light of the information available on pre- and post-domestication wheat history, including differences between wild and domesticated wheats, ancient and modern types of cultivars as well as individual cultivars within a given wheat species. This analysis highlighted two major trends. First, most data deal with the taxonomic diversity rather than the microbial functioning of root-associated wheat microbiota, with so far a bias toward bacteria and mycorrhizal fungi that will progressively attenuate thanks to the inclusion of markers encompassing other micro-eukaryotes and archaea. Second, the comparison of wheat genotypes has mostly focused on the comparison of T. aestivum cultivars, sometimes with little consideration for their particular genetic and physiological traits. It is expected that the development of current sequencing technologies will enable to revisit the diversity of the wheat microbiome. This will provide a renewed opportunity to better understand the significance of wheat evolutionary history, and also to obtain the baseline information needed to develop microbiome-based breeding strategies for sustainable wheat farming.
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INTRODUCTION

Plants interact with a myriad of microorganisms, and plant-microbe interactions are now considered a key facet of plant evolution, adaptation and ecology (Simon et al., 2019), both for wild and domesticated plants (Hassani et al., 2018). Hence, the plant needs to be seen as a holobiont (i.e., macro-organism and its associated microbiota), which requires a more integrated perspective on the significance of their microbial partners and the extended plant phenotypes they confer (Haichar et al., 2008; Vandenkoornhuyse et al., 2015).

The vast majority of plant microorganisms are in interaction with roots (Moënne-Loccoz et al., 2015). There are three distinct root-associated compartments for microorganisms, which are (i) the root endosphere (i.e., root internal tissues), (ii) the rhizoplane (i.e., the interface between the root surface and soil), and (iii) the rhizosphere (i.e., soil in the immediate vicinity of the root) (Figure 1A). Endophytic microorganisms inhabit the endosphere, where probably they have direct access to certain plant metabolites (Reinhold-Hurek and Hurek, 2011). They are often transmitted horizontally (Edwards et al., 2015), but some of them may be transmitted vertically (Liu et al., 2012; Hodgson et al., 2014; Truyens et al., 2015). Many of them if not most are thought to benefit their plant host (Schulz and Boyle, 2006; Reinhold-Hurek et al., 2015). In the rhizosphere, where soil is under the direct influence of the root (Hiltner, 1904), microorganisms from the surrounding soil are attracted by and benefit from rhizodeposits including root exudates (Zhalnina et al., 2018), leading to microbial proliferation and enhanced activity, i.e., the rhizosphere effect (Buée et al., 2009). Plant genotype influences the rhizosphere microbiota (Badri and Vivanco, 2009; Berg and Smalla, 2009; Micallef et al., 2009; Bouffaud et al., 2014), because different plant genotypes display different root properties and lead to different rhizosphere conditions for microbial partners. In turn, rhizosphere microorganisms can be either beneficial, pathogenic or have no effect on the plant (Vacheron et al., 2013; Nowell et al., 2016; Parnell et al., 2016). These plant-microbe interactions are essential for the ecological functioning of soil ecosystems (Lu et al., 2018).
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FIGURE 1. Relationship between wheat roots and soil/microbial components. (A) Structure of the rhizosphere, rhizoplane, and endosphere (not to scale). The rhizosphere is the soil in the immediate vicinity of the root, where the root has a major direct impact on soil organization and microbial functioning. The rhizoplane is the interface between the root surface and the soil. The endosphere corresponds to root internal tissues. Adapted from York et al. (2016) and Ding et al. (2019). (B) Major root-level microbial contributions to biotic interactions and biogeochemical cycles linked to plant growth and health. Root colonization by microorganisms is mediated by plant signals and exudates, which attract or repel soil microorganisms. Biotic interactions in the rhizosphere include plant-microorganism interactions and microorganism/microorganism interactions, with beneficial (+), deleterious (-) or neutral effects ( = ). Major microbial transformations are indicated for C, N, and P biogeochemical cycles. Metal biotransformations are not reviewed. A particular microbial taxon may be involved in several different biotic interactions (left box) and biotransformations (right box). ISR, Induced Systemic Resistance; ACC, 1-AminoCyclopropane-1-Carboxylate. Dashed arrows are used for abiotic volatilization phenomena.


Wheat, of the Poaceae family, is one of the major crops in the world with rice and maize. The crop provides 20% of calories in the human diet (Gill et al., 2004). Durum wheat is of significance as a food crop to make for example pasta, couscous, burghul, and bread wheat is used to prepare bread, pastries, etc. The Food and Agricultural Organization of the United Nations predicts a production of 776 million tons of wheat in 2022, an increase of 118 million compared to 2012. Demand for wheat is increasing with the change of diet in several large countries, such as China or India (Brisson et al., 2010). This increase in production needs to be achieved despite the growing number of challenges facing the crop, including climatic change, diminishing water resources, restrictions in the use of fertilizers and pesticides, and the risk caused by new and more aggressive pests (Tian et al., 2021). Intensive cereal systems for increasing yields are environmentally deleterious in the long-term (Lobell et al., 2009), and developing sustainable crops based on ecological intensification is essential. Exploiting the potential of wheat interactions with soil microorganisms that can enhance plant productivity, by contributing to plant nutrition and health (Bhattacharyya and Jha, 2012; Vacheron et al., 2013) is a promising strategy to reach this goal. This will require a better, more comprehensive understanding of the microbial community associated with wheat, and to identify new avenues to exploit them for sustainable wheat farming.

Recent methodology improvements, especially in sequencing technologies, have enabled to revisit our knowledge of the interactions between wheat and root-associated microbial community. For instance, the wheat microbiome has been recently described, with a focus on environmental factors driving microbiome assembly and identifying beneficial microorganisms important for sustainable wheat farming (Kavamura et al., 2021). This review aims at putting into perspective the growing knowledge on wheat-microbe interactions, by considering the evolutionary history of wheats and then its implications for the wheat microbiome. The particular patterns of microbial selection in the different root compartments (rhizosphere, rhizoplane, and endosphere) are described, ranging from bacteria and archaea to fungi and other microeukaryotes. Finally, we focus on the functional diversity of the wheat root microbiome and its implication for wheat growth and health.



WHEAT PARTICULARITIES OF RELEVANCE FOR PLANT-MICROBE INTERACTIONS


Hybridization, Polyploidy, and Domestication History

The Triticum and Aegilops ancestors of bread wheat (Triticum aestivum) and durum wheat (Triticum durum) underwent hybridization, as well as polyploidization events (Haberer et al., 2016) involving genomes A, S, B and D (Figure 2A). The A and S genomes arose by divergence from a common ancestor circa 7 million years Before Present (BP) (Pont et al., 2019). D genome might have originated from homoploid hybrid speciation of A and S genomes, 5–6 million years BP (Glémin et al., 2019). Two wild diploid wheats (2n = 14), i.e., Triticum urartu (AA genome) and a close descendant of Aegilops speltoides (BB genome) (Pont et al., 2019), hybridized about 500,000 years BP and gave a tetraploid wild wheat (2n = 28) termed Triticum dicoccoides (wild emmer wheat; AABB genome) (Pont et al., 2019). A second hybridization took place about 10,000 years BP, between domesticated emmer and a direct ascendant of the current diploid species Aegilops tauschii (DD genome), giving rise to a wild hexaploid wheat (2n = 42; AABBDD genome) at the origin of domesticated T. aestivum. Hexaploid wheat might have arisen from more than one crossing event (Dvorak et al., 1998). In both hybridization events, the seven chromosomes of each genome (A, B, or D) could not pair for subsequent mitosis, which resulted in chromosome doubling and thus allopolyploidy (Glover, 2016). On one hand, hybridization can lead to a loss of genetic diversity, since only a limited number of individuals of each species is involved in the crossing. On the other hand, polyploidy may lead to particular gene expression patterns, and probably also to particular properties in terms of root exudation, root uptake, etc. (Saia et al., 2019; Iannucci et al., 2021), which can be expected to impact on microorganisms.


[image: image]

FIGURE 2. The origin of durum and bread wheat, and literature comparisons. Wild wheats are represented in purple, while domesticated wheats are in turquoise. (A) Wild and domesticated species involved in wheat evolution and leading to pasta (T. durum) and bread (T. aestivum) wheats are indicated (adapted from Mujeeb-Kazi, 2006), as well as examples of key scientific issues investigated with them (shown with small squares with the color code indicated below the panel). The ancestors of pasta and bread wheats underwent hybridization and polyploidization events involving genomes A, S, B, and D. A simplified version of wheat evolutionary history is depicted. The A and S genomes arose by divergence from a common ancestor (not shown) circa 7 million years Before Present (BP) (Pont et al., 2019). The B genome probably descends from the S genome and is therefore a close relative of Aegilops speltoides (SS) (Fricano et al., 2014). A first hybridization event is speculated to have taken place between A (T. urartu) and S (A. speltoides/A. mutica) genomes, 5–6 million years BP (Glémin et al., 2019), leading to the D genome upon homoploid hybrid speciation. A second hybridization event took place about 500,000 years BP between this B genome donor and T. urartu (A genome), leading to the wild tetraploid T. dicoccoides, and later to the domesticated emmer T. dicoccon. A third hybridization event (10,000 years BP) involved T. dicoccon and an ascendant of current A. tauschii (D genome), leading to the hexaploid wheat T. aestivum. It is unclear whether the latter hybridization and domestication events took place at the same time or not, and the wild form of the hexaploid hybrid remains unknown. A fourth cross, between T. aestivum and T. dicoccon, is probably at the origin of the hexaploid wheat Triticum spelta (Fricano et al., 2014). Wheat genomes are composed of 14 (AA, BB or DD), 28 (AABB), or 42 chromosomes (AABBDD). Dashed arrows are used for uncertain events. In the history of Triticeae, other domestication events also occurred but without leading to species extensively cultivated nowadays, as for example the wild einkorn Triticum monococcum subsp. beoticum (A genome, genomically close to but not interfertile with T. urartu; Fricano et al., 2014) was domesticated to become Triticum monococcum subsp. monococcum (not shown). (B) Key literature comparisons between individual wheat species are indicated using colored lines connecting the corresponding species included; the type of comparison is shown using letters a-l, and is specified in the legend, along with the corresponding reference(s). The figure points to an unbalance in the consideration of wheat species, as previous investigation have studied T. durum, T. aestivum, and T. dicoccoides extensively, T. urartu, T. dicoccon, and A. tauschii to a lesser extent, but the other species have been seldom considered. We identified eight studies comparing wheat genomic and phenotypic properties and seven others comparing the microbiota associated to different wheat species, which shows that plant properties and microbiota properties are described to the same extent. Multiple comparisons between T. durum, T. dicoccon, and T. dicoccoides were made (five studies), probably because this represents a good model for domestication studies, but only one considered the microbiota (h). Only 3 of 15 studies, with a focus on seminal roots (c) or arbuscular mycorrhizal fungi (g), covered all main events of wheat history.


Wheat has undergone several domestication events. The wild einkorn Triticum monococcum subsp. beoticum (genomically close to T. urartu; Fricano et al., 2014) was domesticated and gave T. monococcum subsp. monococcum, a crop seldom cultivated nowadays (Salamini et al., 2002) (and therefore is not portrayed in Figure 2A). The wild emmer wheat T. dicoccoides (AABB genome) gave rise to the domesticated emmer wheat T. dicoccon (perhaps on several independent occasions (Özkan et al., 2011)), which later evolved into durum wheat T. durum (Figure 2A). The cross between wild emmer and the ascendant of A. tauschii (DD genome) either (i) resulted in an unknown hexaploid wild wheat, from which derived the domesticated wheat T. aestivum (Salamini et al., 2002), or (ii) was concomitant with the domestication event itself. Agronomic traits of wheat changed gradually upon domestication. As for other Poaceae, domesticated wheat presents bigger grains and higher seed number per spike (Salamini et al., 2002). Wheat domestication resulted also in lower root biomass (Waines and Ehdaie, 2007), with more fine roots and a shallower root system (Roucou et al., 2018), and with more seminal roots (Golan et al., 2018), but these traits display heterogeneity at inter and infra-species levels. Domestication represents a genetic bottleneck, with an estimated 50–60% reduction of wheat genetic diversity (Bonnin et al., 2014).



Wheat Geography

Nowadays, wild wheat habitats are still located in the area that was 10,000 years ago the Fertile Crescent (Supplementary Figure 1), and where T. urartu, T. beoticum, T. dicoccoides, A. speltoides, and A. tauschii can be found. Beyond the Fertile Crescent, wild wheats grow mainly in temperate climates between latitudes 30°N and 40°N, but they may occur also within the Arctic Circle and to higher elevations near the equator (Haas et al., 2019). Therefore, wild wheats grow under a wide range of pedoclimatic conditions, which means they may encounter different types of soil microbial communities.

Whereas wild wheats are mostly winter type, domesticated wheat can be either winter or spring type (i.e., does not need vernalization), which enables to find domesticated wheat in a larger range of climatic zones (and soil conditions). In comparison with spring wheat, winter wheat is sown in the autumn, which means the root system develops and interact with soil microorganisms over a much longer duration in the year. Domesticated wheats (both durum and bread wheats) are found in a broad range of areas and climates, and are present on all continents (Di Paola et al., 2018; Mideksa et al., 2018; Dong et al., 2019; Tidiane Sall et al., 2019). They are therefore likely to be included in a diversity of cropping systems and farming practices (i.e., regarding tillage, fertilizers, etc.) in contrasted conditions of soil and climate, which means exposure to very different types of soil microbial communities (Chaudhary et al., 2017; Dong et al., 2017; Gajda et al., 2017; Somenahally et al., 2018; Wang et al., 2018).



Selection and Modern Breeding

Growth of domesticated wheats in diverse environments and climatic conditions required local adaptations (Dwivedi et al., 2016). Farmers, through mass selection, led to the creation of particular, still genetically heterogeneous (Bonjean, 2001) wheat genotypes (called landraces) well-adapted to local environments (Kiszonas and Morris, 2018) and to specific stresses (Feldman and Kislev, 2007). Thus, the growth of landraces results in stands consisting of mixtures of many different closely related genotypes. Considering features important for plant-microbe interactions, this means an expected heterogeneity in terms of root system traits, plant physiology, rhizodeposition patterns and rhizosphere chemistry within a given plot.

Modern breeding aimed at higher yield. Genealogical selection (Gayon and Zallen, 1998) resulted into (i) limited plant-to-plant genetic heterogeneity within these cultivars, (ii) preferential allocation of N and C compounds to shoots rather than roots, probably leading to reduced rhizodeposition for microorganisms (Lindig-Cisneros et al., 1997), (iii) enhanced mineral uptake (Zhang et al., 2020; Cantarel et al., 2021), and (iv) particularities in root functioning and rhizosphere chemistry (George et al., 2014).

During the Green Revolution (from 1950 to late 1960s), crosses with semi-dwarf varieties were implemented (Brancourt-Hulmel et al., 2003). Hybrids were produced (Šramková et al., 2009). Chromosome engineering methodologies have been employed to transfer specific disease genes from other members of the tribe Triticeae into wheat, conferring new immune system defenses against phytopathogens (Rong et al., 2000; Niu et al., 2011). More recently, molecular markers and quantitative trait loci (QTLs) (Peng et al., 2003; Pestsova et al., 2005; Peleg et al., 2011) have been used successfully to facilitate breeding, whereas CRISPR-Cas9 (Kiszonas and Morris, 2018) and genome sequencing (Trebbi et al., 2011; Jia et al., 2013; Ling et al., 2013; Maccaferri et al., 2014; Soriano et al., 2016; International Wheat Genome Sequencing Consortium [IWGSC], Appels et al., 2018) open new perspectives, with potentially an impact on wheat-microbe interactions.




TAXONOMIC DIVERSITY OF MICROORGANISMS IN THE RHIZOSPHERE AND ROOTS OF WHEAT


Importance and Analysis of Root-Associated Wheat Microbiome

Soil type (Donn et al., 2015; Simonin et al., 2020) as well as cultivation history (Hilton et al., 2018) and practices (e.g., tillage, soil amendments) are the main factors shaping wheat root microbiota (Ahlawat et al., 2018; Kavamura et al., 2018). The second most important factor is the wheat genotype, both at the species and intra-species (varieties) levels (Mahoney et al., 2017; Stromberger et al., 2017; Ellouze et al., 2018; Naz et al., 2018; Kinnunen-Grubb et al., 2020; Iannucci et al., 2021). Growth stage and plant physiology matter less (Houlden et al., 2008; Donn et al., 2015), despite significant shifts after tillering (Wang J. et al., 2016) and when heading starts (Hilton et al., 2018).

In the case of wheats (Triticeae tribe), most work on rhizosphere and root microbiomes has focused on bread wheat T. aestivum, whereas durum wheat T. durum has received little attention (Figure 2B). Therefore, knowledge on other Triticum species and Aegilops species is very incomplete (Özkurt et al., 2020; Tkacz et al., 2020).

Other species of the Triticeae tribe have been considered mostly for comparison with T. aestivum and T. durum, to decipher the impact of domestication and selection on the wheat microbiome (Golan et al., 2018; Roucou et al., 2018; Meziani et al., 2019) (Figure 2B). For instance, the interactions with Glomeromycota fungi have been compared between wild (T. urartu, A. speltoides, etc.) and domesticated wheats (T. aestivum, etc.) (Kapulnik and Kushnir, 1991; Hetrick et al., 1992).

Microorganisms are subjected to stronger plant selection in the root endosphere than the rhizosphere (Compant et al., 2010; Fitzpatrick et al., 2018), including in the case of wheat. This materializes by greater dominance effects in the wheat endosphere, i.e., with fewer taxa but in greater relative abundance, both for bacteria and fungi (Lu et al., 2018; Özkurt et al., 2020; Tkacz et al., 2020; Prudence et al., 2021). While the rhizosphere was extensively studied, fewer studies have focused on the root endosphere of wheats (Germida and Siciliano, 2001; Bokati et al., 2016; Özkurt et al., 2020; Tkacz et al., 2020). In addition, the bacterial community has been more investigated than the archaeal and fungal communities. Information about the archaeal community of wheat rhizosphere and root endosphere exists almost only for T. aestivum, and this community has been documented by culture-independent methods only (Fan et al., 2018; Szoboszlay et al., 2019; Tkacz et al., 2020; Prudence et al., 2021), archaea being difficult to isolate with methods routinely used in rhizosphere ecology. Very few studies have focused on fungi in the root endosphere, whether with culture-dependent (Bokati et al., 2016) or culture-independent methods (Bokati et al., 2016; Ofek-Lalzar et al., 2016; Özkurt et al., 2020). It must be kept in mind that the various root-associated compartments, i.e., root endosphere, rhizoplane and rhizosphere, are not always straightforward to distinguish from one another from an experimental point of view, which complicates comparisons between studies.



Rhizosphere, Rhizoplane, and Root Endosphere Microbiomes of Bread Wheat


Rhizosphere Microbiome

The rhizosphere bacterial community of T. aestivum is dominated at almost 40% by Proteobacteria, as indicated by culture-independent methods (Table 1). The other dominant phyla (10–15%) are Acidobacteria, Actinobacteria, and Bacteroidetes, whereas the remaining phyla represent <5% each (Turner et al., 2013; Donn et al., 2015; Rascovan et al., 2016; Mahoney et al., 2017; Fan et al., 2018; Tkacz et al., 2020; Prudence et al., 2021). Culture-dependent methods point to Proteobacteria and Actinobacteria (each representing about 25%) and then Firmicutes (10%) as main phyla in the T. aestivum rhizosphere (Table 2; Juhnke et al., 1987; Sato and Jiang, 1996a,b; Germida et al., 1998; Germida and Siciliano, 2001). Within the Proteobacteria, the Gammaproteobacteria are the most abundant, with especially the families Pseudomonadaceae and Xanthomonadaceae (Donn et al., 2015).


TABLE 1. Occurrence of phyla in the rhizosphere of T. aestivum, as documented by culture-independent methods.
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TABLE 2. Occurrence of phyla in the rhizosphere of T. aestivum, as documented by culture-dependent methods.
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In the archaea, the Thaumarchaeota represent more than two thirds of the rhizosphere community of T. aestivum, the Euryarchaeota <10%, and a range of unidentified phyla a total of about 20% (Table 1; Fan et al., 2018; Szoboszlay et al., 2019; Tkacz et al., 2020; Prudence et al., 2021). In the studies cited in Table 1 and Figure 3B, the Crenarchaeota were not detected in T. aestivum rhizosphere. One investigation also considered lower taxonomic levels, showing that the Nitrosphaeraceae (Thaumarchaeota) was the most abundant family in the rhizosphere (Prudence et al., 2021).
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FIGURE 3. Heatmap of major phyla affiliated with (A) bacteria, (B) archaea, and (C) fungi in rhizosphere soil (RS) and root/endosphere (RE) of wheats and non-wheat plants based on results from selected studies. Only phyla with relative abundance >0.5% in at least one study are shown. The color intensity in each cell denotes the transformed relative abundance [log2((100x)+0.02)] of a phylum in each study for each plant type. For details on individual conditions, see Supplementary Table 1.


The rhizosphere fungal community of T. aestivum is dominated by Ascomycota, which represent 40–50% of the total community with culture-independent (Table 1; Fan et al., 2018; Lu et al., 2018; Gqozo et al., 2020; Tkacz et al., 2020) and culture-dependent methods (Table 3; Smit et al., 1999; Hagn et al., 2003). The other dominant phyla are Basidiomycota and Chytridiomycota (5–15% each; Table 1). At genus level, Mortiella (phylum Mucoromycota), Verticillum (Ascomycota), and Cryptococcus (Basidiomycota) are enriched in the rhizosphere (Tkacz et al., 2020).


TABLE 3. Occurrence of phyla in the root endosphere of T. aestivum, as documented by culture-independent and culture-dependent methods.
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Rhizoplane Microbiome

The rhizoplane is very poorly documented with sequencing methods, which is surprising considering the importance of bread wheat as a crop. This situation probably results from sampling limitations for the root-sol interface and an increased focus on the root endosphere in recent years. In comparison with the rhizosphere, the rhizoplane displays a bacterial community that changes with wheat growth to a larger extent, with a decrease in Proteobacteria and an increase in Actinobacteria between the vegetative and ripening stages, as well as a decrease in Bacteroidetes associated with senescing roots compared to ripening stage (Donn et al., 2015). A lower abundance of Acidobacteria is observed at the rhizoplane in comparison with the rhizosphere (Donn et al., 2015).



Root Endosphere Microbiome

The bacterial community of the root endosphere of T. aestivum, in contrast with that of the rhizosphere, is dominated by Actinobacteria (Tkacz et al., 2020; Prudence et al., 2021). They represent about 40% of the total community based on culture-independent methods (Table 3), but <10% with culture-dependent methods (Germida and Siciliano, 2001; Bokati et al., 2016). They are followed by Proteobacteria (about 30%), and then Bacteroidetes, Acidobacteria and Verrucomicrobia (each at 5–10%). At family level, the Streptomycetaceae (Actinobacteria) dominates the endophytic community, followed by Chitinophagaceae (Bacteroidetes) and Polyangiaceae (Proteobacteria) (Prudence et al., 2021), whereas at genus level Streptomyces, Microbispora, Micromonospora, and Nocardioides (all in the Actinobacteria phylum) are prevalent (Coombs and Franco, 2003).

Root archaeal endophytes consist mainly of Thaumarchaeota (about 60% of the community) and Euryarchaeota (about 30%) (Table 3; Tkacz et al., 2020). It is a situation reminiscent of the one in the rhizosphere, but the abundance of Thaumarchaeota is lower in the root endosphere compared with the rhizosphere (Tkacz et al., 2020). The family Nitrosphaeraceae (Thaumarchaeota) also dominates in the root endosphere (about 75% of the community; Prudence et al., 2021). Methanobacteriaceae and Methanocellaceae are also present (about 10% of the community; Prudence et al., 2021).

For fungi, the predominance of Ascomycota in T. aestivum root endosphere (about 80%; Table 3) is documented with culture-independent and culture-dependent methods (Bokati et al., 2016; Özkurt et al., 2020). Basidiomycota represent <1% (Özkurt et al., 2020).




Evolutionary History of Wheats and Microbiome Effects


Hybridization and Domestication

Inter-generic hybridizations and domestication events led to a range of wheat species with phenotypic differences between one another and with their wild progenitors (see above section). Wheat polyploidy is a trait thought to lead to slightly different bacterial community diversity in root and rhizosphere. Wipf and Coleman-Derr (2021) documented a higher abundance of Actinobacteria in roots of tetraploid and hexaploid species and a higher α-diversity in the rhizosphere, in comparison with diploids. Several studies investigated the impact of domestication on the microbial community of rhizosphere and root endosphere of wheat (Figure 2B; Kapulnik and Kushnir, 1991; Hetrick et al., 1992; Hassani et al., 2018; Özkurt et al., 2020; Tkacz et al., 2020; Wipf and Coleman-Derr, 2021). Comparison of T. durum and T. aestivum with T. dicoccoides and A. tauschii (Tkacz et al., 2020) evidenced the same bacterial phyla but not in the same proportions, depending on the wheat species and root compartment. In the rhizosphere, the abundance of Verrucomicrobia is lower and the abundance of Actinobacteria is higher for T. dicoccoides than the other wheats (Figure 3A; Tkacz et al., 2020). Wild varieties displayed higher bacterial α-diversity than domesticated ones when comparing diploid wheats (Wipf and Coleman-Derr, 2021). In the root endosphere, a higher proportion at the heading/flowering stage is found for Bacteroidetes in T. dicoccoides, Chloroflexi in A. tauschii and Cyanobacteria in T. aestivum compared with the other wheat species (Figure 3A; Tkacz et al., 2020). The root endosphere of seedlings displays a higher abundance of Proteobacteria and a lower abundance of Firmicutes for T. dicoccoides than for T. aestivum (Özkurt et al., 2020). Results with root samples pointed to higher α-diversity for wild polyploid wheats than domesticated polyploids, but shifts were of small magnitude (Wipf and Coleman-Derr, 2021). Higher stochasticity (e.g., priority effects) was found in T. aestivum than the wild species T. dicoccoides (Tkacz et al., 2020).

Archaea were studied (Tkacz et al., 2020), but sequencing targeted bacteria and archaea together, yielding limited numbers of sequences for archaea (<5%). This approach gave similar levels of Thaumarcheota, in the rhizosphere and the root endosphere, for A. tauschii, T. dicoccoides, T. durum, and T. aestivum.

For fungi, A. tauschii presented fewer Zygomycota in its rhizosphere than the other wheats did (Figure 3C; Tkacz et al., 2020). At genus level, fewer Mortierella (Mucoromycota) were found in A. tauschii and more Verticillum (Ascomycota) in A. tauschii and T. dicoccoides in comparison with T. aestivum (Tkacz et al., 2020). The less abundant fungal phylum in T. aestivum rhizosphere corresponded to the Glomeromycota (about 1%, Table 1), which were more abundant in the rhizosphere of A. tauschii (Tkacz et al., 2020). The selection of Glomeromycota and the plant response to these fungi are controlled by the D genome of A. tauschii, in comparison with genomes A (T. urartu) and B (A. speltoides) (Kapulnik and Kushnir, 1991; Hetrick et al., 1992; Zhu et al., 2001). The analysis of 32 T. durum genotypes indicated that Glomeromycota composition depended on plant genotype, and that certain T. durum genotypes associated strongly with Paraglomus and Dominikia, which were undetected in other genotypes (Ellouze et al., 2018). In the root endosphere, differences between T. aestivum and T. dicoccoides seedlings were evidenced, with a higher abundance (73 vs. 47%) of Pleosporales (Ascomycota) in T. aestivum than T. dicoccoides roots (Özkurt et al., 2020).



Post-domestication Selection

The analysis of bacterial rhizosphere isolates showed a higher diversity with a landrace compared with two cultivars of T. aestivum, with the genera Aureobacter and Salmonella found only in the landrace (Germida and Siciliano, 2001). With culture-independent methods, landraces presented in the rhizosphere a higher abundance of Bacteroidetes and a lower abundance of Actinobacteria in comparison with modern T. aestivum cultivars (Rossmann et al., 2020). Landraces also displayed a core microbiome with more bacterial genera that were specific, i.e., found only with landraces. In the rhizosphere, the fungal genus Dominikia (Glomeromycota) was detected with 80% of T. durum landraces but only 60% of modern genotypes (Ellouze et al., 2018). The endophytic fungal community of T. durum landrace Perciasacchi (winter type) is dominated by Ascomycota (with Alternaria and Gibberella) and that of T. durum landrace Tumminia (spring type) by Basidiomycota (and particularly Sporobolomyces and Puccinia) (Casini et al., 2019), but these landraces were not compared with durum wheat cultivars. When comparing root and rhizosphere microorganisms associated with landraces and modern cultivars of T. aestivum, old accessions were enriched in Acidobacteria and Actinobacteria, and modern cultivars in Verrumicrobia and Firmicutes (Kinnunen-Grubb et al., 2020). Landraces are genetically more heterogeneous than cultivars, including for traits that influence root-microorganism interactions, e.g., root system size and root exudation (Waines and Ehdaie, 2007; Haichar et al., 2008; Matthews et al., 2019; Iannucci et al., 2021), and thus at the scale of a field they are likely to select a wider range of soil microorganisms overall. At the scale of individual plants, however, the microbiota of both old and ancient bread wheats followed a neutral assembly model, and the root microbiome displayed higher stochasticity (i.e., less deterministic selection) with modern T. aestivum cultivars than with landraces (Kinnunen-Grubb et al., 2020).

The Green Revolution resulted in the selection of semi-dwarf cultivars. In comparison with older, tall cultivars, the rhizosphere bacterial community of semi-dwarf bread wheat cultivars displays lower levels of Actinobacteria (1.4 vs. 13%), Bacteroidetes (5.0 vs. 16%) and Proteobacteria (8.6 vs. 29%) and higher levels of Verrucomicrobia (7.9 vs. 2.9%), Planctomycetes (2.1 vs. 0.7%) and Acidobacteria (2.9 vs. 1.4%) (Kavamura et al., 2020). The latter phyla are typically well present in bulk soil, which suggests a lower selection intensity by semi-dwarf than tall cultivars (Kavamura et al., 2020). When considering rhizosphere selection of individual strains, the comparison of 192 T. aestivum varieties evidenced that old varieties had a higher ability than modern cultivars to recruit the bacterium Pseudomonas ogarae (ex-fluorescens ex-kilonensis) F113 (Valente et al., 2020). Root systems of mid and later-generation semi-dwarf wheats are smaller than those of early Green-Revolution wheats (Waines and Ehdaie, 2007), whereas the amount of simple sugars released by roots of modern wheats is higher (Shaposhnikov et al., 2016), probably due to less stringent control of sugar exudation (Pérez-Jaramillo et al., 2018). Much remains to be done to understand differences in microbial community between old and modern cultivars, notably for archaea and fungi (not considered so far).

Among modern bread wheat cultivars, differences in bacterial selection can be significant, for certain phyla (Figure 3A; Mahoney et al., 2017). The abundance of Actinobacteria, Firmicutes and Cyanobacteria in the rhizosphere of cultivar Madsen is lower than for cultivar Paragon (8 vs. 19%, 0.2 vs. 20%, and 0.5 vs. 2.8%, respectively; Figure 3A). Such differences can also be evidenced at lower taxonomic levels, and root colonization levels by P. ogarae F113 varied between modern T. aestivum cultivars (Valente et al., 2020). Different T. aestivum cultivars can present dissimilar abundance levels of Thaumarchaeota and Euryarchaeota (Figure 3B), but data scarcity does not enable to conclude on archaeal ecology (Fan et al., 2018; Tkacz et al., 2020; Prudence et al., 2021). With fungi, higher rhizosphere levels were found for Basidiomycota (>15% vs. <10%) in cultivars Paragon, SST88 and Eland (Gqozo et al., 2020; Tkacz et al., 2020) and for Chytridiomycota (about 20% vs. <10%) in cultivar Kariega (Gqozo et al., 2020; Figure 3C). Among 94 T. aestivum genotypes, variations in mycorrhizal colonization were observed following inoculation with Rhizophagus and Claroideoglomus species, which could vary depending on old vs. recent cultivars (Lehnert et al., 2017). The abundance of Paraglomus (Glomeromycota) depends on the modern T. durum cultivar in the rhizosphere but not in the root endosphere (Ellouze et al., 2018).




Microbiome of Wheats vs. Other Poaceae and Non-Poaceae


Wheats vs. Other Poaceae

Compared with other Poaceae, Triticea members show some specificity in the level of certain phyla in the rhizosphere or root endosphere. Using selected publications (Supplementary Table 1), we found trends for (i) a higher abundance of Cyanobacteria and Glomeromycota and a lower abundance of Firmicutes in the rhizosphere, and (ii) a higher abundance of Chloroflexi in the root endosphere (Figures 3A,C). Differences between rhizobacterial communities increase with the phylogenetic distance between Poaceae (Bouffaud et al., 2016), but this is not apparent when considering phyla abundance. For example, Verrucomicrobia are found at the same level of magnitude in the rhizospheres of millet, rice and wheat (Figure 3A; Shi et al., 2019), even though the former two are distant from the Triticeae tribe. Moreover, rice (the closest to wheats in Figure 3C) displays a higher abundance of Chytridiomycota in the rhizosphere than Triticeae, whereas maize (although more distant) exhibits rhizosphere levels of Chytridiomycota closer to those of the Triticeae. This is also the case for the root endosphere, as the abundance of Acidobacteria in Triticeae is higher than in barley and oat but similar to levels in rice, sorghum and maize, which are comparatively more distant from wheats (Figure 3A). Nevertheless, such a variability between wheats and Poaceae needs to be considered in light of the high variability that exists between the different Triticeae species, and even between different T. aestivum cultivars.



Wheats vs. Non-Poaceae

Differences in bacterial community composition at phylum level can be found between Triticeae and non-Poaceae. This includes a lower abundance in rhizosphere and root endosphere of Bacteroidetes (for poplar) and Chloroflexi (for poplar and arabidopsis) compared with the Triticeae. A higher abundance of Thaumarchaeota (in rhizosphere and root endosphere) and Nitrospirae (in rhizosphere) is observed for tomato compared with T. aestivum (Figure 3B). In the rhizosphere, Glomeromycota are more abundant with Triticeae members than with tomato, bean, soybean and poplar (Figure 3C). However, significant microbiota similarities may also be observed when considering Triticeae and non-Poaceae plants mentioned in Figure 3. For instance, Proteobacteria and Ascomycota dominate the rhizobacterial community of both wheats and dicotyledons except for two varieties of Arabidopsis thaliana (Bulgarelli et al., 2012).

The comparison between Triticeae and non-Poaceae also reveals unexpected features, as certain differences do not coincide with the divide between these two groups. Barley (the closest to wheat in Figure 3A), displays surprisingly a low abundance of Acidobacteria in comparison with the Triticeae, the other Poaceae and also the non-Poaceae. The Thaumarchaeota dominate the rhizospheres of wheat and tomato, but not maize (Figure 3B). The rhizosphere and root endosphere of dicotyledons and certain T. aestivum are poorly colonized by Zygomycota, unlike for rice, other Triticum species and A. tauschii. In fact, extensive variability exists within the Triticeae, including between T. aestivum cultivars, and it is not necessarily lower than the variability between Triticeae and non-Poaceae observed in Figure 3.





FUNCTIONAL DIVERSITY OF THE WHEAT MICROBIOME


Functional Network of the Wheat Root Microbiome

Microorganisms play key roles in the biogeochemical cycles of carbon, nitrogen, sulfur, etc. (Philippot et al., 2013; Louca et al., 2016; Figure 1B). In root environments, the plant is the major provider of organic C and stimulate microorganisms, leading to the synthesis of various microbial metabolites, many of them with feed-back effects on the plant (Raaijmakers et al., 2009; Compant et al., 2010; Vacheron et al., 2013). The range of possible interactions between microorganisms and plant host is very broad (Figure 1B), from parasitism and competition to commensalism and mutualism (Lambers et al., 2009; Newton et al., 2010). Root-associated microorganisms also interact with one another, which modulates their own interactions with the plant (Raaijmakers et al., 2009; Huang et al., 2012). Due to the importance of root metabolism and rhizodeposition, it can be expected that exudate differences between wheat genotypes have the potential to materialize in significant differences in the implementation of biogeochemical cycles and biotic interactions in the root zone, but this possibility remains poorly documented.

Microbial functioning involves a complex network of elementary transformations (e.g., the conversion of N2 into NH3) or interactions (e.g., the inhibition mediated by a given antibiotic), each corresponding to a particular function. Each individual microorganism is endowed with many of these functions, and typically each function is common to different strains and species, leading to functional redundancy in the microbial community (Louca et al., 2016). All microorganisms participating to the same function form a functional group, and therefore each organism is likely to belong to several functional groups (Louca et al., 2016). For root-associated microorganisms, the context of the holobiont adds a supplementary dimension when considering microbial functioning (Vandenkoornhuyse et al., 2015; Lemanceau et al., 2017; Hassani et al., 2020). Whereas taxonomic variation within individual functional groups does not seem to fluctuate extensively with soil and other environmental conditions, the functional potential of the microbiota is thought to be strongly linked to environmental conditions (soil physico-chemistry, plant genotype, and growth stage) (Louca et al., 2016; Lemanceau et al., 2017; Guo et al., 2018). Accordingly, similar environments should promote similar microbial functional communities, while allowing for taxonomic variation inside an individual functional group.



Global Functioning of the Wheat Microbiota

The emergence of metagenomics has made it possible to glimpse the global functional and metabolic capacities of a microbiota. The assessment of the rhizosphere metagenome of T. durum showed an overrepresentation of two categories of microbial functions (Ofek-Lalzar et al., 2016; Ofaim et al., 2017). A first category corresponded to basic metabolism, important for root colonization (Santi et al., 2013; Vacheron et al., 2013), such as chemotaxis, lipopolysaccharide metabolism, nitrogen metabolism, pentose and glucoronate interconversions, starch, and sucrose metabolism. The second category was related to secondary metabolism, e.g., anthocyanin production or xenobiotic metabolism (Ofaim et al., 2017; Lu et al., 2018). Whether metagenome differences occur between wheat species or lines of individual wheat species remains to be determined. Despite methodological limitations, functional metagenome predictions from metabarcoding-based OTU datasets did suggest microbial differences between wheat lines (Mahoney et al., 2017). These predictions differed also according to T. aestivum growth stage (Kavamura et al., 2018). Energy metabolism dominates in the rhizosphere microbiota during early wheat development, vs. degradation of complex organic compounds with older, photosynthetically active plants. A similar rhizosphere acclimatization was found with oat (Nuccio et al., 2020). Metatranscriptomic analysis of the rhizosphere of one T. aestivum genotype revealed metabolic capabilities for rhizosphere colonization, including cellulose degradation and methylotrophy (Turner et al., 2013).

Metagenomic or metatranscriptomic studies have been useful to describe global metabolic activity in root environments, but they have not been implemented yet to compare different wheat species or lines. Therefore, it remains difficult to assess the impact of intra-species variation, domestication and hybridization of wheats on global microbial functioning in the root zone, and this is a topic in strong need of research attention.



Microbial Interactions in the Wheat Root and Rhizosphere

Rhizosphere microorganisms develop deleterious, beneficial or neutral interactions with one another (Figure 1B). The extent of these interactions, and the density and complexity of the resulting interaction network depend on taxa richness, microbial abundance and activity levels (Finlay et al., 1997; Torsvik and Øvreås, 2002; Fuhrman, 2009). Wheat root system architecture and rhizodeposition traits determine the root surface that can be colonized and the amount of root exudates. Since these characteristics were affected by domestication and subsequent crop selection (Waines and Ehdaie, 2007; Shaposhnikov et al., 2016; Iannucci et al., 2021), wild wheats, landraces and modern cultivars probably display different patterns of microbial colonization and of microbial interactions in their roots and rhizosphere. Microbial interactions and competition can also be modulated by predators (nematodes and protozoa), which thrive to different extents in the rhizospheres of oat, pea and wheat (Turner et al., 2013), and perhaps also in the rhizosphere of different wheat genotypes. Microbiota network analysis of T. aestivum rhizosphere revealed the co-occurrences of cercozoa (protozoa), bacterial and fungal taxa, reminiscent of a predator-prey system (Rossmann et al., 2020). Co-occurrence levels were higher and trophic networks more entangled with landraces than modern cultivars, which suggests a higher level of microbial interactions in the rhizosphere of landraces.

Pathogens infecting wheat roots cause significant damage, including the take-all fungus Gaeumannomyces graminis var. tritici (Wilkinson et al., 1985), Rhizoctonia spp. causing root rot or damping-off (Ingram and Cook, 1990), and Pythium species leading to root rot (Wiese, 1987; Ingram and Cook, 1990). Differences in sensitivity to root pathogens exist according to wheat genotype. A. speltoides and T. durum are more sensitive than T. monococcum to G. graminis var. tritici (McMillan et al., 2014), whereas inter-cultivar variability of resistance to this pathogen is high within T. aestivum (Golizadeh et al., 2017). Susceptibility to Rhizoctonia was similar for T. monococcum and T. durum, as well as certain T. aestivum cultivars, whereas other cultivars of T. aestivum were more sensitive (Oros et al., 2013). Differences in tolerance to G. graminis (Golizadeh et al., 2017), root-infecting Fusarium graminearum (Wang et al., 2018), foot, crown and root rot-causing Fusarium culmorum (Erginbaş Orakcı et al., 2018) and Pythium (Higginbotham et al., 2004) occurred among T. aestivum cultivars. Wheat is also affected by parasitic nematodes, with cultivar-level differences in susceptibility of T. aestivum to cereal cyst nematodes Heterodera spp. (Cui et al., 2016) and root-lesion nematode Pratylenchus curvicauda (Begum et al., 2020). Apart from differences in disease sensitivity, modern T. aestivum cultivars tend to be more colonized by Fusarium, Neoascochyta and Microdochium root pathogens compared with landraces (Kinnunen-Grubb et al., 2020).

Wheat cultivars might rely on specific microbial populations for phytoprotection, which may entail pathogen inhibition (via competition or antagonism) or systemic induction of plant defense pathways. Fluorescent Pseudomonas inhibit Pythium, Rhizoctonia and G. graminis (Weller and Cook, 1986; Mavrodi et al., 2013), using 2,4-diacetylphloroglucinol (DAPG), hydrogen cyanide (HCN), or phenazines (Keel et al., 1992; Kwak and Weller, 2013; Mavrodi et al., 2013; Imperiali et al., 2017). The diversity of bacterial populations producing these compounds and rhizosphere expression of the corresponding genes depend on plant host genotype (Latz et al., 2015). DAPG and HCN-producing microorganisms can be studied via the marker genes phlD and hcnABC, respectively (Supplementary Table 2), and DAPG-producing microorganisms associated with different wheat genotypes have been well-studied in comparison with the case of other antagonistic compounds (Table 4). Modern cultivars of T. aestivum differentially select for and benefit from DAPG-producing Pseudomonas species in resident soil populations (Berg et al., 2002; Mazzola et al., 2004; Meyer et al., 2010). Cultivar differences were evidenced in the interaction with DAPG-producing P. brassicacearum in soil suppressive to take-all (Yang et al., 2018). Suppression of Rhizoctonia root rot and take-all is cultivar-dependent, through enhanced recruitment of specific Pseudomonas populations by cultivars less affected by disease (Mazzola et al., 2004; Yang et al., 2018). Phytopathogens may also be inhibited by other saprophytic microorganisms, including bacteria and fungi (Barnett et al., 2017), and for the latter the ability to colonize wheat roots can depend on the cultivar (Osborne et al., 2018). In addition, Arbuscular Mycorrhizal (AM) fungi (division Glomeromycota) also inhibit wheat pathogens via competition (Ganugi et al., 2019) or production of cellulases and chitinases, which may affect pathogen cell wall and provide wheat protection (Pérez-de-Luque et al., 2017), but the significance of wheat genotypes is not documented. Induced resistance is poorly documented in monocots, including wheat (Balmer et al., 2013). Induced Systemic Resistance (ISR), which involves jasmonate and ethylene signaling, is triggered in wheat by certain Pseudomonas strains (Balmer et al., 2013). Similarly, saprophytic fungi from Aspergillus, Penicillium and Trichoderma genera and protecting against Rhizoctonia wilt trigger ISR in wheat (El-Maraghy et al., 2020). Mycorrhizae also induce systemic plant resistance, termed Mycorrhiza-Induced Resistance (MIR) (Mustafa et al., 2016), which is reminiscent of ISR (Balmer et al., 2013) but displays also features of Systemic Acquired Resistance (SAR), especially the priming of salicylic acid-dependent genes (Pérez-de-Luque et al., 2017). Thus, MIR by the AM fungus Funneliformis mosseae upregulated several defense genes in wheat, and protected wheat from the powdery mildew pathogen Blumeria graminis f. sp. tritici (Mustafa et al., 2016). In addition, Bacillus velezensis CC09 stimulated SAR pathways, inducing PR1 genes and enhancing lignin accumulation, and protected wheat from take-all (Kang et al., 2018). Little has been done to compare induced resistance in different wheat genotypes (Table 4). The two cultivars studied in Pérez-de-Luque et al. (2017) displayed different levels of systemic priming for chitosan-induced callose after co-inoculation with Pseudomonas putida and Rhizophagus irregularis. One of the two cultivars showed higher level of callose deposition after co-inoculation than inoculation of P. putida or R. irregularis alone, suggesting additive or synergistic effects in some but not all genotypes, probably linked to cultivar differences in the signaling pathway leading to systemic immune priming (Haichar et al., 2016). Root expression of defense gene homologs induced by P. brassicacearum Q8r1-96 differed between the three wheat cultivars analyzed (Okubara et al., 2010). Since wheat species and varieties differ in their abilities to recruit microbial taxa containing strains with induced resistance potential, especially AM fungi (Figure 2A), it raises the possibility that some varieties are more prone to be protected by ISR. If so, this might explain some of the differences in sensitivity to diseases observed among cultivars.


TABLE 4. Literature comparisons of root-associated microbial functional groups considering (i) wheat of different species, wild or domesticated, (ii) landraces, ancient, or modern varieties within wheat species, and (iii) different modern cultivars within wheat species.
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Apart from plant protection, several microbial functional groups present in the rhizosphere are beneficial, by ensuring better plant growth (Vacheron et al., 2013; Lemanceau et al., 2017). However, information about their abundance and activity according to wheat genotype is scarce, even for the best described functional groups. Mineral nutrition of wheat can be promoted by different functional groups directly affecting nutrient bioavailability or stimulating plant development through microbial modulation of its hormonal balance (Finkel et al., 2017). Wheat growth can be promoted by microorganisms that produce phytohormones, such as Indole-3-Acetic Acid (IAA) (Spaepen et al., 2007), cytokinins and gibberellin, or secondary metabolites interfering with auxin, such as DAPG (Landa et al., 2003) and nitric oxide (NO) (Molina-Favero et al., 2008). Inoculation with different P-solubilizing, IAA-producing strains of Azotobacter chroococcum carried out on three cultivars of T. aestivum showing contrasted P responses resulted in enhanced N, P, K uptakes, probably as a consequence of phytohormone effects, but without difference between wheat genotypes (Narula et al., 2000). In contrast, cultivar differences were found following Azospirillum inoculation, when considering phenotypic traits such as root system architecture or plant height, especially during early growth phases, but without an effect on grain yield (Kazi et al., 2016). Using the Opata × synthetic mapping population, one QTL region on chromosome 1A was identified for Azospirillum adhesion to wheat roots (Díaz De León et al., 2015). DAPG, at low concentration, induces the plant’s auxinic pathways, which stimulates root exudation and branching (Brazelton et al., 2008; Combes-Meynet et al., 2010). Application of wheat root exudates to a soil modified the composition of the DAPG-producing community in a cultivar-specific manner (Gu and Mazzola, 2003). The activity of DAPG-producing Pseudomonas in the rhizosphere and DAPG accumulation on the rhizoplane of T. aestivum is influenced by specific cultivar-bacterial strain associations (Bergsma-Vlami et al., 2005; Okubara et al., 2010). Variability is also observed between old and modern cultivars, as colonization by P. ogarae F113 and expression of phl genes (coding for DAPG production) are higher for ancient genotypes of T. aestivum (Valente et al., 2020). Not much data is available on the effect of wheat genotype on the abundance or activity of other phytohormone-producing microorganisms (Table 4). 1-aminocyclopropane-1-carboxylate (ACC) is the precursor of ethylene in plants and more ACC is produced in case of stress, which may have deleterious effects on plant growth (Glick, 2014). ACC deaminase activity, which catalyzes the cleavage of ACC into ammonium and alpha-ketobutyrate (Glick, 2005, 2014), is found in many microorganisms living in the rhizosphere (Bouffaud et al., 2018). This activity can improve the growth and yield of T. aestivum under salt stress and drought conditions, acting as an ACC sink that lowers ethylene level without stopping stress-induced reactions (Zahir et al., 2009; Shakir et al., 2012; Hassan et al., 2014). The abundance of microorganisms with ACC deaminase activity in the rhizosphere varies with plant genotype (Bouffaud et al., 2018), and the abundance, composition and activity of the corresponding functional group depends also on T. aestivum cultivar (Stromberger et al., 2017). Under drought or well-watered conditions, the response of T. aestivum to inoculation with ACC deaminase-producing bacteria is genotype dependent, as some cultivars showed higher root length while others had increased above-ground biomass (Salem et al., 2018). The ability of these bacteria to promote drought resistance may depend on wheat genotype (Stromberger et al., 2017). The significance of ACC deaminase activity has not been studied for wheat species other than T. aestivum (Figure 2A). Pseudomonas producing phenazine (usually studied for its antimicrobial properties) are thought to be involved in drought resistance as well. Indeed, when inoculated, their presence on roots (at population levels that are wheat cultivar dependent; Mahmoudi et al., 2019) leads to added protection of seedlings against drought in cultivars that are genetically drought resistant (Mahmoudi et al., 2019). Moreover, Pseudomonas producing phenazine were shown to be abundant in non-irrigated soil (Mavrodi et al., 2012, 2013). Furthermore, resistance to drought (along with other abiotic stress like salinity or metals; Seguel et al., 2016; Aguilera et al., 2018; Ganugi et al., 2019) may be conferred by AM fungi following the induction of particular metabolomic responses in wheat roots (Bernardo et al., 2019). This protection varies with T. aestivum cultivars and QTLs have been identified, especially on chromosomes 3D and 7D (Lehnert et al., 2017). More generally, genome-wide association studies for the establishment of AM symbiosis have highlighted QTL regions on chromosomes 3A, 4A, and 7A in T. aestivum inoculated with Rhizophagus intraradices, Claroideoglomus claroideum and Claroideoglomus etunicatum (Lehnert et al., 2017) and on chromosomes 1A, 2B, 5A, 6A, 7A, and 7B for T. durum when inoculated individually with Funneliformis mosseae or Rhizoglomus irregulare (De Vita et al., 2018). Depending on the species (T. aestivum or T. durum), changes in rhizosphere microbiota traits due to drought will differ, suggesting that different wheat genotypes recruit their own specific microbiota to help alleviate abiotic stresses (Azarbad et al., 2018, 2020).



Biogeochemical Cycles in the Wheat Root and Rhizosphere

The rhizosphere is characterized by the release of organic exudates and other rhizodeposits, and the uptake of mineral nutrients by roots (Figure 1B). The biogeochemical cycles of carbon, nitrogen and phosphorus are well-understood, and several primers are available to target microbial markers associated with these cycles (Supplementary Table 2). However, microbial activities involved in other important cycles such as those of potassium, sulfur or iron are less described in the wheat root and rhizosphere (Narula et al., 2000; Sheng and He, 2011; Jacoby et al., 2017; Kumar et al., 2018).


Carbon

Carbon efflux from the root is important (Kuzyakov and Cheng, 2001) and wheat root-derived CO2 represents between 25 and 50% of the total CO2 efflux from soil (Kuzyakov and Cheng, 2001). Most microbial functions related to carbon in the rhizosphere are linked to degradation of organic exudates (Derrien et al., 2004; Haichar et al., 2016). The rhizosphere priming effect (i.e., the increase of microbial activity following exudation) intensifies decomposition and mineralization (Cheng et al., 2003), and is an important cause of carbon loss from the rhizosphere.

Bacteria and fungi are primary decomposers, releasing extracellular hydrolytic enzymes to catalyze decomposition of organic matter (Berg and McClaugherty, 2008). Actinobacteria, found in the rhizosphere of T. aestivum (Table 1) include different species involved in decomposition and humus formation (Wang C. et al., 2016; Bao et al., 2021). In the rhizosphere, the potential activity of microbial enzymes (mostly cellulases) associated with carbohydrate degradation differed according to T. aestivum cultivar (Table 4; Zuo et al., 2014). Moreover, endophytic microorganisms isolated from roots of ancient T. durum cultivars differed in their ability to degrade organic compounds compared with those from more recent cultivars (Siciliano et al., 1998). Indeed, microorganisms isolated from recent cultivar CDC Teal degraded carboxylic acids at a higher rate, whereas polymers and amino acids were degraded at a higher rate by microorganisms isolated from ancient cultivars Red Fife and PI 167549.



Nitrogen

Diazotrophs are well-represented in the plant rhizosphere, where they find sufficient energy resources for the costly functioning of the dinitrogenase that fixes N2 into assimilable NH3 (Herridge et al., 2008). N2 fixation is the best studied activity when comparing different wheat genotypes (Table 4). The ability of N2-fixing Azospirillum to colonize roots depends on T. aestivum cultivar, as the bacteria were detected either in the root tissues and intercellular spaces or only at the root surface (Schloter and Hartmann, 1998). Cyanobacteria of the genera Nostoc (Gantar et al., 1993) and Azospirillum brasilense FP2 fix N2 when colonizing T. aestivum roots (Van Dommelen et al., 2009; Camilios-Neto et al., 2014). Free-living nitrogen-fixing prokaryotes contribute to nitrogen requirement of wheat (Dellagi et al., 2020), up to 76 and 32% for shoots and roots, respectively (Majeed et al., 2015). In addition, higher yields were observed for T. aestivum inoculated with engineered strains able to fix nitrogen constitutively (Fox et al., 2016). The diazotroph community varies in size and activity with plant species (Perin et al., 2006; Mao et al., 2013; Bouffaud et al., 2016) and cultivars of T. aestivum, with a higher number of rhizosphere diazotrophs for Xiaoyan than for other T. aestivum cultivars (Mahoney et al., 2017).

Even though N is often limiting for plant growth, wheat roots may release nitrogen in the form of NH3/NH4+ in the rhizosphere (26 mg for the entire growing season, 18% of the total N yield of the plant; Janzen, 1990). Within the wheat rhizosphere, NH3 is oxidized into NO2– and NO3– by aerobic nitrifiers. Ammonium oxidizers include ammonium-oxidizing bacteria (AOB) and ammonium-oxidizing archaea (AOA; Chen et al., 2011). Wheat domestication and selection had an effect on the interaction with nitrifiers, as they are less abundant in the rhizosphere of modern T. durum cultivars compared with T. dicoccoides and T. dicoccon (Spor et al., 2020). Differences in abundance of nitrifying bacteria also exist between T. aestivum cultivars, with higher rhizosphere numbers for cultivar Xiaoyan than the others (Mahoney et al., 2017). In addition, some T. aestivum landraces can inhibit nitrification in their rhizosphere (O’Sullivan et al., 2016).

Denitrifying bacteria harboring NO2– reductase genes nirK/nirS (Chen et al., 2011) reduce NO2– into NO. In the T. aestivum rhizosphere, denitrification is stimulated by root exudates (as denitrifiers are heterotrophs) (Wollersheim et al., 1987) and soil waterlogging (as it results in anoxia) (Hamonts et al., 2013). Thus, T. aestivum modulates denitrification activity and influences the composition of the denitrifying community (Achouak et al., 2019). Among modern T. aestivum cultivars, differences in rhizosphere denitrification activity and N2O emissions are significant (Hayashi et al., 2015), including for cultivars that can even inhibit nitrate reductase activity (Gill et al., 2006).



Phosphorus

Phosphorus is mostly present as insoluble phosphate or organic forms in the soils. Microorganisms can degrade P-containing organic matter via phosphatases, thereby mineralizing phosphorus and making it potentially available for plants. Some bacteria also act as Phosphate-Solubilizing Bacteria (PSB), thanks to the production of organic acids, protons, IAA (Gyaneshwar et al., 2002). PSB have been isolated from the rhizosphere of T. aestivum, e.g., Streptomyces spp. (Jog et al., 2014), Pseudomonas sp. BR2 (Babana et al., 2013) and Bacillus sp. (Majeed et al., 2015), and the rhizosphere of T. durum (Cherchali et al., 2019; Di Benedetto et al., 2019). The number of culturable PSB varies with plant species (Kundu et al., 2009). Since PSB are heterotrophic, their abundance in the rhizosphere of T. aestivum is influenced by organic matter content (Abderrazak et al., 2017), and differences between wheat cultivars might be expected since each may exude differently (Waines and Ehdaie, 2007; Iannucci et al., 2021). Wheat cultivars differed in the abundance of microbiota sequences linked to phosphate metabolism (Mahoney et al., 2017). Inoculation with a PSB from Azotobacter chroococcum in the rhizosphere of three cultivars of T. aestivum increased the number of grains per spike, straw yield, and root biomass, but without significant difference between cultivars (Narula et al., 2000). This is the only study dealing with P solubilization activity in different wheat cultivars (Table 4).

In addition to bacteria, AM fungi associated to wheat can mineralize organic phosphorus. The symbiotic network formed by mycorrhizal fungi with plant roots increases the volume of soil exploited for nutrients, providing the plant with P sources while the fungus acquires organic carbon from the plant (Hamel et al., 2004; Li et al., 2006; Pellegrino et al., 2015). The importance of AM fungi in wheat phosphorus feeding depends on the combination of plant and fungal genotypes (Hamel et al., 2004; Pérez-de-Luque et al., 2017). Indeed, the abundance of AM fungi differs between T. durum varieties, with a higher abundance associated with landraces than with modern cultivars (Ellouze et al., 2018). Similarly, wild wheats of genome A (T. urartu) and B (A. speltoides) showed more mycorrhizal dependence (i.e., the degree of plant growth and nutrition obtained with the help of AM fungi) than wild wheat of the D genome (A. tauschii) (Hetrick et al., 1992). Thus, the response to AM fungi in hexaploid wheat is probably controlled by the D genome (Kapulnik and Kushnir, 1991; Hetrick et al., 1992). Mycorrhizal dependence was lower in modern cultivars in comparison to old cultivars of T. aestivum (Zhu et al., 2001). Modern wheat crops seem to select their partner less (Hetrick et al., 1992; Zhu et al., 2001) and mycorrhizal dependence has been reported to decrease with wheat domestication (domesticated T. durum vs. wild T. dicoccoides; Martín-Robles et al., 2018). Indeed, in agroecosystems where different fertilization regimes are applied, modern cultivars probably rely less on microorganisms for their nutrition since they are well-provided with fertilizers (Duhamel and Vandenkoornhuyse, 2013).





CONCLUSION

Wheat, one of the three most important crops in the world, has undergone a particularly complex evolutionary history involving several inter-genus crosses, genomic hybridizations and domestication events, which resulted in the formation of several wheat species able to grow in contrasted climates and cultivated (mostly T. aestivum and T. durum) for various feed and food purposes. The implications of this very particular evolutionary history on the recruitment and functioning of root and rhizosphere microbiomes are poorly understood.

Most studies have focused on the taxonomic features of these microbiomes, describing the abundance and diversity of microorganisms associated with wheat species. The most dominant bacterial phylum corresponds to Proteobacteria in the rhizosphere (as for other plant taxa) and Actinobacteria in the root endosphere (but Proteobacteria for other Poaceae and for non-Poaceae taxa). In both compartments, the archaeal and fungal communities are dominated by, respectively, Thaumarchaeota (as for other plant taxa) and Ascomycota (as for the other plant taxa investigated except poplar, where Basidiomycota dominate).

Domestication, selection and modern breeding created wheats selecting different root and rhizosphere communities in comparison with those of their wild or ancient relatives. Evidence for the importance of genomic hybridizations relates especially to the case of Glomeromycota, whose mycorrhizal association is controlled by D genome factors. Otherwise, the main differences in root and rhizosphere microorganisms seem to stem from post-domestication selection, based on the information available so far. Indeed, landraces are associated with a larger microbial diversity, which probably results from their higher plant-to-plant genetic heterogeneity, and their core microbiome presents certain bacterial families not found in modern cultivars. However, at the level of individual plants, strong microbial selection takes place in the rhizosphere of landraces, with higher taxa co-occurrence levels. This is attributed to a stronger selective pressure in the rhizosphere of pre-Green Revolution wheat compared to semi-dwarf varieties and modern cultivars of T. aestivum. Overall, the vast majority of analyses considering wheat genetic diversity have been restricted to the comparison of different cultivars of T. aestivum, showing microbial variability between them, to an extent not necessarily lower than that found between Triticeae and other Poaceae or non-Poaceae.

At the functional level, much less is documented on root-associated microorganisms in comparison with taxonomic data. Information is scarce on their functional traits, both for metagenomic and metatranscriptomic investigations targeting the entire microbial community and studies dealing with particular microbial functional groups. Differences in recruitment of disease-suppressive microorganisms are seen between cultivars of T. aestivum, contributing to differences in wheat health. The best-documented impact of domestication and post-domestication selection concerns the ability to interact and benefit from AM fungi, which decreases along the domestication/selection gradient.

Overall, it appears that wheat evolution has resulted into crop varieties with particular microbiome profiles, which probably rely less on their underground microbial partners for provision of growth resources and protection against diseases, and thus they are more dependent on human management. The development of omics tools targeting microbial functions in the rhizosphere is expected to provide new insights into the significance of wheat domestication and diversification for wheat-microorganisms interactions. It should also facilitate the design of novel breeding strategies integrating the contribution of root symbiotic partners for sustainable wheat farming.
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The root-knot nematode (RKN) is an important pathogen that affects the growth of many crops. Exploring the interaction of biocontrol bacteria-pathogens-host root microbes is the theoretical basis for improving colonization and controlling the effect of biocontrol bacteria in the rhizosphere. Therefore, 16S and 18S rRNA sequencing technology was used to explore the microbial composition and diversity of tobacco roots (rhizosphere and endophytic) at different growth stages in typical tobacco RKN-infected areas for 2 consecutive years. We observed that RKN infection changed the α-diversity and microbial composition of root microorganisms and drove the transformation of microorganisms from bacteria to fungi. The abundance of Sphingomonas decreased significantly from 18% to less than 3%, while the abundance of Rhizobiaceae increased from 4 to 15% at the early growth stage during the first planting year, and it promoted the proliferation of Chryseobacterium at the late growth stage in rhizosphere microorganisms with the highest abundance of 17%. The overall trend of rhizosphere microorganisms changed in the early growth stage with increasing growth time. The specific results were as follows: (1) Rhizobiaceae and Chryseobacterium increased rapidly after 75 days, became the main abundant bacteria in the rhizosphere microorganisms. (2) The dominant flora in fungi were Fusarium and Setophoma. (3) Comparing the root microbes in 2017 and 2018, RKN infection significantly promoted the proliferation of Pseudomonas and Setophoma in both the rhizosphere and endophytes during the second year of continuous tobacco planting, increasing the relative abundance of Pseudomonas from 2 to 25%. Pseudomonas was determined to play an important role in plant pest control. Finally, a total of 32 strains of growth-promoting bacteria were screened from tobacco rhizosphere bacteria infected with RKN through a combination of 16S rRNA sequencing and life-promoting tests. The results of this research are helpful for analyzing the relationship between RKNs and bacteria in plants, providing reference data for elucidating the pathogenesis of RKNs and new ideas for the biological control of RKNs.
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INTRODUCTION

Root-knot nematode (RKN) (Meloidogyne spp.) disease is an important crop disease that has become one of the main factors limiting sustainable crop production (Gorny et al., 2019; Hemmati and Saeedizadeh, 2020). RKN infects plant roots and forms nodules, which hinder the absorption of nutrients and water by the roots, leading to wilting and withering; in addition, RKN infection reduces plant resistance, causes wounds, is conducive to infection by other pathogens, and often causes complex diseases (EFSA Panel on Plant Health et al., 2018; Khan and Ahamad, 2020), such as Fusarium wilt, root rot, and bacterial diseases (Khan and Ahamad, 2020; Leonetti and Molinari, 2020). With the prohibition of methyl bromide and the appearance of chemical nematicides with high toxicity and high residue, such as imidacloprid, aldicarb, and carbofuran, there are few nematicides that both have the control effect and are safe for use in agriculture (Huang et al., 2016). Therefore, due to the lack of effective resistant varieties, the high multiple cropping index of crops, the limitation of the use of chemical nematicides with high toxicity and high residue, and the increase in drug resistance, it is particularly important to develop biological nematicides and biological control strategies to control RKN that are environmentally friendly and safe for humans and animals. Owing to the high toxicity of chemicals toward humans and the environment, the use of biocontrol bacteria, a promising method for controlling RKNs, has gained attention. In the prevention and control of plant RKN diseases, biocontrol agents have the advantages of high safety, environmental friendliness, strong specificity, and long control periods (Huang et al., 2015; Liang et al., 2019). At present, our understanding of the interactions between ecosystems, plants, RKNs, and rhizosphere microorganisms at the cellular and molecular levels is limited. Elucidating the molecular mechanism of the interactions between key microorganisms and RKN is of great significance for developing efficient biocontrol agents against plant nematodes and providing new biocontrol strategies for the future control of plant nematodes. Although many nematicidal metabolites from some microorganisms have been identified and some biocontrol bacteria have been developed, there are still many unknown mechanisms involved in biocontrol activity. Therefore, a better understanding of the molecular mechanism of the microbe nematode interaction will provide more effective strategies for further research (Ma et al., 2013; Li et al., 2015). One important aspect is to clarify the “biocontrol bacteria-pathogens-host root microorganisms” interaction, as the relationship is the theoretical basis for improving the colonization and control effect of biocontrol bacteria in the rhizosphere.

Soil is home to the most diverse and abundant microorganisms in the world (Marupakula et al., 2020). Root exudates can “shape” the unique rhizosphere soil bacterial population of plants and have a significant impact on the composition of rhizosphere microorganisms (Zhang et al., 2020a; Liang et al., 2021). Understanding the mutual equilibrium relationship between soil microorganisms and the balance of soil ecosystems is key to preventing the disease from continuing to occur and maintaining the healthy growth of crops (Liu et al., 2016). Microbial imbalances in the “plant–soil–microorganism” ecosystem play an important role in the occurrence of diseases (Shan et al., 2019).

At present, a large number of studies show that the occurrence of plant diseases is closely related to the changes of microbial composition and diversity (Li et al., 2015). The composition and interaction of plant rhizosphere microorganisms and pathogen-associated microorganisms may largely determine the occurrence, development, and spreading of plant diseases and then affect the implementation and effect of biological control. At the same time, the root exudates of different plants at different growth stages are different, which affects the species, quantity, and distribution characteristics of rhizosphere microorganisms. Therefore, this project aims to examine the relationship between tobacco RKNs and rhizosphere microbial populations, analyze the dynamic changes of tobacco rhizosphere bacterial communities and RKNs over various periods of time.



MATERIALS AND METHODS


Sample Collection

Yunyan 97 was used as the experimental flue-cured tobacco variety, and tobacco seedling raising and field management were carried out according to conventional cultivation and management measures (no application of chemicals containing RKNs); the susceptible samples were from the perennial disease site of southern RKNs (2 years in the same plot), and the healthy samples were from a healthy growing tobacco field in the same region (2 years in the same plot). The varieties and cultivation and management measures of the two groups of samples were the same.

BS represents the abbreviation of the soil before transplanting plants, AS represents the soil after tobacco planting and harvesting, and HR0 represents the root of the tobacco seedlings to be transplanted. The flue-cured tobacco seedlings were intensively raised, and the seedlings of the two areas were all raised with the same batch of materials and seeds and in the same period. Therefore, unified sampling was adopted for the tobacco seedlings in the transplanting period. Three seedling trays were randomly selected from the seedling pool, and three seedlings were taken from each tray, which were mixed to form a duplicate sample.

After transplanting, the samples were collected according to different growth stages (15, 30, 45, 60, 75, and 90 days). The field sample collection was performed according to the method described by Peiffer et al. (2013). The roots of three random plants were sampled from the middle of each plot. For each plant, a root segment 5 cm in length and 0.5–3 mm in diameter was collected near the base of the plant, along with any adherent soil particles. The preparation of the collected samples was performed according to the literature of Lundberg et al. (2012). One portion was frozen in a −80°C refrigerator, and the other was used for soil total DNA extraction.



DNA Extraction, PCR Amplification, and Sequencing

For all soil, rhizosphere and endophytic microbial DNA extractions were performed with the MP Bio Fast DNA Spin Kit for soil (SDS/mechanical lysis; Lundberg et al., 2012). Primers were designed as follows: 515 forward (5′-GTGCCAGCMGCCGCGG-3′) and 806 reverse (5′-GGACTACHVGGGTWTCTAAT-3′) were used to amplify the V3-V4 region of the 16S rDNA gene, and SSU0817 forward (5′-TTAGCATGGAATAATRRAATAGGA-3′) and 1,196 reverse (5′-TCTGGACCTGGTGAGTTTCC-3) were used to amplify the V5-V7 region of the 18S rDNA gene. PCR was carried out with 15 μl of Phusion® High-Fidelity PCR Master Mix (New England Biolabs), 2 μM forward and reverse primers, and approximately 10 ng of template DNA. The thermal cycling process consisted of initial denaturation at 98°C for 1 min, followed by 30 cycles of denaturation at 98°C for 10 s, annealing at 50°C for 30 s, elongation at 72°C for 30 s, and finally, the sample was held at 72°C for 5 min. The library was sequenced on an Illumina NovaSeq platform.



Bioinformatics and Statistical Analyses

Sequence analysis was performed using Uparse software (Uparse v7.0.1001). Sequences with ≥97% similarity were assigned to the same OTUs. To study the phylogenetic relationships of different OTUs and the differences between the dominant species in different groups, multiple sequence alignment was conducted using MUSCLE software (version 3.8.31). Alpha diversity was applied to analyze the complexity of the species diversity for a sample through three indices, including Chao1, Shannon, and good coverage. All these indices in our samples were calculated with QIIME (version 1.7.0) and visualized with R software (version 2.15.3). The beta diversity based on weighted UniFrac was calculated using QIIME software (version 1.9.1). Random forest analysis evaluates the importance of each predictor by determining how much the mean square error (MSE) increases. The variables were selected when the predictor variables were randomly replaced and the other variables remained unchanged. These analyses were performed using the “RandomForest” package in R. The “Hmisc” package was used to calculate the correlation, the “igraph” package was used to analyses the co-occurrence network (Csardi and Nepusz, 2006), and Gephi 0.9.2 software was used to draw the network map. The statistical analyses using the R software and GraphPad Prism.



Isolation of Rhizosphere Bacteria

The rhizosphere soil samples of tobacco infected with RKN 15 and 75 days after transplanting were cleaned with sterilized 10 mM MgCl2. The cleaned samples were placed into a 2 ml round bottom centrifuge tube, an appropriate number of sterilized metal grinding balls were added, and the sample was ground twice (30 s each time) with a sample grinder. The milled sample was precipitated for 15 min at room temperature; after 5 min, the supernatant was taken for gradient dilution (10−3, 10−4, 10−5, 10−6), and the diluted sample was transferred into a 96-well plate with liquid medium (repeated three times for each concentration). After 5 days at a constant temperature of 28°C, the culture medium was drawn and coated in the corresponding solid medium. After culturing at 28°C, plates with fewer than 30 colonies within 10 days were selected, and then, the colonies were marked and purified at −80°C until use.



Identification of the Isolated Rhizosphere Bacteria at the Molecular Level

A 16S rRNA amplification sequence was used to identify the isolated tobacco rhizosphere bacteria. A single bacterial isolate was cultured in LB medium shaken at 30°C (180 rpm), and the total genomic DNA was extracted from the overnight culture of a single bacterial isolate using a DNeasy® UltraClean® Microbial Kit (QIAGEN GmbH) according to the kit’s instructions. The 16S rRNA gene was amplified by PCR using the universal primers 27F (5′-agagtgtgatcmtggctcag-3′) and 1492r (5′-tacggytaccttgttacgactt-3′). The polymerase chain reaction (50 μl) consisted of 1 μl of bacterial DNA template, 25 μl of 2× Taq PCR master mix, 1 μl each of forward and reverse primers, and 22 μl of ddH2O. The PCR conditions were as follows: denaturation at 94°C for 5 min, denaturation at 94°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 1 min and 30 s, a total of 35 cycles, and extension at 72°C for 10 min. The sequencing results were submitted to the NCBI GenBank database for homology sequence alignment.



Determination of the Growth-Promoting Activity of the Strains

Screening of phosphate and potassium-dissolving bacteria: the screened strains were inoculated using high-pressure sterilized toothpicks into plates of organic phosphorus, inorganic phosphorus, and a silicate bacteria culture medium and then cultured in a 28°C constant temperature incubator for 7 days to observe whether there were clear and transparent circles and oil drop-like colonies on the plates.

Screening of nitrogen-fixing bacteria: the screened strains were inoculated with disposable inoculation rings on Azotobacter culture medium and observed continuously for 7 days to select the strains with good growth.

Screening of the indole acetic acid (IAA)-producing ability of strains: the classic Salkowski method was used. The activated strains were inoculated in King’s medium containing L-tryptophan and shaken at 30°C and 180 R/min for 2 days. One hundred microliters of bacterial suspension was placed into the wells of white porcelain plates, and then, 100 μl of Salkowski colorimetric solution was added. At the same time, 100 μl of culture medium inoculated with sterile water was added to a Salkowski colorimetric solution as the control. After the white porcelain plate was placed in the dark for 15 min, the control culture medium had no color change, while the culture medium in the hole of white porcelain plate turned red, indicating that the tested strain had the ability to secrete IAA.

Screening of the ability of a strain to produce an iron carrier: the screened strain was inoculated with a sterilized toothpick on the CAS plate, with three points on a plate and three replicates for each strain, and incubated at 30°C for 48 h. An obvious orange halo indicative of an iron carrier appeared around colonies of bacteria secreting an iron carrier. Generally, the larger the circle, the darker the color, and the greater the ability to produce iron carriers.




RESULTS


The Diversity of Tobacco Rhizosphere Bacteria Was Reduced by Infection With RKN

For the alpha diversity analysis, Chao1 estimators and Shannon indices were used to assess the community richness and diversity, respectively. We first analyzed the effect of RKN infection on bacteria. The results indicate that the richness of rhizosphere bacteria infected with RKNs was significantly higher than that of healthy tobacco at the beginning of the first year of the test (Figure 1A). When the planting reached 45 days, the richness of the rhizosphere bacteria of both healthy and diseased plants was significantly reduced, indicating that when the growth process reached 45 days, the abundance of rhizosphere bacteria changed significantly. At the same time, we observed the change trend of Chao1 in the second year of planting, and we found that the rhizosphere microbial abundance of the RKN-infected plants was significantly lower than that of healthy plants at this stage. There was no significant difference between the two at 45 days of planting. However, when the growth cycle reached 45 days, the microbial abundance of healthy and RKN-infected rhizospheres also decreased significantly, indicating that tobacco growth at 45 days may be an important period for the change in rhizosphere microbial abundance (Figure 1A). In general, the abundance of RKN-infected and healthy plants was significantly different at the initial stage, and as the plants grew and developed, the difference between the two would decrease. By 45 days, the microbes in the rhizosphere and endophytes were significantly reduced. Meanwhile, the abundance of rhizosphere bacteria was significantly higher than that of endophytic bacteria.
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FIGURE 1. Abundance and diversity of root microorganisms in RKN-infected and healthy tobacco. (A) The Chao1 index of rhizosphere and endophytic bacteria. (B) The Shannon index of rhizosphere and endophytic bacteria. (C) The Chao1 index of rhizosphere and endophytic fungi. (D) The Shannon index of rhizosphere and endophytic fungi.


We also analyzed the Shannon index of each group to explore the trend and law of its diversity. At the beginning of the second year, the diversity index of rhizosphere bacteria in the sick group was significantly lower than that of the healthy group, which indicated that the rhizosphere bacterial diversity was significantly reduced by infection with RKN at this stage, and the overall diversity showed a gradual decreasing trend with time (Figure 1B). The diversity of endophytic bacteria infected with RKN was significantly higher than that of healthy tobacco at the beginning of the first year of planting, and there was no significant decreasing or increasing trend in the overall endophytic bacteria diversity with increasing time. In the second year of continuous planting, when the growth cycle reached 45 days, the diversity of endophytic bacteria decreased significantly. In general, in the first year of planting, the diversity of rhizosphere bacteria in RKN-infected tobacco was not significant, similar to that of healthy tobacco, but the diversity of endophytic bacteria significantly increased. In the second year of infection, the diversity of infected strains was significantly lower than that of healthy plants, and the overall diversity showed a downward trend.



The Diversity of Tobacco Rhizosphere Fungi Was Increased by Infection With RKN

We analyzed the abundance of rhizosphere and endophytic fungi. The abundance of rhizosphere fungi in the healthy tobacco group did not change significantly in the first year of planting. The abundance of rhizosphere fungi in the RKN-infected group increased gradually within 0–45 days (p < 0.01) and began to decrease gradually after 45 days (p < 0.01). In the second year of continuous planting, the abundance of rhizosphere fungi in the RKN-infected tobacco group showed no significant change. Similar to the first year, the abundance of rhizosphere fungi was highest at 45 days and then decreased significantly (p < 0.05). We further analyzed the abundance of endophytic fungi and found that began to decrease in both the healthy and infected groups after 45 days of the growth cycle in the first year of planting and the second year of continuous planting (p < 0.01; Figure 1C). In general, RKN infection significantly increased the abundance of rhizosphere fungi in the early growth stage, which was significantly higher than that in the healthy group, and significantly decreased the fungal abundance in the endophytes at 45 days of growth.

By analyzing the diversity of rhizosphere and endophytic fungi, we found that the diversity of rhizosphere fungi in the RKN-infected group was significantly higher than that in the healthy group in the first year of planting and showed a significant increasing trend in the growth cycle of 0–45 days (p < 0.01). At 45 days, the maximum value gradually decreased (p < 0.01). In the second year of continuous planting, the diversity of rhizosphere fungi did not change significantly during Days 0–45 but decreased significantly after 45 days (p < 0.01). The diversity of endophytic fungi in the RKN-infected group was significantly lower than that in the healthy group after 75 days of the growth cycle (p < 0.05) and decreased significantly from 45 days in the second year of continuous planting (p < 0.01; Figure 1D).

Two-way ANOVA was conducted to determine the effects of treatment (healthy and sick) and the time period and their interactions on Shannon and Chao1 index (Supplementary Table S1). Through the results, we found that the Shannon and Chao1 index of the bacteria and fungi communities remained relatively stable under treatment in all periods.



The Effects of RKN Infection on Tobacco Root Microorganisms

To measure the extent of the similarity between microbial communities, we performed PCoA analysis on rhizosphere microbes and endophytic microbes for each group of samples based on the weighted UniFrac algorithm. We found that whether rhizosphere bacteria or endophytic bacteria (Figure 2A) were present, there were significant differences in the total microbial composition among the groups. Among the PCoA analyses, the PC1 distribution with the largest contribution rate revealed changes of 22.04 and 28.72%, and the PC2 distribution revealed changes of 56.96 and 38.68%, respectively. This result indicates that different growth and development times could significantly change and affect the composition of the tobacco rhizosphere and endophytic bacteria. At the same time, the microbial compositions of the infected and healthy tobacco plants were similar at some time points, and some were significantly different, which indicated that the effects of RKN infection on specific healthy tobacco root microorganisms were different, which may be related to the time of growth and development and the mechanism of infection. The PCoA analysis to compare the similarity of fungal microorganisms in different treatment groups found that the results were similar to those of bacteria (Figure 2B). In summary, the above results showed that RKN infection changed the overall composition of bacteria and fungi in the root system and changed the composition and distribution of root microorganisms in different growth stages of healthy tobacco with increasing time.
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FIGURE 2. Effects of root-knot nematode (RKN) infection on tobacco root microorganisms. (A,B) Representative tobacco rhizosphere bacteria, endophytic bacteria, rhizosphere fungi and endophytic fungi based on a weighted UniFrac algorithm of PCoA analysis. Early: 0–45 days, Late: 45–90 days.




RKN Infection Caused Changes in Bacterial Community Structure at Different Times

To explore the specific distributions in different growth periods and the change rule after RKN infection, we further analyzed the composition of microorganisms at the phylum and genus levels on rhizosphere and endophytic bacteria. We first observed and analyzed the bacteria at the phylum level (Figure 3A). The rhizosphere bacteria were mainly composed of Proteobacteria, Actinobacteria, Bacteroidetes, and Acidobacteria. There was no significant difference between the rhizosphere bacteria of the plants infected with RKN and those of healthy tobacco plants at the phylum level, and there was no significant change trend with time. The composition of soil microorganisms was different from that of rhizosphere microorganisms, especially Gemmatimonadetes. It was found that the structure of endophytic bacteria was similar to that of the rhizosphere. The results showed that RKN infection did not significantly change the root microbial composition at the phylum level.
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FIGURE 3. Composition of microorganisms at the phylum and genus levels in RKN-infected and healthy tobacco at different times. (A) The relative contributions of the top 10 phyla of bacteria at the phylum level at different times in RKN-infected and healthy tobacco. (B) The relative contributions of the top 10 genera of bacteria. (C) The relative contributions of the top 10 fungi at the phylum level at different times. (D) The relative contributions of the top 10 genera of fungi at the genus level at different times in tobacco roots. S1: 0–45 days, S2: 45–90 days.


We further analyzed the composition of bacteria at the genus level in tobacco and found that they were mainly composed of Pseudomonas, Streptomyces, Chryseobacterium, Rhizobiaceae, and Sphingomonas (Figure 3B). The relative abundance of Pseudomonas increased significantly in the second year compared with the first year. The abundance of Sphingomonas in the rhizosphere bacteria was significantly reduced in the early growth period and the abundance of Rhizobiaceae increased after RKN infection. RKN infection significantly promoted the proliferation of Chryseobacterium when growth reached 3 months. In the first year of planting, the relative abundance of Streptomyces of endophytic bacteria decreased significantly in the late growth period, while the relative abundance of Pseudomonas increased. The results showed that infection with RKN can change the root microorganisms of healthy tobacco.



RKN Infection Caused Changes in Fungal Community Structure at Different Times

We analyzed the specific composition of fungal microorganisms in different treatment groups at the phylum level and found that both rhizosphere and intraroot fungi were mainly composed of Ascomycota and Chytridiomycota (Figure 3C). In the first year of planting, Chytridiomycota was the most abundant and dominant microorganism in the rhizosphere and endomycota. With the increase in the growth cycle, the relative abundance of Chytridiomycota decreased significantly and that of Ascomycota increased, which gradually became the dominant flora. As the growth period increased, the fungal composition was stable, and Ascomycota became the main dominant fungus. In the second year of continuous planting, Ascomycota and Chytridiomycota together formed different groups of fungi in the early growth cycle.

We analyzed the distribution and composition of fungal microorganisms at the genus level (Figure 3D) and found that in the first year of planting, during the early growth cycle, the fungi were mainly composed of Chytridiaceae, Fusarium, and Setophoma, the relative abundance of Chytridiaceae gradually decreased, the Fusarium abundance gradually increased, and the relative abundance of Setophoma also gradually increased, accounting for approximately 10%. At this time, we found that the abundance of Fusarium in endophytes was greater than that in the rhizosphere. At the late growth cycle, the abundance of Chytridiaceae decreased to a very low level, Fusarium and Setophoma became the dominant fungi, and the abundance of Setophoma increased from 10 to 50%. The fungal compositions in the rhizosphere and endophytes were similar and were composed of Fusarium and Setophoma, and there was no significant difference in their relative abundance.



Major Differential Microbial Species in RKN-Infected and Healthy Tobacco Root Microorganisms in Different Growth Stages

To verify and further determine the microbial OTUs that could be used to discriminate the time of RKN infection, random forest was performed to identify the most important microbial taxa (% Increase MSE) in predicting soil microbes. We selected 10 of the most important time-discriminant OTUs of bacteria and fungi (Figures 4A,B). The results indicated that the most important bacterial phyla taxa were classified Proteobacteria and Armatimonadetes, and the most important fungi phyla were classified Chytridiomycota, Ascomycota, Basidiomycota, and Mortierellomycota. The relative abundances of most of them were low, and they were relatively rare bacterial taxa. At the same time, the abundance of these microorganisms will also change with planting time. For example, the relative abundances of Sphingomonas, Xanthomonadales, and Micropepsaceae were high in the early growth stage of tobacco planting. However, Burkholderiaceae was the key group in the late stage of infection (Figure 4C). Fusarium and Chytridiaceae were the two most abundant fungi. Chytridiaceae was the key fungus in the early stage, and the relative abundance of Fusarium was high except in the early stages (Figure 4D).
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FIGURE 4. Major differential microbial species in RKN-infected and healthy tobacco root microorganisms in different growth stages. (A,B) The top 10 OTUs selected according to %IncMSE through random forest. (C,D) Heatmap of the relative abundances of important biomarker microorganisms.




Comparison of Root Microbial Composition After RKN Infection in Different Planting Years

In addition to the analysis of the dynamic changes of root microorganism in different growth periods (0, 15, 30, 45, 60, 75, and 90 days), we also compared and analyzed the root microbial composition in 2017 and 2018 to explore the effect of RKN infection on root microorganisms in different planting years. We found that the root microbes in 2017 were significantly different from those in 2018 (Figure 5A; Supplementary Figures S1A–C). At the same time, we analyzed the rhizosphere bacteria in the second year of continuous planting and found that the relative abundance of Pseudomonas in SR60.18 was significantly higher than that in HR60.18 from the 60-day growth cycle (p < 0.05, Figure 5B), while the relative abundance of Streptomyces was significantly lower than that in HR60.18 (p < 0.01, Figure 5C). Pseudomonas plays an important role in plant pest control, which also shows that RKN infection from the second year of continuous planting will significantly change the composition of rhizosphere bacteria, especially the proliferation of Pseudomonas and the reduction of Streptomyces.
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FIGURE 5. Comparison of root microbial composition after RKN infection in different planting years. (A) The distribution and composition of rhizosphere bacteria in 2017 and 2018 analyzed by PCoA based on a weighted UniFrac algorithm. (B,C) The relative abundances of Pseudomonas and Streptomyces in rhizosphere bacteria. Data were analyzed by ANOVA (*p < 0.05 and **p < 0.01).




Network Chart of Microbial Flora Based on Co-occurrence

Based on the Spearman correlation analysis of relative abundances at the genus level, we analyzed the symbiotic network relationship between the healthy group and the sick group, respectively (Figure 6). The results showed that with the change of planting time from 2017 to 2018, the symbiotic dominant flora in the healthy group changed from Arsenicitalea, Pedobacter, Arenimonas, Gemmatimonas, Bauldia, etc. to Neurospora, Thermomyces, Gemmatimonadacea, Alphaproteobacteria, etc., which as the new dominant flora. It promoted the symbiotic relationship dominated by bacteria to gradually transform into fungi. We also analyzed the symbiotic relationship in the infection group and found that it changed with the planting time from 2017 to 2018, the dominant symbiotic flora after RKN infection gradually changed from Arsenicitalea, Rhodobacter, etc. to Sphingomonas, Arenimonas, Kineosporia, etc. The above results not only show that RKN infection will change the core flora of the dominant symbiotic relationship, but also show that fungi gradually occupy part of the symbiotic relationship with the increase of planting time.
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FIGURE 6. Co-occurrence network relationship between the healthy group and the sick group. (A) Healthy tobacco in 2017. (B) Sick tobacco in 2017. (C) Healthy tobacco in 2018. (D) Sick tobacco in 2018. Screen the correlation greater than 0.8, p < 0.05. The red edges represent bacteria, and the green edges represent fungi, the red lines between the nodes indicate a positive correlation, and the green lines indicate negative correlation.




Analysis of the Growth-Promoting Characteristics of Strains

According to the abovementioned 16S rRNA sequencing results, 45 different representative strains were selected based on the analysis of the different microorganisms between the RKN-infected group and the healthy group. A total of 32 strains of growth-promoting bacteria were screened from tobacco rhizosphere bacteria infected with RKN (Table 1). Three strains of phosphorite-dissolving bacteria, seven strains of phosphate-solubilizing strains, two potassium-dissolving strains, three nitrogen-fixing strains, 17 IAA-producing strains, and 13 siderophore-producing strains were used. Among them, Agrobacterium fabrum YC2096 had the ability to dissolve potassium, IAA, and siderophores; Pseudomonas YC2103 had the ability to dissolve phosphorus and iron carriers; Bacillus YC2128 had the ability to dissolve phosphorus and produce IAA; and Enterobacter YC2132 and Pantoea agglomerans YC2174 both had the ability to dissolve phosphorus and produce IAA and siderophores.



TABLE 1. Test results of the growth-promoting activity of the strain.
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In recent years, it has been found that the bacteria and metabolic pathways producing IAA and iron carriers are significantly related to nematode infection in plants. Studies on the microbiome and biocontrol have found that strains and mixtures with these functions have more research and application prospects in biocontrol. Therefore, a combination of 16S rRNA sequencing and life-promoting tests was used to screen a variety of strains with high biological activity, which has important application value in controlling RKN infection and promoting plant growth and development and provides strain resources and a new reference basis for the development of biologically controlled bacteria.




DISCUSSION

At present, biocontrol microorganisms are an important resource for the development of nematode biocontrol preparations (Dong et al., 2018). Nematophagous fungi kill nematodes through predation, parasitism, and toxin production. They are an important group of microorganisms that control nematode populations in nature; nematophagous bacteria are another important resource for the biocontrol of nematodes. The bionematocides developed using nematode-preying fungi and bacteria have been registered and used to control nematode disease in plants. Therefore, the development of biologically controlled bacteria has important significance for and effects on the treatment of RKN. This experiment explored the effects of different growth periods (0, 15, 30, 45, 60, 75, and 90 days) and continuous planting on the root system microorganisms (rhizosphere and endophytic) of healthy tobacco after infection with RKN through 16S and 18S rRNA technology. We found that in the first year of planting, the diversity of rhizosphere bacteria in RKN-infected tobacco was not significant, similar to that of healthy tobacco, but it significantly increased the diversity of endophytic bacteria. In the second year of infection, the diversity of infected strains was significantly lower than that of healthy plants, and the overall diversity showed a downward trend. Therefore, by comparing the composition and diversity of rhizosphere bacteria between infected and healthy tobacco, we found that there were some differences in the α-diversity and distribution of rhizosphere bacteria between diseased and healthy tobacco, indicating that RKN infection affected the rhizosphere bacterial flora of host plants to a certain extent.

We found that RKN infection significantly changed and affected the composition and abundance of rhizosphere and endophytic bacteria in tobacco. At the same time, the composition of root microorganisms changed significantly with the time of different growth stages. RKNs significantly reduced the abundance of Sphingomonas, increased the abundance of Rhizobiaceae in the early growth stage of the first year of planting, and promoted the proliferation of Chryseobacterium during the late growth stage. From 60 days after the second year of planting, the RKNs significantly promoted the proliferation of Pseudomonas and reduced the abundance of Streptomyces. In the first year of planting of the endophytic bacteria, the relative abundance of Streptomyces decreased significantly, while the relative abundance of Pseudomonas increased. In the second year of planting, the abundance of Pseudomonas increased from 60 days of growth. Therefore, we found that both rhizosphere and endophytic bacteria showed significant regular change trends with different growth stages, and the microorganisms compositions were different. Infection with RKN can partially change the root microorganisms of healthy tobacco. On the 90th day of the second year of continuous planting, the relative abundance of Bacillaceae in the RKN group was significantly higher than that in the healthy group. In the “plant-pathogen-beneficial bacteria” interaction system, the plant root exudes nutrients and exogenous signaling substances, thereby affecting the behavior of rhizosphere bacteria, and selecting beneficial microbial populations to resist pathogen infection has been confirmed and widely accepted (Buchan et al., 2010). RKNs infect plants, leading to host physiological changes. Nutrients and metabolites are released through root cells fed by nematodes through the symplast, which changes the composition of root exudates, such as water-soluble carbon and metal ions (Tian et al., 2015), and then affects the composition of rhizosphere bacteria. Rhizosphere bacteria play key roles in plant growth, health, and development and are mainly determined by the soil community. To some extent, they are regulated by the biological clock, related to plant metabolism, and affect carbon metabolism and the exchange of plant microorganisms (Staley et al., 2017). Mavrodi et al. (2012) found that the population of Pseudomonas spp. producing DAPG was higher in the rhizosphere soil of wheat cultivated in paddy fields dominated by Gaeumannomyces graminis, while in the same region, the number of Pseudomonas spp. producing the resistance metabolite phenazine was higher in the rhizosphere soil of early wheat with sheath blight. The results showed that there was no significant difference in the soil microbial population structure between inoculated and uninoculated barley, but the overall decline phenomenon only occurred in the soil inoculated with the pathogen (Schreiner et al., 2010). This conclusion was consistent with our findings. We found that the relative quantities of Bacillaceae and Pseudomonas increased significantly after RKN infection with increasing growth time, and RKN infection caused a large number of proliferations of Pseudomonas in the second year of continuous tobacco planting. Pseudomonas bacteria have been widely reported to inhibit the activity of RKN by various mechanisms, which is beneficial for inhibiting soil-borne diseases and providing a healthy soil environment to promote root growth (Li et al., 2015; Nikolić et al., 2019). Tao et al. (2020) conducted a high-throughput screening of 886 rhizosphere samples of 886 plants in China’s three major cotton-producing areas and found that two Pseudomonas strains showed significant inhibitory effects on Vibrio dahlia. Through comparative genomic and phenotypic analyses, it was shown that P. protegens XY2F4 and P. donghuensis 22G5 were the most effective strains to protect cotton plants against verticillium wilt because they produced specific biological control products. In addition, they found and confirmed that the natural tropolone compound 7-hydroxytropolone (7-HT) had a significant effect on the general public. Research has revealed that Pseudomonas bacteria have a specific gene cluster that can produce effective antipathogenic metabolites, which can now be used as new drugs for the biological control of Verticillium wilt. Continuous cropping leads to obstacles in crop productivity by the accumulation of p-hydroxybenzoic acid (PHBA) and ferulic acid (FA). Zhang et al. (2020b) used transcriptomics to explore the mechanism by which a strain of Pseudomonas CFA has higher PHBA and FA degradation abilities in soil, proposed a complete pathway for the conversion of PHBA and FA to acetyl-CoA, and discovered that 4-hydroxybenzoate 3-monooxygenase and vanillate O-demethylase were rate-limiting enzymes by gene overexpression. A previous study showed that Pseudomonas CFA has the potential to alleviate the PHBA and FA stress of cucumber and alleviate continuous cropping obstacles. The above results all indicate that plant growth-promoting rhizobacteria are efficient candidates for application in agricultural fields to enhance crop yield and suppress plant diseases. However, a wide variety of root exudates enter the rhizosphere soil after RKN infection. Some of these root exudates can directly antagonize diseases and insect pests, while others act as signal substances to gather and select microbial flora conducive to plant growth under the action of microbial chemotaxis (Bücking et al., 2008). The above results showed that beneficial microorganisms could be selected specifically to resist pathogen infection. That is, RKN infection could affect the behavior of rhizosphere bacteria and select some beneficial microbial populations to resist pathogen infection. The above results indicate the mechanism by which Pseudomonas regulates and inhibits pests and diseases, suggesting that in this experiment, tobacco infected with RKN can promote the proliferation of Pseudomonas and play a biological control function.

In addition, comparing the results of root microbes in 2017 and 2018, we found that in the second year of continuous tobacco planting, RKN infection significantly reduced the abundance of Streptomyces in both the rhizosphere and endophytes. Streptomyces is a main plant rhizosphere growth-promoting bacterium and an important nematode biocontrol bacterium. The bioactive substances produced by Streptomyces, such as antibiotics, enzymes, and inhibitors, have good inhibitory effects on RKNs and pathogens. In this study, in the second year of planting, the relative abundance of Streptomyces in rhizosphere soil infected by RKN and that in healthy tobacco were significantly different. The abundance of Streptomyces in healthy tobacco was significantly higher than that in the rhizosphere after RKN infection, indicating that the composition and abundance of Streptomyces may be related to RKN infection. The above results not only reveal that the root microorganisms after 2 consecutive years of planting have significantly different trends but also suggest that Streptomyces may be closely related to RKN infection, and subsequent studies can be conducted to define the mechanism of interaction between Pseudomonas and Streptococcus and RKN.

In this study, 18S rRNA sequencing technology was also used to study the composition of fungal microorganisms. Rhizosphere and endophytic fungi are widely distributed in almost all plant groups and are important microbial plant symbionts. They grow in plant cells or within cells, obtain nutrition from host plants and survive for long periods of time. Their main functions are to promote plant growth, improve the ecological adaptability of host plants, dilute active secondary metabolites, and promote plant restoration. The mechanism by which endophytic fungi promote plant growth is multifaceted. They can assist host plants in absorbing iron ions from soil through biological nitrogen fixation, synthesize, or promote plants to synthesize a variety of plant growth hormones, promote the growth of host roots and the absorption of a variety of inorganic ions, and synthesize some small molecular substances or enzymes to improve the host plants’ resistance to frost and other harmful environmental conditions and the sensitivity of harmful pathogens to promote plant growth. In addition, endophytic fungi can also improve host resistance to fungal diseases. Some studies have also found that endophytic fungal infection can affect the soil microbial community. We found that Fusarium and Setophoma were the main dominant flora of RKN-infected and healthy tobacco plants in the second year of continuous planting, and the RKN infection group significantly increased the relative abundance of Setophoma. The results of this study can provide some theoretical and technical means for the biological control of knot nematode disease.

In this experiment, a combination of 16S rRNA sequencing and a life-promoting test was used to comprehensively screen out strains with a variety of high biological activities. Thirty-two strains of growth-promoting bacteria were screened from tobacco rhizosphere bacteria. At present, Rhizobia, Pseudomonas fluorescens, and Bacillus have been found to have the potential for disease prevention and growth promotion. The growth-promoting mechanism of the abovementioned rhizosphere bacteria for plants mainly includes the synthesis of substances that directly promote the growth and development of plants, such as IAA, which change the form of elements to promote the absorption of nutrients (such as nitrogen fixation and phosphorus solubilization). However, most rhizosphere growth-promoting bacteria have a single function in overcoming nutrient and disease adversity. Therefore, it is very important to screen growth-promoting strains with complex abilities in this experiment to improve rhizosphere nutrition and regulate the soil microecological environment. For example, the Pseudomonas found in this study has the compound functions of phosphate solubilization and iron carriage. Iron is one of the essential micronutrients in plants and an indispensable element in life activities. Studies have shown that some biocontrol bacteria can form a competitive iron ion relationship with pathogenic bacteria by producing iron carriers to achieve an inhibitory effect on pathogenic bacteria (Saha et al., 2016). It can also reduce trivalent iron ions, which are not easily absorbed by plants, to bivalent iron ions, which are easily absorbed by plant cells by secreting and producing iron carriers, to improve the iron absorption efficiency of plants and promote the growth of plants. Manwar et al. (2004) found that Pseudomonas aeruginosa could increase the germination rate and chlorophyll content of peanut plants and promote root bifurcation and nodule formation. This study provides strain resources and a reference basis for the development of biocontrol and growth-promoting bacteria.



CONCLUSION

This study used 16S and 18S rRNA sequencing technology to explore the microbial composition and diversity of tobacco roots at different growth stages in typical tobacco RKN-infected areas for 2 consecutive years to analyze the dynamic changes in the rhizosphere and endophytic microbial communities in tobacco and significantly associated the microbiota of RKN on a time scale. We discovered the overall change trend of tobacco rhizosphere and root endophytic microorganisms with different microorganism growth periods and found that in the “Biocontrol bacteria-pathogens-host root microorganisms” interaction system, infection with RKN after continuous planting will significantly promote the proliferation of Pseudomonas, affect the composition of rhizosphere microorganisms, and make the rhizosphere select beneficial microbial populations to resist pathogen infection. This research provides reference data for elucidating the pathogenesis of RKNs and provides new ideas for the biological control of RKNs.
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As an ornamental flower crop, the long-term continuous monocropping of cut chrysanthemum causes frequent occurrence of diseases, seriously affecting the quality of cut chrysanthemum. The rhizosphere microbial community plays an important role in maintaining the healthy growth of plants, whereas the composition and dynamics of rhizosphere microbial community under continuous monocropping of cut chrysanthemum have not been fully revealed. In this study, the Illumina MiSeq high-throughput sequencing platform was used to monitor the dynamic changes of rhizosphere microbial communities in four varieties of cut chrysanthemum during 0–3 years of monocropping, and the soil physicochemical properties were also determined. Results showed that continuous monocropping significantly increased the fungal community richness and altered the profiles of the bacterial and fungal communities, leading to variation of community beta-diversity. With the increase of continuous cropping time, biocontrol bacteria decreased, while some plant pathogenic fungi were enriched in the rhizosphere of cut chrysanthemum. FAPROTAX-based functional prediction showed that the abundance of gene related to nitrogen and sulfur metabolism and chitin lysis was reduced in the rhizosphere of cut chrysanthemum. FUNGuild-based fungal function prediction showed that plant pathogenic fungal taxa were increasing in the rhizosphere of cut chrysanthemum, mainly Acremonium, Plectosphaerellaceae, Fusarium, and Cladosporium. Continuous cropping also reduced the content of ammonium nitrogen and increased soil salinity, resulting in deterioration of soil physical and chemical properties, which, together with the transformation of rhizosphere microbial community, became part of the reasons for the continuous cropping obstacle of cut chrysanthemum.

Keywords: cut chrysanthemum, rhizosphere, community structure, soil physical and chemical property decline, continuous cropping barrier


INTRODUCTION

Cut chrysanthemum is a popular flower crop because of its easy breeding, long bottle life, and storage transport. It is also known as a major cut flower worldwide, and its main production areas cover Netherlands, China, Japan, and Korea (Li et al., 2016). In China, the planting area of cut chrysanthemum exceeds 7,000 hectares, and the annual sales reach 2.65 billion sprays with a sales volume of 1.52 billion yuan (China Ministry of Agriculture, 2016). Cut chrysanthemum is generally grown in greenhouse sheds, which can be harvested up to five times a year, to obtain great economic benefits. However, similar to other crops, such as soybean, tomato, watermelon, and vanilla, long-term continuous monocropping will generate replanting problems. The replanting problem of cut chrysanthemum will induce adverse symptoms such as short stature, yellowing, and increased infection rate (Li et al., 2017). In commercial production, the replanting problem has led to a significant decline in the yield and quality of cut chrysanthemum, resulting in great economic losses for growers.

At present, a number of measures to address the replanting problem have been developed. Rotation can reduce weed and pest occurrence, facilitate soil nutrient utilization (Nevens and Reheul, 2001), and improve crop yield and quality (Zhao et al., 2020). Organic fertilizer contains a variety of organic acids (OA), peptides, and rich nutrient elements such as nitrogen, phosphorus, and potassium, which can not only provide comprehensive nutriment for crops but also increase and renew soil organic matter, promote microbial reproduction, and improve soil physical and chemical properties and biological activity (Chen et al., 2018). Long-term continuous monocropping will cause the accumulation of pathogenic microorganisms, and the application of soil sterilization (including high-temperature sterilization and reagent fumigation) can effectively reduce the number of pathogenic microorganisms (Li et al., 2019). However, soil sterilization may damage the soil microbial ecology, which is contrary to the objective of sustainable agriculture. Rhizosphere microbial communities are closely related to plant health (Raaijmakers et al., 2009). The root exudates from plants consist of phenolic acids (PA), OA, sugars, amino acids, fatty acids, alkaloids, terpenoids, enzymes, flavonoids, and proteins (De Weert et al., 2002; Bais et al., 2006). A variety of carbon and nitrogen sources obtain abundant microorganisms. Exploiting microorganisms isolated from the environment as antagonists or growth-promoting rhizobacteria can effectively reduce the occurrence of diseases and promote plant growth (Verbon and Liberman, 2016; Morales-Cedeño et al., 2021).

Nevertheless, the aforementioned method always transforms the soil microbiome to a healthier direction. As the second genome of plants, plant-associated microbiome plays an important role in plant growth. With regard to nutrient utilization, the symbiotic interactions between plants and arbuscular mycorrhizal fungi and Rhizobium bacteria lead to nutrient acquisition (Richardson and Simpson, 2011; Corné et al., 2014; Trivedi et al., 2016; Rachel et al., 2018). Non-symbiotic plant-growth-promoting bacteria can improve not only the bioavailability of insoluble minerals but also the root system architecture of host plants, thereby increasing the exploratory capacity of the root for water and minerals (Richardson and Simpson, 2011; Trivedi et al., 2016). A recent study suggested that the differences in nitrogen use efficiency in rice varieties are due to a high proportion of nitrogen-cycling-related bacterial supplementation, resulting in a more efficient transformation of nitrogen in the root environment in indica rice than in japonica rice varieties (Zhang et al., 2019). Rhizosphere microorganisms extend the bioavailability of nitrogen by nitrification, delay flowering time by converting tryptophan to the plant hormone indoleacetic acid, and stimulate plant growth by downregulating flowering genes (Lu et al., 2018). Plant-related microbial groups can mobilize nutrients that are not easily available to plants, such as inorganic phosphate and iron, through dissolution, mineralization, or excretion through iron-chelated siderophores. Moreover, plant-related microbiome helps plants fight diseases. The effect of plant defense based on natural microorganisms on plant health has been clearly demonstrated in suppressive soils. Plant root exudates stimulate, enrich, and support soil microorganisms as the first line of defense against soil-borne pathogens (Mendes et al., 2011). Community-based analyses of suppressive soils have demonstrated that no single phylum is uniquely associated with disease suppression (Mendes et al., 2011; Penton et al., 2014; Santhanam et al., 2015; Cha et al., 2016; Trivedi et al., 2017). A recent study has modeled general disease suppression of Fusarium oxysporum and identified bacterial abundance in Actinomycetes and Firmicutes as predictive markers for continent-scale soil disease suppression. Under abiotic or biological stress conditions, plants usually select a microbial community that promotes stress resistance (Wagner et al., 2014; Eida et al., 2018; Naylor and Coleman-Derr, 2018; Naylor et al., 2018; Timm et al., 2018; Fitzpatrick et al., 2019), which modifies plant evolutionary responses to environmental stress by altering the fitness of individual plant genotypes, the expression of plant traits related to fitness, and the strength or direction of natural selection occurring within populations that experience environmental stress through the effects of microorganisms on reproductive fitness (Lau and Lennon, 2012; Eida et al., 2018; Fitzpatrick et al., 2018, 2019). In the effect of fungal endophytes on plant growth performance under water stress, traits related to resource utilization and stress tolerance account for 26–53% (Kudjordjie et al., 2019). In addition, the complex microbial community can help plants deal with other adverse effects, such as heavy metals (Yang et al., 2020), herbicides (Fawzy et al., 2015), and pesticides (Li et al., 2020). The composition and structure of the microbiome must remain stable to continuously exert the functional potential of the plant-related microbiome, and the loss of its steady state may cause negative effects such as imbalance in soil nutrient conversion and the proliferation of pathogenic bacteria. Therefore, determining the dynamic changes of the rhizosphere microbial community under different continuous cropping periods is necessary to explore the mechanism of continuous cropping obstacles of cut chrysanthemum.

Based on previous studies, the rhizosphere microbial community of cut chrysanthemum is based on denaturing gradient gel electrophoresis (Duineveld et al., 2001; Song et al., 2013), which is not sufficient to reveal the overall dynamic changes of bacteria and fungi during continuous cropping of cut chrysanthemum. With the wide application of high-throughput sequencing technology, the microbial community landscape in the environment is gradually revealed. Here, we used Illumina MiSeq sequencing technology to detect the dynamic changes of microbial communities in the rhizosphere soil of four varieties of cut chrysanthemum during 0–3 years of monocropping period and measured the physical and chemical properties, nutrients, and other indicators of soil to evaluate the health status of the soil during continuous cropping. We hypothesized that (i) during continuous monocropping for 0–3 years, harmful microorganisms would accumulate in the rhizosphere. (ii) Differences in rhizosphere exudates of different varieties of cut chrysanthemum could affect the rhizosphere microbial community. (iii) With the increase of continuous monocropping time, soil physicochemical properties decline, and nutrient conversion slows down.



MATERIALS AND METHODS


Study Site and Experimental Design

The experimental site was located in Nankou experimental base of the Chinese Academy of Agricultural Sciences, Beijing (116.57033, 40.237361), China. Cut chrysanthemums with different monocropping times were planted in different greenhouses at a distance of 8 m from each other. Each greenhouse is 80 m in length. In the greenhouse, each variety of cut chrysanthemum was randomly planted in three plots, separated by other cut chrysanthemum varieties. All plots adopted the same water and fertilizer management practices. During sampling, each plot randomly took soil samples of three chrysanthemum plants and mixed them into one replicate. The monoculture time selected in the experiment was 0 years (CK, before planting cut chrysanthemum), 0.5 years (H, planting for one crop), and 3 years (T, planting for six crops). The sampling period was the mature period. A total of four varieties were selected, namely, Glitter Orange (variety 1), Gem Yellow (variety 2), Cloud Red (variety 3), and Mona Lisa Pink (variety 4). Thus, the sample names were CK (0 years); H1, H2, H3, and H4 (0.5 years); and T1, T2, T3, and T4 (3 years). CK had four replicates; the others had three replicates. In obtaining rhizosphere soil, the fibrous roots and main roots of the plant were cut off with sterile scissors, and then the roots were placed into a sterilized 50 ml centrifuge tube. Subsequently, the root tissues were added with 0.2 × PBS buffer solution and swirled for 1 min. Afterward, the root tissues were removed and centrifuged at 8,000 rpm for 5 min. The supernate was discarded, and the residual part was the rhizosphere soil. The rhizosphere soil samples were placed at –80°C for subsequent DNA extraction.



Soil Physicochemical Properties

The planted soil of cut chrysanthemum (bulk soil) was collected to determine the physical and chemical properties. The sampling method of bulk soil referred to that of Edwards et al. (2014). The collected soil was air-dried on a kraft paper and screened by a 1 mm sieve, and the resulting soil was determined as dried soil. Soil pH was measured using a glass conductance meter in a 1:2.5 soil/water (W/V) suspension (Qiu et al., 2012). The content of soil total carbon, total nitrogen, and organic carbon was determined by using an elemental analyzer (Elementar Analysensysteme GmbH, Germany). Soil urease (Kandeler and Gerber, 1988), catalase (Johansson, 1988), sucrase (Gao et al., 2013), and alkaline phosphatase (Scandinavica et al., 2014) activities were determined using the soil enzyme activity assay kit from Solarbio Science & Technology Co. (Beijing, China). Soil available P was extracted using sodium bicarbonate and measured with the molybdenum blue method (Olsen, 1954). Soil available K was extracted using ammonium acetate and determined with flame photometry (nova 300, Analytic Jena, Germany) (Frank et al., 1998). Soil ammonium nitrogen and nitrate nitrogen were extracted with 1 M KCl and the indophenol-blue colorimetric and double wavelength (220 and 275 nm) methods, respectively, and their concentrations were measured using a spectrophotometer (UV-6000, China) (Zhao et al., 2017). Soil salinity was determined by an oven-drying method following the NY/T 1121.16-2006 standard water-soluble salt analysis of soil.



Soil DNA Extraction and High-Throughput Amplicon Sequencing

Total genome DNA from 0.5 g of fresh soil samples was extracted using a E.Z.N.A™ Mag-Bind Soil DNA Kit (OMEGA, Norcross, United States) following the manufacturer’s instructions. DNA integrity was detected on 1% agarose gel, and DNA concentration was quantitatively detected by Qubit. The V3–V4 region of the 16S rRNA gene was amplified using the PCR primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 805R (5′-GACTACHVGGGTATCTAATCC-3′) for bacterial community analysis, and the ITS1 region of the transcribed spacer was amplified using the PCR primers ITS1F (5′-CTTGGTCATTTA GAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′). 16S rRNA genes were amplified using a specific primer with a barcode. The first round of PCRs was performed in 30 μl of reactions with 15 μl of 2 × Hieff Robust PCR Master Mix, 1 μl of Bar-PCR primer F and 1 μl of Primer R, and 10–20 ng of template DNA. PCR amplification cycles consisted of an initial denaturation at 94°C for 3 min, followed by 5 cycles of denaturation at 94°C for 30 s, annealing at 45°C for 20 s, and elongation at 65°C for 30 s; then 20 cycles of denaturation at 94°C for 20 s, annealing at 55°C for 20 s, and elongation at 72°C for 30 s; and finally elongation at 72°C for 5 min after cycles.

Illumina bridge PCR-compatible primers were introduced in the second round of amplification. The reaction system was identical to that of the first round; however, the primers were replaced by Primer F and Index-PCR Primer R. Library quality was assessed using a Qubit@ 3.0 fluorometer (Thermo Scientific, Waltham, MA, United States). Finally, the library was sequenced on an Illumina MiSeq platform, and 250 bp paired-end reads were generated.



Community Diversity and Function Analysis

USearch was used to cluster the sequences in the libraries. Operational taxonomic unit (OTU) clustering was performed on non-repeated sequences (excluding single sequences) based on 97% similarity, and the representative sequence of OTU was obtained by removing chimeras during clustering. Then, an RDP classifier was used to annotate taxonomic information for each representative sequence. In calculating alpha diversity, we refined the OTU table and calculated two indicators, namely, ACE index and Shannon even index, to estimate the species richness and species evenness of the community, respectively.

The 10 most abundant phyla were selected from all the samples included in the phylum-level species annotation and abundance information, and a histogram was drawn for each sample with regard to relative abundance. In addition, 30 genera with the highest abundance were selected to draw a heatmap. LEfSe (Segata et al., 2011) was used to compare data among samples and select biomarkers for each sample, and 2.0 was set as the threshold for the logarithmic LDA score for discriminating features. Principal co-ordinate analysis (PCoA) was performed to compare the community profiles of different samples in R1 by using the amplicon and phyloseq packages. Redundancy analysis (RDA) was performed to evaluate the relationship between microbial community profiles and soil physical and chemical properties by using the ggvegan package. Linear fitting analysis was used to evaluate the correlation between soil enzyme activity and soil nutrient element content and between soil enzyme activity and microbial community richness index. To further explore the impact of microbial community change, functional prediction with PICRUSt (Langille et al., 2013), FAPROTAX (Louca et al., 2016), and FUNGuild (Nguyen et al., 2015) annotation tools was performed. The predicted results were visualized by a principal component analysis (PCA) plot and boxplot. The figures were adjusted, combined, and modified by Adobe Illustrator 2021.




RESULTS


Changes of Soil Physicochemical Properties of Cut Chrysanthemum During Continuous Monoculture

During continuous monocropping for 0–3 years, the contents of soil total carbon, total nitrogen, and organic carbon increased significantly in soil planted with “variety 1” and “variety 4,” whereas no evident change was observed in soil pH of all varieties (Table 1). Ammonium nitrogen content showed a decreasing trend in bulk soil of all varieties. In general, the content of nitrate nitrogen initially increased and then decreased during continuous monocropping, but it increased remarkably in soil planted with “variety 1” in the third year of monocropping. The content of available phosphorus and potassium also showed an increasing trend in replanted soil, and the increment in bulk soil planted with “variety 1” and “variety 4” was high. Likewise, the total salt content in soil increased in the third year of monocropping, and the maximum increment was observed in soil planted with “variety 1.”


TABLE 1. A summary of soil physicochemical properties in bulk soil of cut chrysanthemum.

[image: Table 1]
During monocropping of cut chrysanthemum, the activities of four soil enzymes showed an upward trend in general. Urease activity of soil planted with “variety 1,” “variety 3,” and “variety 4” significantly increased in the third year, and a high increment was observed in bulk soil planted with “variety 1” (Figure 1). The activity of soil catalase also showed an increasing trend with the increase of monocropping time. The activity of sucrase was almost zero from 0 to 0.5 years, but it increased greatly in the third year (T1). Meanwhile, alkaline phosphatase activity increased from 0.5 to 3 years.


[image: image]

FIGURE 1. Changes of the activities of four pivotal soil enzymes with the continuous monoculture period (Tukey’s HSD test). (A) Urease. (B) Catalase. (C) Sucrase. (D) Alkaline phosphatase.




Diversity Changes of Rhizosphere Microbial Community With Continuous Monocropping Period

During the continuous monocropping period of 0–3 years, the richness and evenness of the rhizosphere bacterial community of the four varieties of cut chrysanthemum did not change significantly (Figures 2A,B). The richness of the fungal community increased remarkably in the third year, whereas the evenness remained constant (Figures 2C,D). During the monoculture period, the structure and composition of the rhizosphere microbial community changed dramatically. At the phylum level of bacteria (Figure 3A), Proteobacteria with the highest relative abundance maintained stable abundance with continuous monocropping. In another dominant phylum, Actinobacteria, its abundance decreased significantly in the third year of continuous monocropping, particularly in the rhizosphere of “variety 2.” On the contrary, the abundance of Bacteroidetes (Top4 phylum) showed a significant increase in the third year. Furthermore, the abundance of other dominant phyla, such as Verrucomicrobia, Gemmatimonadetes, and Chloroflexi, remained relatively stable in the rhizosphere. In the fungal community (Figure 3B), Ascomycota was the most abundant phylum. In year 0.5, the relative abundance of Ascomycota varied greatly in the rhizosphere of the four varieties of cut chrysanthemum, but it remained stable in the rhizosphere of the four varieties during the follow-up period. Basidiomycota (Top3 phylum) gradually enriched around the root with continuous monocropping, and it showed preference to “variety 1.” The relative abundance of Mortierellomycota (Top4 phylum) in CK soil was higher than that in the rhizosphere, and it occupied great proportion in the rhizosphere with continuous monocropping. At the genus level, Arthrobacter (Top1 genus) was largely enriched in the rhizosphere of 0.5 year samples, but it declined in the third year (Figure 3C). The relative abundance of Pseudomonas (Top4 genus) and Lysobacter (Top24 genus) also decreased in the third year of monoculture. Sphingobacterium (Top7 genus) was significantly enriched in the rhizosphere of all varieties. Some taxa, such as Gp6 (Top5 genus), Streptophyta (Top9 genus), and Ohtaekwangia (Top18 genus), only showed differences in some samples. In the fungal community (Figure 3D), Cladosporium (Top1 genus) was greatly enriched in the rhizosphere of cut chrysanthemum with continuous monoculture. Acremonium (Top2 genus) and Thyronectria (Top14 genus) showed the same trend. An unclassified genus (Top29), and Botryotrichum (Top30 genus), showed high abundance in the rhizosphere of cut chrysanthemum in 0.5 years. However, by the third year of monoculture, their abundance dropped dramatically.


[image: image]

FIGURE 2. Variations of the rhizosphere microbial community richness and evenness in different monoculture years. The ACE index indicates the richness of community, where the Shannon even index represents the evenness of the community. Box colors show the length of continuous monoculture time. (A,B) Prokaryotic community. (C,D) Fungal community.



[image: image]

FIGURE 3. The dynamics of the rhizosphere microbial community composition on phylum and genus levels during the continuous monoculture time series. (A) Bacterial community on phylum level. (B) Fungal community on phylum level. (C) Bacterial community on genus level. (D) Fungal community on genus level.


LEfSe identified the taxa that were significantly different among samples, which were defined as biomarkers (Figure 4). In the bacterial community, the abovementioned bacteria changed significantly in the third year of monoculture, which primarily belonged to Bacteroidetes and Acidobacteria (Figure 4A). At a low classification level, the families Sphingobacteriaceae (Top5 family), norank_Acidobacteria_Gp4 (Top7 family), Chitinophagaceae (Top4 family), Flavobacteriaceae (Top25 family), Planctomycetaceae (Top9 family), and Enterobacteriaceae (Top63 family) and the genera Sphingobacterium (Top6 genus), Gp6 (Top3 genus), Chryseobacterium (Top37 genus), Chryseolinea (Top29 genus), Gp7 (Top18 genus), Sphingopyxis (Top31 genus), Pelagibacterium (Top46 genus), Rhizobium (Top40 genus), Variovorax (Top33 genus), Flavobacterium (Top61 genus), Olivibacter (Top63 genus), Halomonas (Top51 genus), Stenotrophomonas (Top82 genus), Buttiauxella (Top106 genus), and Gp10 (Top35 genus) contributed to the occurrence of differences in the phylum level. For the fungal community, the difference in the rhizosphere community in the third year of monoculturing primarily occurred on Ascomycota and Rozellomycota (Figure 4B). At the species level, Cladosporium_sphaerospermum (Top1 species), unclassified_Acremonium (Top3 species), unclassified_Gibellulopsis (Top5 species), Acrostalagmus_luteoalbus (Top4 species), Thyronectria rhodochlora (Top7 species), and Podospora pyriformis (Top10 species) had high LDA scores, which partly resulted in the difference at the phylum level.


[image: image]

FIGURE 4. LEfSe of bacterial 16S rDNA (A) and fungal ITS rDNA (B) sequences with different abundances between continuous monoculture periods. The non-significantly different species are uniformly colored yellow, and the different species biomarkers are colored the same as the groups. The names of species represented by letters are shown in the legend on the bottom.


Principal co-ordinate analysis based on the Bray–Curtis distance showed that bacterial or fungal communities of different monocropping periods were separated on the first axis, and the differences accounted for 31% (Figure 5A) and 37% (Figure 5B), respectively. The PERMANOVA test showed significant differences among the three-period samples (P < 0.01). RDA of the rhizosphere microbial community and soil physicochemical properties during monocropping showed that (Figures 6A–C) the total contribution rates of soil total carbon (C), total nitrogen (N), organic carbon (OC), ammonium nitrogen (AN), nitrate nitrogen (NN), available phosphorus (AP), available potassium (AK), and soil salinity (SC) in shaping bacterial and fungal communities were 44.9 and 46.9%, respectively, of which the content of ammonium nitrogen had the highest contribution rate (13.0% for bacteria and 14.0% for fungi). On the first axis, the microbial community was primarily separated by AN, C, SC, and NN, whereas on the second axis, the microbial community was separated by OC, N, AP, and AK.


[image: image]

FIGURE 5. Difference of the rhizosphere microbial community profiles of various monoculture years. Points’ color represents different monoculture periods. The points are covered by a 95% confidence ellipse. Pairwise PERMANOVA is shown below the PCoA plots. (A) PCoA of prokaryotic communities. (B) PCoA of fungal communities.
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FIGURE 6. Correlations between soil physicochemical properties and rhizosphere microbial species. (A,B) RDA of bacterial and fungal community profiles correlated to soil properties. (C) Explanation rate of soil physicochemical properties to the differences of community profiles (conditional effect).




Functional Prediction of Rhizosphere Microbial Community in Cut Chrysanthemum During Continuous Monocropping

Principal component analysis was performed with the results of COG and KEGG function annotations (Figure 7), and the results showed that the functional composition of rhizosphere microorganisms of cut chrysanthemum has changed significantly from 0.5 to 3 years (PERMANOVA, COG: P = 0.007, KO: P = 0.007). The five COG classifiers with the highest contribution rates that cause differences between samples were COG0583, COG1629, COG1595, COG2204, and COG0515. According to the distribution of sample points of different monocropping years on the PCA plot, it showed that COG1629 was the most influential COG classifier that caused differences of functional profiles. COG1629 was annotated as outer membrane receptor proteins, mostly referring to Fe transport. In the KEGG annotated results, the five most volatile KEGG classifications were K02026, K02004, K03088, K02027, and K02025. The K03088, belonging to RNA polymerase sigma-70 factor, ECF subfamily, had the greatest contribution to differences between groups (0.5 vs. 3 years).
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FIGURE 7. Principal component analysis based on COG (A) and KEGG (B) functional annotations. The arrows represent the most volatile COG and KEGG classifiers in the functional prediction results. PERMANOVA was used to test the significance of the differences.


Based on the results of FAPROTAX and FUNGuild, significant changes in the abundance of some metabolic pathways of bacterial community (Figure 8A) and the plant pathogen of fungal community (Figure 8B) had occurred. Among these pathways, most of them involved nitrogen and sulfur metabolism, and one was associated with chitin lysis. Continuous monocropping obviously reduced the abundance of these metabolic genes. For the fungal community, all species were matched with different functional groups (Guild). Guilds which were part of plant pathogens had been observed in the rhizosphere, and some of them were massively enriched with continuous monocropping.
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FIGURE 8. Changes in relative abundance of metabolic pathways in prokaryotic communities based on FAPROTAX (A) and variation of abundance of plant pathogen guilds based on FUNGuild (B). ANOVA was used to test the significance of differences.





DISCUSSION


Continuous Monocropping Resulted in Soil Degradation of Cut Chrysanthemum

Here, we monitored the changes of soil-related physical and chemical properties of four varieties of cut chrysanthemum after continuous monocropping for 3 years, and the results showed that the content of soil carbon, nitrogen, available phosphorus, and available potassium showed different degrees of increment in the third year of monocropping (Table 1). The soil pH did not change dramatically, but a slight reduction occurred in the 3 year soil planted with “variety 1” and “variety 4.” Notably, the content of available nitrogen (including ammonium nitrogen and nitrate nitrogen) in the soil basically decreased with continuous cropping, which may cause nutrient imbalance and hinder the growth of cut chrysanthemum. In this study, the salt content in the soil showed an increasing trend with continuous monocropping. Soil salinity is also closely related to the growth of plants. Higher soil salinity produces higher osmotic pressure, which leads to the inability of crops to effectively absorb water and nutrients in the soil (Kluitenberg and Biggar, 1992; Tian et al., 2020), resulting in vegetable deficiency symptoms and decreasing crop quality and yield (Riaz et al., 2018). Soil enzyme, which is produced by plants, animals, and microorganisms, participates in the synthesis and oxygenolysis of various organic and inorganic substances, and it is an indicator for evaluating soil fertility (Dick and Kandeler, 2004; Wang et al., 2019). Soil urease (S-UE) is an enzyme that hydrolyzes amide organic nitrides into inorganic nitrides that can be directly utilized by plants (Singh and Ghoshal, 2013; Cai et al., 2015), while high urease activity rapidly hydrolyzes applied urea to ammonia which contributes to soil nitrogen losses and reduces N use efficiency of crop plants (Rana et al., 2021). Furthermore, ammonium accumulation in soil, particularly at high pH, may hinder the nitrification process at the midway and result in the accumulation of toxic levels of nitrites (Breuillin-sessoms et al., 2017). Soil catalase (S-CAT) is an important oxidoreductase, which is closely related to the activity of oxygen-consuming microbes. It can promote the decomposition of hydrogen peroxide—a metabolic intermediate—and alleviate its toxicity (Sun et al., 2013). The enzymatic activity of catalase can characterize the strength of soil humus and the conversion rate of organic matter (Lee et al., 2009). The soil sucrase activity (S-SC) reflects the maturation degree and fertility level of soil and is an important index for evaluating soil fertility (Stępniewska et al., 2009). Further, sucrase activity is directly related to the growth of crops and closely related to the transformation of organic matter and respiratory intensity (Gianfreda et al., 2005; Tripathi et al., 2007). Alkaline phosphatase enzymes (S-ALP) are believed to be mainly released by microorganisms (Nannipieri et al., 2011) and to be affected by plant species, microbial community composition, and rhizodeposition (Badri and Vivanco, 2009; Wasaki et al., 2018; Teixeira et al., 2019). Moreover, alkaline phosphatase enzymes are ubiquitous in soils, but their activity is somehow influenced by the quantity and quality of rhizodeposits (Ragot, 2016; Wasaki et al., 2018; Wu et al., 2018; Wei et al., 2019). In the current research, the activities of four soil enzymes all increased with continuous monocropping (Figure 1). Part of possible reasons were revealed by performing the linear fitting analysis of enzyme activity and soil physicochemical properties (Figure 9A) and ACE diversity index of microbial community (Figure 9B). Strong correlations were observed in S-UE and N (R2 = 0.36, P < 0.001), S-CAT and OC (R2 = 0.24, P = 0.008), S-SC and OC (R2 = 0.27, P = 0.005), and S-ALP and AP (R2 = 0.37, P < 0.001). The residual amount of nutrient elements differentiated due to the different utilization capacity of each cut chrysanthemum, and higher residual amounts always corresponded to higher enzyme activity. Still, the ACE index of fungal community increased with the increase of enzyme activity (Figures 9Be–h), which may indicate that cut chrysanthemum recruited more fungal taxa to increase enzyme production. The continuous increase of urease activity would be one of the reasons for the occurrence of replanting problems.
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FIGURE 9. Linear fitting analysis of soil enzyme activity and soil physical and chemical properties (Aa–Ad) and microbial community richness index (Ba–Bh). R2 represented the magnitude of the correlation coefficient, and the p-value was generated by a t-test.




Continuous Monocropping Caused Changes in the Bacterial Community Composition and a Decrease in the Abundance of Nutrient Element Conversion Genes

The richness and evenness of bacterial community did not change significantly during continuous monocropping of the four varieties (Figures 2A,B). However, variations in the abundance of some taxa occurred in the rhizosphere of cut chrysanthemum (Figures 3A,C, 4A). Proteobacteria is the dominant taxon in different geographical regions and soil types (Janssen, 2006), and members of this phylum play important roles in phylogenetic, ecological, and pathological values and energy metabolism (Bryant and Frigaard, 2006; Mukhopadhya et al., 2012). Root exudates and plant species play a key role in shaping the rhizosphere microbial community, which leads to genotype-specific communities of plants within the same soil type (Grayston et al., 1998; Marschner et al., 2004; Chaparro et al., 2014). The differences in the abundance of Proteobacteria may be primarily attributed to the varieties of cut chrysanthemum (Figure 3A). Based on previous studies, Actinobacteria is associated with pathogen antagonism (Mendes et al., 2011; Xiong et al., 2017), which is enriched in large amounts in suppressive soil and significantly decreased with the increase of monocropping time (Xiong et al., 2015). In our study, the relative abundance of Actinobacteria reduced significantly in the third year of monoculture. Acidobacteria is also a member of a relatively rich and prevalent soil bacterial community (Janssen, 2006), and it plays an important role in organic matter degradation and nutrient cycling (Eichorst et al., 2018). Fierer et al. (2007) showed that Acidobacteria had the highest abundance in soil with low resource availability. In general, continuous monocropping reduces soil nutrients and soil pH, which may explain the high abundance of Acidobacteria in replanted soil of cut chrysanthemum. In addition, Bacteroidetes participates in carbon and nitrogen metabolism, such as organic matter degradation and nitrite oxidation (Clemens, 2017; Han et al., 2017; Eichorst et al., 2018; Fang et al., 2018), and it has higher abundance in environments with high carbon content. The proportion of Bacteroidetes in replanted soil increased probably because more debris were produced in the roots of cut chrysanthemum. Other dominant phyla, Acidobacteria and Chloroflexi, also play an important role in organic matter degradation and nutrient cycling (Eichorst et al., 2018; Fang et al., 2018). For low classification levels, some species of Pseudomonas are involved in plant pathogen inhibition in many soils, and it serves as PGPR to reduce plant diseases (Liu et al., 1995; Kinkel et al., 2012). In the rhizosphere of cut chrysanthemum, the abundance of Pseudomonas decreased remarkably in the third year of continuous monocropping. Many Bacillus species, such as Bacillus drentensis, Bacillus simplex, and Bacillus aryabhattai, secrete fengycin, bacillaene, difficidin, and iturins by nutritional competition to antagonize pathogens such as Rhizoctonia solani and Botrytis cinerea (Ongena and Jacques, 2008; Jeong et al., 2012). The relative abundance of Bacillus did not change significantly in our study. Rhizobium, as a nitrogen fixer, was largely enriched in the rhizosphere of cut chrysanthemum, which may be attributed to the consumption of ammonium nitrogen in bulk soil. However, it should not be ignored that the species of Pseudomonas are not all beneficial; some are even plant pathogenic bacteria. In order to further improve the recognition rate of species and strains, the non-clustering algorithm of DADA3 may be better than that of UPARSE.

Changes in the composition of the bacterial community led to variations in metabolic genes, which were predicted by FAPROTAX based on 16S rRNA sequences. Continuous monocropping significantly reduced the abundance of genes related to nitrogen and sulfur metabolism in the rhizosphere of cut chrysanthemum (Figure 8A). Nitrogen is an important component of plant cell proteins, nucleic acids, chlorophyll, enzymes, etc., which can improve photosynthetic efficiency and increase crop yield and quality. As an element equally important to plants as NPK, sulfur is essential for the function of plant proteins, enzymes, and other physiologically active substances. The lack of sulfur element may lead to smaller plants and yellow leaves, which are symptoms of nitrogen deficiency, and ultimately result in the loss of crop yield and quality. With the increase of continuous cropping years, the reduction of the related metabolic genes will reduce the conversion rate of the rhizosphere nutrient of cut chrysanthemum and gradually cause a state of “element deficiency.” This state may contribute to the occurrence of reduced buds, smaller flowers, and increased diseases in cut chrysanthemum.



Continuous Monocropping Significantly Increased the Number of Phytopathogenic Fungi in the Rhizosphere of Cut Chrysanthemum

During continuous monocropping, the richness of the rhizosphere fungal community significantly increased (Figure 2C). LEfSe showed significant changes in the abundance of multiple fungal taxa (Figure 4B). Ascomycota is the most dominant phylum in the rhizosphere of cut chrysanthemum. It contains many plant pathogens and is the main source of toxins that cause replanting diseases (Ecker et al., 2005; Li et al., 2014). It was significantly enriched in the rhizosphere of cut chrysanthemum with the increase of monocropping time. The third dominant phylum, Basidiomycota, has some species that are saprophytic, and many of its large saprophytic fungi cause wood rot. Nevertheless, other species can also promote the growth of plants by forming mycorrhizas with plants. In this study, Basidiomycota was significantly enriched in the rhizosphere of “variety 1.” At the genus level, Mortierella was involved in plant pathogen inhibition, which can inhibit the occurrence of the Chinese cabbage bulb disease and protect bananas against Fusarium wilt and root rot (Narisawa et al., 1998). It has higher abundance in vanilla suppressive soil, while it gradually accumulated in the rhizosphere of cut chrysanthemum with increasing planting time. Humicola also served as a biocontrol fungus (Sun et al., 2014), whose relative abundance increased significantly in the rhizosphere of cut chrysanthemum. Pathogenic fungi of some plant diseases, such as Alternaria, which can cause black spot in cabbage and Alternaria Panax in ginseng (Zhao et al., 1993; Ko et al., 2011), and Fusarium, which can cause wilt in chrysanthemums (Li et al., 2017), were enriched in the rhizosphere of cut chrysanthemum. Rhizoctonia, a pathogen that can cause blight in chrysanthemums, watermelons, etc. (Crater, 1992; Fehér, 1993), did not change significantly in our study.

To further reveal the changes of fungal community function, the FUNGuild method was used to divide fungal species into multiple guilds. A guild represents a more subdivided nutrition mode based on pathotroph, saprotroph, and symbiotroph, one of which is a plant pathogen. Guilds with significant changes were detected based on ANOVA. We found that some of the guilds belonging to plant pathogens were significantly enriched in the rhizosphere of cut chrysanthemum (Figure 8B). According to FUNGuild results, these guilds mostly belong to Acremonium (Hou et al., 2019), Plectosphaerellaceae (Giraldo and Crous, 2019), Fusarium (Ma et al., 2013), and Cladosporium (Carolina et al., 2021), which have been reported to be pathogens of certain crops. The pathogenic genus Acremonium (corresponding to Guild: Plant Pathogen D) has a relative abundance that even reached 50% in the rhizosphere of cut chrysanthemum (Top2 genus). Therefore, we speculated that the increased incidence of diseases during continuous monocropping of cut chrysanthemum was caused by not only Fusarium but also the joint action of multiple pathogens.

In the current research, four cultivars of cut chrysanthemum were selected to investigate the changes of the rhizosphere microbial community and soil physicochemical properties under different continuous cropping times. Continuous monoculture had less effect on the bacterial community, but it significantly reduced the number of bacteria that metabolized nitrogen and sulfur. Continuous cropping significantly increased the richness of rhizosphere fungi and decreased the abundance of chitin-lysis-related genes, prompting the rhizosphere of cut chrysanthemum to become a fungal community. The taxa largely enriched in rhizosphere belonged to phytopathogenic fungi, which may combine to disrupt the otherwise healthy microbial community and increase diseases in cut chrysanthemum. Continuous cropping did not always increase the number of pathogenic bacteria; some beneficial microorganisms were also enriched and promoted the increase of soil enzyme activity. But they seem unable to resist the trend of community degradation. In this study, ammonium nitrogen (AN) was one of the most important factors shaping microbial communities, and the variation of its content caused significant changes in bacterial and fungal communities. However, the total contribution rate of determined soil physicochemical properties to the community transformation was less than 50%, which suggested that there were other factors involved in shaping the rhizosphere microbial community. Allelochemicals are produced by leaves, roots, stems, etc., which have beneficial or adverse effects on other plants (Rice, 1984). Allelochemicals consist of OA, straight-chain alcohols, aldehydes or ketones, unsaturated lactones, fatty acids, etc. (Gross and Parthier, 1994; Einhellig, 1995; Rice, 1995; Seigler, 1996). If the donor and the recipient belong to the same species, this leads to intraspecific allelopathy, and the term used is autotoxicity (Singh et al., 2010). Autotoxicity is a major obstacle in continuous cropping under protected cultivation (Zhou et al., 2009), and it is also found in the cultivation of cut chrysanthemum. A variety of allelochemicals participate in the transformation of the composition and structure of the rhizosphere microbial community of cut chrysanthemum, and together with plant pathogens, they contribute to the replanting problem of cut chrysanthemum.
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Abiotic and biotic factors may shape the mycobiome communities in plants directly but also indirectly by modifying the quality of host plants as a substrate. We hypothesized that nitrogen fertilization (N) would determine the quality of aspen (Populus tremula) leaves as a substrate for the endophytic fungi, and that by subjecting the plants to N, we could manipulate the concentrations of positive (nutritious) and negative (antifungal) chemicals in leaves, thus changing the internal “chemical landscape” for the fungi. We expected that this would lead to changes in the fungal community composition, in line with the predictions of heterogeneity–diversity relationship and resource availability hypotheses. To test this, we conducted a greenhouse study where aspen plants were subjected to N treatment. The chemical status of the leaves was confirmed using GC/MS (114 metabolites, including amino acids and sugars), LC/MS (11 phenolics), and UV-spectrometry (antifungal condensed tannins, CTs), and the endophytic communities were characterized using culture-dependent sequencing. We found that N treatment reduced foliar concentrations of CT precursor catechin but not that of CTs. Nitrogen treatment also increased the concentrations of the amino acids and reduced the concentration of some sugars. We introduced beetle herbivores (H) as a second treatment but found no rapid changes in chemical traits nor strong effect on the diversity of endophytes induced by herbivores. A few rare fungi were associated with and potentially vectored by the beetle herbivores. Our findings indicate that in a controlled environment, the externally induced changes did not strongly alter endophyte diversity in aspen leaves.

Keywords: Populus tremula, phenolics, condensed tannins, fungal endophytes, Chrysomela tremula, heterogeneity-diversity relationship hypothesis


IMPORTANCE

Fungal endophytes that colonize plants without causing symptoms may influence the growth and resistance traits of plants. To learn how fungal mycobiomes may potentially support sustainable plant growth, it is important to understand how endophyte communities are regulated by environmental vs. plant inherent factors. In a greenhouse study, we found that the endophyte communities in the leaves of young aspen trees remained rather stable regardless of the subtle changes in chemical quality that were caused by nitrogen fertilization (reduction of potentially antifungal catechins and decrease in sugars and increase in amino acids). A short-term exposure to insect feeding did not cause marked changes to plant chemistry or fungal communities, although some rare fungi occurred only in connection to insect feeding. Thus, in controlled conditions and over a short period of time, the growth environment rather than the internal chemical quality seemed to be a stronger determinant of the fungal diversity in aspen leaves.



INTRODUCTION

Wherever plants grow, in natural ecosystems or cultivated environments, fungal endophytes form a hidden stratum of biodiversity, imbedded inside the plant tissues (Wilson and Lindow, 1994; Bailey et al., 2005; Albrectsen et al., 2010). Currently, studies on such endophyte communities are in the frontline of plant ecology (e.g., Hardoim et al., 2015), and interest in these communities is also boosted by the prospects of utilizing the biosynthetic capacities of the endophytes in plant protection and plant growth promotion in agriculture and forestry (Busby et al., 2016; Witzell and Martín, 2018; Terhonen et al., 2019; Blacutt et al., 2020), and in medical or industrial applications (Nisa et al., 2015; Gouda et al., 2016). Advancement of molecular tools has made it possible to obtain more detailed information about the taxonomic structure of these hidden communities (Jumpponen and Jones, 2009; Albrectsen and Witzell, 2012; Unterseher et al., 2016), but investigations are still challenged by their temporal and spatial dynamics, the complexity of fungal taxonomy, and the lack of knowledge about the roles of fungal species and their inter- and intraspecies interactions inside the plants (Witzell et al., 2014). Especially in the case of large-sized and long-lived forest trees, the mechanisms determining endophyte community composition have remained puzzling (Ragazzi et al., 2003; Albrectsen and Witzell, 2012; Witzell and Martín, 2018).

The ecological and evolutionary processes that shape terrestrial communities include dispersal (movement of organisms across space), drift (stochastic changes in species abundance), speciation (creation of new species), and selection (which involves biotic and abiotic interactions including intra- and interspecific interactions) (Vellend, 2010); moreover, at the landscape level, environmental heterogeneity promotes species richness, as it increases opportunities for niche partitioning (Ben-Hur and Kadmon, 2020). Nutrient availability theory also suggests that plant defenses change character along nutrient gradients, for example, by emphasizing constitutive defenses in nutrient poor soils, to change to investment in both growth and defense in nutrient-richer environments (López-Goldar et al., 2020). In aspen, environmental effects are documented to shape both arthropod community structure (Robinson et al., 2016) and pathogen susceptibility (Bandau et al., 2021).

The impact of soil nutrients on fungal endophyte communities in aspen leaves has received less attention. Trees receive their endophytes mainly from the surrounding environment (horizontal spreading; Clay, 1988; Petrini et al., 1993; Clay and Holah, 1999; Siddique et al., 2022), and the influence of season and climatic conditions on the community structure has been found to be high (Gomes et al., 2018). Edaphoclimatic factors can strongly determine the dispersal and establishment of endophytes in trees (Carroll, 1995; Sieber, 2007), either directly by influencing the quality and quantity of the available inoculum, or indirectly, through effects on the host plant as a substrate for the fungi. Although landing of viable fungal spores on potential host plants is a stochastic event, the chemical environment on and inside the plant may act as selective factor, supporting the germination and growth of some fungi and suppressing others. For instance, several studies have found a connection between endophyte infections and phenolic plant metabolites in trees (Bailey et al., 2005; Albrectsen et al., 2010; Martín et al., 2013; Albrectsen et al., 2018). These ubiquitous plant metabolites are potentially antifungal or fungistatic (Witzell and Martín, 2008), but some fungi may also be able to use them as a carbon source (Blumenstein et al., 2015). Soil fertility is known to influence production of phenolics in plants, and especially the availability of soil nitrogen tends to be negatively correlated with phenolic concentrations in plant tissues (Bandau et al., 2015). Phenolic metabolism is known to readily increase in response to stress, and several phenolics have antioxidant, antimicrobial, or antiherbivore properties (Witzell and Martín, 2008; Gourlay and Constabel, 2019). Because phoretic associations between fungi and insects are likely to be common (Lewinsohn et al., 1994; Rice et al., 2007), insect herbivores may influence the fungal community both directly and indirectly by induction of plant responses. On the other hand, endophytic fungi may also influence the herbivores (Coblentz and Van Bael, 2013), further complicating the interactions.

The goal of our study was to increase the current understanding of how foliar endophyte assemblages in woody plants vary in response to multiple, interacting factors. Our basic hypothesis was that the intrinsic status of phenolic metabolites, dominant defensive chemicals in most boreal and temperate zone trees species, would strongly influence the quality of plants as a substrate for endophytic fungi and thus shape their community structure (Agostinelli et al., 2018; Albrectsen et al., 2018). Moreover, we anticipated that external factors could modify the phenolic status and result in changes in the fungal community. To test this hypothesis, we isolated endophytic fungi from leaves of vegetatively propagated plants of 12 aspen (Populus tremula L.) genotypes that were subjected to nitrogen amendment and leaf beetle herbivory, alone and in combination. The genotypes represented a similar chemotype in terms of their content of salicinoid phenolic glycosides (SPGs, low molecular weight phenolics that are characteristic for Salicaceae plants; Keefover-Ring et al., 2014), but differed with regard to concentration of high-molecular weight phenolics, condensed tannins (CTs; Robinson et al., 2012). The plant material thus allowed us to specifically focus on the importance of the latter compounds, which have earlier been identified as potentially antifungal compounds in aspen (Ullah et al., 2017).

We expected that fertilization would generally reduce the concentrations of phenolic metabolites (Witzell and Shevtsova, 2004; Bandau et al., 2015; Decker et al., 2017) in aspen leaves. Furthermore, we expected that it would also reduce the within-group variation in phenolic concentrations, i.e., the phenolic concentration would vary less between N treated replicate plants as compared to the control plant group (Edenius et al., 2012; Albrectsen et al., 2018). We expected that this quantitative response could lead to a more homogenous nutritional niche that would support a less diverse endophytic community than what is found in control plants. In contrast, we hypothesized that herbivory could lead to locally induced accumulation of constitutive or induced phenolics (Sampedro et al., 2011; Massad et al., 2014) or oxidation of phenolics due to tissue damage (Constabel et al., 2000; Salminen and Karonen, 2011). We expected that this would result in a more variable (multidirectional) and compartmentalized chemical environment in leaf endosphere, leading to higher diversity of nutritional niches and thus more diverse fungal communities, as predicted by the heterogeneity–diversity relationship hypothesis (Ben-Hur and Kadmon, 2020). The possible phoretic interactions could add to the diversity of fungal communities in H-treated plants. We used isolation method in order to capture the fast-growing fraction of the total endophyte community because we expected that it would most rapidly respond to the treatment effects in our short-term experiment. To study the metabolic status of the plants, we conducted a global metabolite analysis using GC/MS and completed it with a targeted LC/MS analysis of low-molecular weight phenolics. We also analyzed the concentrations of condensed tannins. The results are discussed within the framework of the heterogeneity–diversity relationship hypothesis (Ben-Hur and Kadmon, 2020).



MATERIALS AND METHODS


Plant Material

Plants belonging to 12 aspen (P. tremula) genotypes were chosen from the SwAsp collection (genotypes number 4, 6, 7, 26, 41, 51, 69, 72, 79, 92, 98, and 100; Robinson et al., 2012). The selected clones represented the tremuloides-like chemotype, with four dominating SPGs (salicin, tremuloidin, salicortin, and tremulacin) (Robinson et al., 2012; Keefover-Ring et al., 2014). Aspen plants were produced from in vitro tissue cultures (Umeå Plant Science Centre, Umeå, Sweden) and planted into 5-L pots on May 23, 2014. The pots were placed in the greenhouse 20°C, 60% R.H., and a 16:8 h D/N cycle. Lateral branches were removed within the first 4 weeks after planting to promote apical growth.



Experimental Setup

Two individual plants from each of the 12 genotypes were randomly assigned to one of four treatments: control (C), nitrogen fertilization (N), herbivory (H), and their combination (NH) (n = 24 plants per treatment). The whole experiment thus comprised a total of 96 plants. For N treatment, a Weibulls Rika-S® solution (containing 84 gr/liter nitrogen, NH4NO3) was applied weekly starting from June 17th for 4 weeks. This resulted in a final N input that corresponds to the level of industrial forest fertilization in Sweden, 150 kg N ha–1 y–1 (Nohrstedt, 2001; Decker et al., 2017). The first fully expanded leaf on each plant was marked on June 17th, and this leaf was later used to assess baseline leaf chemistry (see below).

After 4 weeks of fertilization treatment, a mousseline fabric net was placed over the first three fully expanded leaves that had developed above the marked leaf after the first fertilization event. Five adult aspen leaf beetles (Chrysomela tremula Fabricius) were placed into the nets after the last fertilization event and allowed to feed for 5 days (treatments H and NH). The beetles had been reared in the laboratory at Umeå Plant Science Centre since the beginning of May and belonged to the second generation of a culture captured close to Ekebo, in southern Sweden. Empty nets were placed in similar position also on plants in C and N treatments to control for the effect of the mousseline bag.



Sampling and Growth Measurement

After 5 days of herbivory treatment, the experiment was ended. Leaves were collected from each plant for phytochemical analysis (the leaf below the netted leaves) and for fungal endophyte analysis (the netted leaves). Leaves for the chemical analyses were flash-frozen in liquid nitrogen, freeze-dried, and stored at −20°C until they were ground to fine powder using a bead mill (MM 301 Vibration Mill, Retsch GmbH and Co., KG, Haan, Germany) at 25 Hz for 3 min. The fine powder was stored in vials at −20°C until chemical analyses. Leaves designated for endophyte analysis were collected and stored at 4°C for a maximum of 3 days prior to surface sterilization and endophyte isolation. In case the petiole of a netted leaf was chewed by the beetle (causing wilting or the death of the leaf), those leaves were discarded from further analyses. A total of 90 plants were included in the endophyte analysis. The growth of plants and insects was recorded in the end of the experiment (Supplementary Table 1).



Phytochemical Analysis

For the global GC/MS analysis, 6.00 (±1.00) mg of leaf powder was extracted in 1 ml methanol:chloroform:water (v:v:v) at 4°C. Deuterated salicylic acid [2H6] (Isotec, Miamisburg, OH, United States) was used as an internal standard in all samples. Samples were centrifuged at 4°C, and 100 μl of the resulting supernatant was evaporated in vacuum. The residues were resolved in 30 μl of methoxyamine (15 μg/μl in pyridine) and 30 μl of MSTFA. Methyl stearate (30 μl of 15 ng/μl in heptane) was added before analysis, and 1 μl of each aliquot was injected by a CTC Combi Pal autosampler (CTC Analytics AG, Switzerland) into an Agilent 6890 gas chromatograph. The chromatograph was equipped with a 10 m × 0.18 mm fused silica capillary column with a chemically bonded 0.18-μm DB 5-MS UI stationary phase (J&W Scientific, Corston, Bath, United Kingdom). The compound detection was performed in a Pegasus III time-of-flight mass spectrometer, GC/TOFMS (Leco Corp., St Joseph, MI, United States). MATLAB™ R2011b (Mathworks, Natick, MA, United States) was used to quantify the mass by means of integrated peak areas. All pretreatment data procedures, such as baseline correction, chromatogram alignment, data compression, and hierarchical multivariate curve resolution (H-MCR), were performed using custom scripts according to Jonsson et al. (2005). The extracted mass spectra were identified by comparisons of their retention index and mass spectra with libraries of retention time indices and mass spectra (Schauer et al., 2005). Identification of compounds was based on comparison with mass spectra libraries (in-house database) as well as the Kovats retention index. The identified chemicals were quantified by peak area and assigned to metabolite classes (phenolics, amino acids, fatty acids).

For the targeted LC/MS analysis, samples were prepared as above, but the residue was suspended in 25 μl of methanol and 25 μl of 0.1% v/v aqueous formic acid. A 2.0-μl aliquot was injected onto a C18 UPLC™ column (2.1 × 100 mm, 1.7 μm), and chromatographic separation was performed on a LCT Premier TOF/MS in negative mode (Waters, Milford, MA, United States), following the method by Abreu et al. (2011). The standard compounds used in this analysis were from our in-house library (the Swedish Metabolomics Centre: SMC, Umeå, Sweden) including salicinoid standards (salicin, tremulacin, salicortin, and tremuloidin). MassHunter™ Qualitative Analysis software package (version B06.00, Agilent Technologies Inc., Santa Clara, CA, United States) was used to acquire the mass feature extraction (MFE), and extracted features were aligned and matched between samples using Mass Profiler Professional™ 12.5 (Agilent Technologies Inc., Santa Clara, CA, United States). The concentrations of salicinoids were quantified according to the peak area of each compound using linear standard curves. Masses of either or both of the deprotonated ion ([M−H]−) and the formate adduct ([M−H + FA]−) were assessed based on molecular weights according to Abreu et al. (2011) and Keefover-Ring et al. (2014) and guided by retention times where available.

Condensed tannin concentrations were assessed based on a modified Porter’s assay (acid: butanol method) (Porter et al., 1985; Bandau et al., 2015): 10 ± 1 mg fine powder of freeze-dried leaf sample was added to 800 μl of an acetone/ascorbic acid solution (70% acetone, 30% Milli-Q water, with 10 mM ascorbic acid) then incubated with an iron and acid-butanol reagent in boiling water for 1 h. Absorbance was measured on a Spectra Max 190 microplate reader (Molecular Devices, Sunnyvale, CA, United States) at A 550 nm. Procyanidin B2 (C30H26O12, Sigma- Aldrich®, St. Louis, MO, United States) was used as the tannin standard.



Fungal Endophyte Isolation and Identification

Endophytic fungi were isolated following the method described by Albrectsen et al. (2010). From each leaf, 10 segments (about cm2) were cut using a sterilized scalpel. The segments were surface-sterilized using 95% ethanol and 2% sodium hypochlorite, and rinsed in sterile water before placing them individually on potato dextrose agar (PDA, Merck 70139-2.5KG) in petri dishes (12 × 12 cm) that had been autoclaved and received added streptomycin to avoid bacterial growth. The leaf segments on the plates were checked for emerging fungal growth every second day, and emerging colonies transferred to new PDA-dishes. Three leaves were harvested from every C and N treated aspen plant; and one to three leaves were harvested from the plants that had been exposed to herbivores. The total number of leaves (and petri dishes) was 228.

The recovered fungal cultures (n = 1,642) were classified into 30 distinct morphotypes (MTs) based on their visual morphological traits and growth rate estimated on a four-step scale (fast, medium, slow, very slow). In order to obtain information about the taxonomy of the fungal community, a total of 59 cultures representing the 30 MTs were selected for sequencing. From each culture, plugs of PDA containing growing mycelium were transferred to malt extract broth. After an incubation period of 2 weeks (room temperature, darkness), mycelia were filtered, placed in 50-ml Falcon tubes, and lyophilized for 48 h. Freeze-dried samples were then pulverized in a FastPrep®-24 homogenizer (MP biomedicals, Santa Ana, CA, United States). Total genomic DNA was extracted using the E.Z.N.A. SP Plant DNA Kit (Omega Bio-Tek, Inc., Norcross, GA, United States). The extracted nuclear DNA was measured using NanoDrop® ND-1000 (Wilmington, United States). PCR amplification of the internal transcribed spacer (ITS) region of the rDNA was performed with the primers ITS1 and ITS4 (White et al., 1990). Each 50-μl PCR reaction mixture contained 5 μl of 10x PCR buffer, 0.4 μM of each primer, 0.2 mM dNTP, 1.5 mM MgCl2, 1U Taq polymerase, and 10 ng fungal DNA. The PCR program consisted of 94°C for 5 min, 33 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 30 s, and 72°C for 10 min. PCR samples were kept at 4°C before analyzing via gel electrophoresis on 1.5% Agarose (BIO-RAD) gel and visualized under UV light with 0.1% GelRed (GelRed™ Nucleic Acid Gel Stain, 10,000X in DMSO). PCR products were purified with the HT ExoSAP-IT High-throughput PCR Product Cleanup (Affymetrix, Santa Clara, CA, United States) following the manufacturer’s instruction. After quantification of DNA concentrations with Qubit fluorometer 3.0 (Life Technologies, Carlsbad, CA, United States), samples were sent to the National Genomics Infrastructure (NGI) at Science for Life Laboratory (SciLifeLab, Uppsala, Sweden). Visualization of raw sequence data was done with the software Chromas (version 2.4.4, Technelysium, South Brisbane, QLD, Australia). All sequences were aligned and manually edited using BioEdit (Ibis Biosciences, Carlsbad, CA, United States). Sequencing data were blasted against best matches in the reference database at NCBI.1 The ITS sequence homology for delimiting fungal taxa was set to >98.5% for presumed species (Supplementary Table 2).



Data Analysis

Kruskal–Wallis non-parametric tests (Table 1) were used to assess the significance of effects on specific chemicals and the summary of the statistical analyses conducted for those relationships that are presented in Figure 2. PCA plots were performed for 114 targeted and non-targeted metabolites from LC/MS and GC/MS and for 11 targeted phenolics (mainly SPGs from LC/MS), respectively, using R version 3.6.1 (2019-07-05) packages: ggplot2,2 FactorMineR3 (Lê et al., 2008), and factoextra.4


TABLE 1. Summary of Kruskal–Wallis statistics on treatment effects as presented in Figure 2.

[image: Table 1]
Fungal diversity (richness, S; Whittaker, 1972) was tracked as the number of distinct morphotypes (MTs) found in each plant, and the MT abundance (frequency) was recorded as the number of isolates of a given MT per sampled plant (n = 24 plants for C and N, and 21 plants for H and NH treatments). Venn diagram was constructed to illustrate the number of shared and unique MTs per treatment (Shade and Handelsman, 2012). Relative abundance was determined for each MT as the number of isolates of the given morphotype divided by the total number of isolates emerged from all samples (n = 1642). To examine the possible shifts in the community composition among the different treatments (C, N, H, and NH), a permutational multivariate analysis of variance (Permanova) of relative abundances was performed with the adonis function in vegan package5 using 999 permutations, followed by a pairwise comparison with pairwise.adonis (Martinez Arbizu, 2019).

Morphotype richness values were used to create sample-size-based rarefaction (interpolation) and extrapolation (prediction) curves (Colwell et al., 2012; Chao et al., 2014; Hsieh et al., 2016) with an endpoint of 42 individuals and 100 bootstrap repetitions. The curves were generated with the iNEXT (iNterpolation and EXTrapolation) R package6 and visualized with ggiNEXT, the ggplot2 extension for iNEXT. To compare the complexity of communities, Simpson’s (D) and Shannon (H′) diversity indices and Pielou’s index for evenness (J′) were calculated using the Vegan package (Oksanen et al., 2016; Supplementary Table 3). The effect of the treatments (C, N, H, NH) on the ecological diversity indexes and on the fungal richness (S) was assessed with an analysis of variance followed by a multiple comparison test (residuals were checked for normality, homoscedasticity, and linearity). When the data did not meet these requirements, a robust ANOVA based on trimmed means was performed with the WRS2 package.7 Before all the analyses were performed, data were balanced using a decision tree to generate new samples from the minority classes (H and NH treatments) with an oversampling algorithm (random walk oversampling) from the imbalance package in R8 (R Development Core Team, 2016).




RESULTS


Treatment Effects on Aspen Chemistry and Growth

The score plot (PCA) of global metabolite analysis (data included 114 metabolites) showed a weak separation between fertilized and non-fertilized treatments (Figure 1A). The plot of targeted metabolites (11 phenolics, including catechin but excluding condensed tannins) did not show any clear distinction between fertilized and non-fertilized plants (Figure 1B).
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FIGURE 1. Multivariate analyses of metabolites in the leaves of aspen (Populus tremula) plants exposed to environmental endophytic inoculum in controlled, greenhouse conditions: untreated control plants (C) and plants subjected to nitrogen addition (N), herbivory (H), or nitrogen addition and herbivory in combination (NH) (n = 24 plants per treatment). Shown are the principal component analysis score plots of 114 targeted and non-targeted foliar metabolites (global analysis, data acquired using gas chromatography/mass spectrometry) and 11 targeted metabolites (the main salicinoid phenolic glycosides and catechin; data acquired using liquid chromatography).



[image: image]

FIGURE 2. Concentration (mg g–1 DW) or level (measured as normalized peak area, pa) of individual chemical compounds in the leaves of aspen (Populus tremula) plants exposed to environmental endophytic inoculum in controlled, greenhouse conditions: untreated control plants (C) and plants subjected to nitrogen addition (N), herbivory (H), or nitrogen addition and herbivory in combination (NH) (n = 24 plants per treatment). Shown are selected examples for phenolics (A,B: concentrations of condensed tannins, CTs, and their precursor catechin), amino acids (C,D: phenylalanine and tryptophan), and sugars (E,F: glucose, maltose). The data were acquired using liquid chromatography, except for condensed tannins, which we analyzed using a spectroscopy.


Nitrogen treatment reduced the concentration of the CT precursor, catechin, in aspen leaves, and a decreasing (non-significant) trend was observed also in the CT concentration (Table 1 and Figures 2A,B). The lowest within-treatment variation in CTs was found in N-treated plants (Table 1 and Figure 2E), despite the varied genetic background of the trees (12 clones). Overall, the effect of N on chemical characters appeared stronger compared to the effect of H (Table 1 and Figures 2A–F), and there were no significant N × H interactions.

The concentrations of amino acids increased in plants receiving N treatment (Table 1 and Figures 2A,B). Most sugars were somewhat reduced by H and increased by N treatment (data for glucose are shown as an example; Table 1 and Figure 2C). A deviating pattern was found only for maltose, which was reduced by treatments, especially by N, alone and in combination with H (Table 1 and Figure 2D).

Nitrogen treatment had a strong effect on both the above-ground biomass and height of the trees [Supplementary Table 1; ANOVA: F(df = 3) = 44.07; p < 0.0001, F(df = 3) = 15.96; p < 0.0001, respectively], and there was no effect of herbivory (p > 0.9).



Endophyte Diversity in Aspen Leaves

Among the 30 MTs, 18 were identified to class (2 MTs), genus (10 MTs), or species (6 MTs) level (Table 1 and Supplementary Table 2). Of the identified isolates, 17 belonged to Ascomycota (class Dothideomycetes, Eurotiomycetes, Hypocreales, and Sordariomycetes) and one to Basidiomycota (MT25: Rhodotorula sp.). The three most common morphotypes across the treatments, Ramularia sp. (MT1), and the unidentified morphotypes MT2 and MT3 had 576 isolates (35% of all isolates), 336 (20% of all isolates), and 329 (20% of all isolates), respectively. A total of 18 MTs were captured as a maximum of three isolates (<0.2% relative abundance) and were thus considered as rare MTs.

The sample size-based rarefaction and extrapolation curves (Figure 3A) are predicted to accurately estimate the number of MTs per sampling unit (tree) within the double number of species when compared to the reference sample size (Chao et al., 2014). At least two fungal isolates were recovered from each plant, and the highest increase in diversity was obtained when increasing the number of sampled trees from 1 to 5 within all the treatments. The non-asymptotic rarefaction curves suggest that additional sampling efforts would yield more MTs, especially in H treatment. However, the coverage-based rarefaction and extrapolation curves (Figure 3B) suggested that the sample size (24 trees for C and N each, and 21 for H and NH) allowed high completeness with the method that was used: the sample coverage values were 0.95, 0.97, 0.91, and 0.93 for C, N, H, and NH, respectively.
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FIGURE 3. Sample-size-based (A) and coverage-based (B) rarefaction (solid line) and extrapolation (dotted line) curves comparing fungal morphotype richness in the leaves of greenhouse-cultivated aspen (Populus tremula) plants (n = 96): untreated control plants (C) and plants subjected to nitrogen addition (N), herbivory (H), or nitrogen addition and herbivory in combination (NH) (n = 24 plants per treatment). The shaded areas represent the 95% confidence intervals. The different symbols represent the reference samples.




Treatment Effects on Endophytes

The treatments caused significant differences in endophyte richness (robust ANOVA, F = 3.70, p = 0.02) and relative abundance (Permanova, F = 1.67, p = 0.04). These differences were located between N and H treatments (p = 0.01 for richness; and F = 2.92, p = 0.02, for abundance), while the rest of combinations did not result in significant differences. Together, the isolates belonging to the three dominating MTs made up 81% of all isolates in C plants, but their proportion tended to decrease by treatments: in N and H treatments, they made up 73% of all isolates, and in NH 71%. At the same time, the relative abundance of the other (less frequent, and rare) morphotypes increased correspondingly (Table 1).

The Shannon index (H’) did not differ among the treatments (ANOVA, F = 1.54, p = 0.21), with mean (±se) and SE values 1.35 (±0.07) for C; 1.50 (±0.06) for N, 1.24 (±0.10) for H, and 1.36 (±0.08) for NH. Likewise, the Simpson index (D) values did not vary among treatments (0.68 ± 0.02 for C; 0.72 ± 0.02 for N; 0.62 ± 0.04 for H; and 0.68 ± 0.03 for NH; robust ANOVA, F = 0.41, p = 0.74) nor did the values of Pielou’s measure of evenness (J) (0.85 ± 0.02 for C; 0.84 ± 0.02 for N, 0.82 ± 0.03 for H and 0.86 ± 0.02 for NH; robust ANOVA, F = 1.03, p = 0.39).

In total, 11 MTs were shared among all four treatments (Figure 4), of which six morphotypes were identified at least to the genus level (Ramularia sp., Cladosporium sp., Penicillium olssonii, Arthrinium sp. and 2, Penicillium sp.) and five remained unknown (Table 2). Three rare MTs were recovered only from C plants, including a Dothideomycetes and a Coleosporium species, and three others from N-treated plants (a Dothideomycetes, Physalospora scripi, and an unknown species). Three rare MTs, including the identified Aureobasidium species (A. microstictum and A. pullulans), were found only in H treatments (Table 2).
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FIGURE 4. Venn diagram showing the number of unique and shared morphotypes of fungal endophytes in the leaves of greenhouse-cultivated aspen (Populus tremula) plants untreated control plants (C) and plants subjected to nitrogen addition (N), herbivory (H), or nitrogen addition and herbivory in combination (NH) (n = 24 plants per treatment).



TABLE 2. An overview of morphotype identity and abundance (calculated as the number of isolates of a morphotype per plant normalized after the total number isolates) from leaves of aspen clones belonging to the Swedish Aspen collection (Luquez et al., 2008) and divided after treatment (C, control; N, nitrogen fertilization; and subsequent herbivory H of controls and nitrogen treated plants, H and NH, respectively).
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DISCUSSION

Nitrogen treatment induced some of the expected changes in the quality of aspen leaves: in particular, the global metabolite analysis and catechin levels highlighted the difference in the chemical profile between fertilized and non-fertilized aspen plants. A characteristic change in the global metabolite pool seemed to be due to increased concentrations of amino acids and a decrease in some sugars, which could reflect the expected positive effect of N on growth and associated metabolic changes in the plants (Supplementary Table 1, growth data). While the N effect on CTs was not significant, we found lower concentration of CTs in the leaves of fertilized plants, and the N treatment also tended to reduce the variation in CT concentration among the studied trees. Thus, nitrogen fertilization seemed to render the leaves to a more nutritious and less toxic environment, assuming bioactive effects of catechins (Gaur et al., under review), but also a more homogenous substrate for the fungi.

In contrast to our initial expectation, however, the detected quantitative changes were not accompanied by a more uniform fungal community in aspen leaves when compared with the control plants. Thus, our findings did not support for the classic heterogeneity–diversity relationship hypothesis among the endophyte community in aspen leaves (i.e., the apparently more homogenous chemical environment, especially in terms of condensed tannins, was not accompanied by a lower endophyte diversity). However, recent studies suggest that heterogeneity–diversity relationships may be non-linear and more complex than expected from the niche-based perspective (Ben-Hur and Kadmon, 2020). Resource availability may further alter the relative investment in different defense mechanisms in plants (López-Goldar et al., 2020), and earlier studies have shown that growing environment also determines aspens’ investment in CTs (Decker et al., 2017). In our greenhouse study, the CT level was generally low as compared to other studies where the detection has been done against the same commercial standard (e.g., Bandau et al., 2016), but it is unclear if the low CT level had consequences for the responses of the fungal community in our study. A deeper taxonomic analysis, using culture-independent approaches, may be needed to reveal these relationships. Clearly, more detailed information about nutritional niches and functional dynamics of different endophytic fungi (Blumenstein et al., 2015; Paungfoo-Lonhienne et al., 2015) would facilitate the analyses of the niche-dependent mechanisms behind the observed patterns in fungal diversity.

We expected that leaf herbivory would increase both the compositional (magnitude) and configurational (spatial) chemical heterogeneity in the leaf tissues by inducing changes in phenolic metabolism, and that this change would lead to a more complex community structure among the relatively fast growing, culturable fraction of endophyte communities. However, we did not find evidence for the expected changes in CTs or other phenolics in response to herbivory. Possibly, the impact of herbivory could have been stronger in younger leaves (a systemic induction) or after a longer feeding period. Moreover, the MT richness in H-treated plants did not increase as compared to C plants. Interestingly, we found that three of the MTs were found only in connection to herbivory, supporting the view that insects may influence the fungal diversity by carrying specific fungi to the plants (Albrectsen et al., 2018). Wounding by herbivores may also open up more entry points for the ubiquitous fungi such as Aureobasidium pullulans, which was identified among the three H-treatment-specific MTs and is commonly found as an epiphyte and endophyte in different environments (Martín et al., 2013; Albrectsen et al., 2018).

The combined effect of N and H on the chemical traits or fungal diversity seemed to be dominated by the N effect. The longer impact time of N was likely to accentuate its effect as a stronger bottom-up force and allowed it to shape the quality of leaves as a substrate for fungi more than the short-term herbivory. Fungi transmitted to plants by the feeding beetles would probably need a longer incubation time than what was possible in our study before they can be captured using the culturing approach. It should also be noted that in our study, the insects were reared in laboratory conditions and thus exposed to only a limited environmental inoculum. Therefore, the results of this study may underestimate the importance of insect-mediated facilitation of infections that occurs in natural environments.

In accordance with the universal pattern of species abundance distribution (McGill et al., 2007), we found that the culturable endophyte community in aspen leaves was composed of a few common species (the main community member Ramularia spp. and two unknown ones) but many rare species. The identified taxa represented Ascomycota commonly found as endophytes in trees (Arnold et al., 2007; Rodriguez et al., 2009; Unterseher, 2011). The only Basidiomycota species identified, Rhodotorula sp., has been reported as a common endophyte in trees in previous studies (Jumpponen and Jones, 2010; Unterseher, 2011; Rajala et al., 2014), and it has also been linked to herbivory treatment (Albrectsen et al., 2018). In our study, however, only weak link was found between Rhodotorula sp. and herbivory. Intriguing was also that some common tree endophytes, such as Alternaria and Phomopsis (Albrectsen et al., 2010; Crous and Groenewald, 2013; Martín et al., 2013), were not detected, possibly because the greenhouse acted as a filter for the environmental inocula and reduced the frequency of otherwise common endophytes. Moreover, the time point of sampling in early summer may be reflected in the community composition: the species diversity is likely to increase during the season as the infections accumulate. Among the other genera identified, Cladosporium, Ramularia (anamorph Mycosphaerella), and Physalospora have been previously described as plant pathogens (Thomma et al., 2005; Tadych et al., 2012; Videira et al., 2016), but no signs of pathogen attacks were found on the leaves, suggesting that the conditions in our experiment supported endophytic lifestyle of these and other fungi.

In conclusion, our results indicate that the culturable fraction of fungal endophyte community in aspen leaves is rather stable against the directional alterations induced in the chemical “landscape” within the leaves by nitrogen fertilization or disturbances due to herbivory. This is in line with the results of the study by Christian et al. (2016) who reported high resistance among endophyte communities against biotic and anthropogenic perturbations. However, more research is needed to better comprehend the nutritional requirements of endophytes and the signals influencing the dynamics of the microbial communities in the endosphere. This is particularly important in future conditions where climate change may directly or indirectly cause major alterations in nutrient availability for plants (Kreuzwieser and Gessler, 2010). While our results did not agree with the expectations we made based on the heterogeneity–diversity relationship hypothesis, we propose that by implementing theoretical frameworks of community ecology, it is possible to gain new insights into the processes and traits driving the structure and functions of endophyte communities in perennial plants, such as forest trees.
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Apple replant disease (ARD) is a worldwide problem for tree nurseries and orchards leading to reduced plant growth and fruit quality. The etiology of this complex phenomenon is poorly understood, but shifts of the bulk soil and rhizosphere microbiome seem to play an important role. Since roots are colonized by microbes from the rhizosphere, studies of the endophytic microbiome in relation to ARD are meaningful. In this study, culture-independent and culture-dependent approaches were used in order to unravel the endophytic root microbiome of apple plants 3, 7, and 12 months after planting in ARD-affected soil and ARD-unaffected control soil at two different field sites. Next to a high diversity of Pseudomonas in roots from all soils, molecular barcoding approaches revealed an increase in relative abundance of endophytic Actinobacteria over time in plants grown in ARD and control plots. Furthermore, several amplicon sequence variants (ASVs) linked to Streptomyces, which had been shown in a previous greenhouse ARD biotest to be negatively correlated to shoot length and fresh mass, were also detected in roots from both field sites. Especially in roots of apple plants from control soil, these Streptomyces ASVs increased in their relative abundance over time. The isolation of 150 bacterial strains in the culture-dependent approach revealed a high diversity of members of the genus Pseudomonas, confirming the data of the molecular barcoding approach. However, only partial overlaps were found between the two approaches, underlining the importance of combining these methods in order to better understand this complex disease and develop possible countermeasures. Overall, this study suggests a key role of Streptomyces in the etiology of ARD in the field.
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INTRODUCTION

Apple replant disease (ARD) is a worldwide complex problem, which affects apple tree nurseries and orchards, causing reductions in tree growth, fruit yield, and quality (Mazzola and Manici, 2012; Manici et al., 2013; Winkelmann et al., 2019). It occurs when apple is repeatedly planted at the same site and is defined as a “harmfully disturbed physiological and morphological reaction of apple plants to soils that faced alterations in their (micro-)biome due to previous apple cultures” (Winkelmann et al., 2019). The exact etiology of ARD is still not known, but there is increasing evidence that, next to changes in the abundance of specific pathogens, shifts of the bulk soil and rhizosphere microbiome are an important driver of ARD (Winkelmann et al., 2019; Balbín-Suárez et al., 2021). With the rise of next-generation sequencing, several studies revealed shifts of the rhizosphere microbiome community structure (Sun et al., 2014; Franke-Whittle et al., 2015; Yim et al., 2015; Nicola et al., 2018; Tilston et al., 2018; Balbín-Suárez et al., 2021) and showed an enrichment of potential ARD fungal pathogens [Acremonium, Fusarium, Cylindrocarpon (Franke-Whittle et al., 2015), Pythium (Tilston et al., 2018), Ilyonectria, and Nectria sp. (Balbín-Suárez et al., 2021)] and several bacteria associated with ARD [Lysobacter, Pseudomonas (Sun et al., 2014), Chitinophaga, Hyphomicrobium (Franke-Whittle et al., 2015), Streptomyces, and Variovorax (Balbín-Suárez et al., 2021)].

The plant endobiome is strongly influenced by colonization from the rhizosphere microbiome and, thus, is very likely subjected to changes in ARD-affected soil. Moreover, beneficial endophytes can support plants in coping with abiotic and biotic stresses. Therefore, analyses of the root endobiome of apple in replant-affected soils is of interest to understand the disease etiology, but also to develop mitigation strategies. However, studies of the endophytic microbiome and its role in ARD are rare and were mostly focused on fungal pathogens in apple roots. Kelderer et al. (2012) identified Cylindrocarpon spp. and Rhizoctonia sp. as pathogenic root endophytes in row (ARD affected) and inter-row (control) planted apple trees. Fusarium oxysporum and Fusarium solani were most abundant in roots in this study, but not considered as pathogens. Root endophytic Cylindrocarpon-like fungi (Thelonectria sp. and Ilyonectria spp.) were also shown by Manici et al. (2013) next to Pythium spp. to be correlated to the growth reduction in the rootstock M9 growing in ARD-affected soil. Different species of Nectriaceae were also found in ARD-affected cortex cells applying laser microdissection (Popp et al., 2020). Several fungal endophytes from ARD-affected apple roots were isolated and re-inoculated in a soil free biotest by Popp et al. (2019). Negative effects on plant health were reported for Cadophora, Calonectria, Dactylonectria, Ilyonectria, and Leptosphaeria.

For bacterial root endophytes, even less data are available. Only two studies were conducted, which investigated the role of bacterial endophytes to the context of ARD (Tewoldemedhin et al., 2011; Van Horn et al., 2021). Tewoldemedhin et al. (2011) used a cultivation-dependent approach to investigate the biocontrol properties of Actinobacteria isolates (92 isolates belonging to the genus Streptomyces and four to Nocardiopsis) from ARD-affected roots but inoculation of selected isolates resulted in no effects on plant growth. Amplicon sequencing was used by Van Horn et al. (2021) to characterize the endophytic community structure of rootstock genotypes reported to be susceptible (M26 and M9) and tolerant (G210, G41, G890, and G935) to ARD. The strongest community differences were found between tolerant and susceptible genotypes and the overall most abundant endophytes were members belonging to the genera Arthrobacter, Burkholderia, Halospirulina, and Streptomyces. In a previous study (Mahnkopp-Dirks et al., 2021), we conducted a biotest with apple plants of the ARD-sensitive rootstock genotype M26 grown in three soils differing in soil properties and compared for each soil the bacterial root endophytic community of plantlets grown in ARD-affected soil or control (grass) soil using a molecular barcoding approach. Results showed several amplicon sequence variants (ASVs) linked to Streptomyces, which were exclusively found in plants grown in ARD soil. Moreover, these ASVs were negatively correlated to shoot length and shoot fresh mass. These results were achieved for young plantlets (8 weeks of age) under controlled greenhouse conditions using in vitro propagated plant material, which did not represent field conditions. To validate the relevance of the observations of our greenhouse biotest under field conditions and to assess seasonal dynamics, we performed a field experiment at the two sites, from which the soils for the biotests were obtained. The bacterial root endophytic community structure in plants grown in ARD-affected or grass control soil using seed-propagated rootstocks (cv. ‘Bittenfelder Saemling’, hereafter referred to as Bittenfelder) was characterized. Samples were taken over 1 year to cover a complete vegetation cycle. We postulated that overall diversity and seasonal dynamics of bacterial root endophytes are less pronounced in plantlets grown in ARD-affected soils, as in these soils single bacterial endophytes dominate the microbiome of root endophytes, which negatively impact plant growth and overall plant performance. Moreover, we intended to obtain isolates to complement the culture-independent data and to serve as potential inoculants. Thus, we also used a culture-dependent approach in order to isolate a broad spectrum of bacterial root endophytes, established pure cultures, and identified them based on their 16S rRNA gene sequence. This will enable us to study their effects on apple plants and potentially to help and overcome the complex ARD phenomenon.



MATERIALS AND METHODS


Field Sites and Sampling

The field experiments were carried out at two different sites in northern Germany: Heidgraben (x-coordinate 53.699199; y-coordinate 9.683171; WGS 84, Schleswig-Holstein) and Ellerhoop (x-coordinate 53.71435; y-coordinate 9.770143 WGS 84, Schleswig-Holstein), which differed in their soil properties (Mahnkopp et al., 2018). Based on World Reference Base for soil resources, the textures of the top soil (0–20 cm) of the two sites were classified as sand (Heidgraben) and loamy sand (Ellerhoop) (Mahnkopp et al., 2018). In 2017, the annual mean temperature for both sides was 10°C, and the annual precipitation reached 1,142 mm.

At both sites, two different variants were established, each in four replicates (plots): (i) ARD plots, where ARD was successfully induced by repeatedly replanting Bittenfelder apple seedling rootstocks since 2009 in a 2-year cycle, and (ii) control plots, which were covered with grass since then. In spring 2016, at Heidgraben and spring 2017 at Ellerhoop, one-third of these grass control plots were planted with Bittenfelder plants representing the first apple planting generation (hereafter referred to as grass plots). ARD plots at Ellerhoop were replanted for the last time in spring 2017 and at Heidgraben in spring 2016 representing the fifth replant generation at the time of sampling (Table 1). Both sites were managed as closely as possible to nursery practice and were treated in a similar way. However, since the apple plants were grown not only at the two different sites but also in two different years, the management was not completely the same. Per year, each site was fertilized with 54 kg of nitrogen per hectare.


TABLE 1. Experimental setting and sampling time points at the two sites “Heidgraben” and “Ellerhoop” (1 = sampling in July, 2 = sampling in November, and 3 = sampling in April); n = 4 plots with 3 plants each.
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The planting material for this study was obtained from a specialized nursery (Stahl Baumschulen GmbH, Tornesch, Germany) as 1-year-old Bittenfelder seedlings. These were sown in spring 2015 and 2016, respectively, on a loamy sandy soil (fertilized with 95 kg nitrogen per hectare), uprooted in the following autumn, and stored over winter in a cooling chamber. At Heidgraben, plants were planted on April 5 and 6, 2016 for both plots; at Ellerhoop, April 10 and 11, 2017. At both sites, plants were sampled at three time points after planting: 3 months after planting (summer), 7 months after planting (late autumn), and 1 year after planting (spring). At Heidgraben, sampling was performed on July 27, 2016 (summer), November 16, 2016 (autumn), and April 25, 2017 (spring); at Ellerhoop, on July 25, 2017 (summer), November 13, 2017 (autumn), and April 23, 2018 (spring). Three plants were sampled per plot and sampling time point (in total 24 per site and season).

To determine the root fresh weight of plants taken after 12 months (spring), adhering soil was removed by carefully washing the roots under running tap water until no soil was visible any more followed by briefly drying the roots using paper towels. Since fresh roots were analyzed further by project partners, determining the root dry weight was not possible. However, in previous studies with apple roots (Mahnkopp et al., 2018), we observed a highly significant Pearson correlation [r(214) = 0.97, p < 0.05] between root fresh mass and root dry mass. In addition, samples of the planting material (plants taken before the transfer into the soil) were taken at Ellerhoop in spring 2017 and served as “time point zero” (T0) plants.



Root Surface Disinfection

The following surface disinfection was performed as described in Mahnkopp-Dirks et al. (2021): To get rid of the adhering soil, roots were washed carefully. Afterward, they were rinsed for 30 s in EtOH (70%), followed by stirring in 2% NaOCl for 7.5 min and finally washing five times in sterile deionized water. The final washing water was plated on 523 medium (Viss et al., 1991) and R2A Agar (Reasoner and Geldreich, 1985) and incubated for 1 week at room temperature. Plating resulted in <10 CFU per plate in all cases. Roots were stored in sterile 2-ml Eppendorf tubes at −80°C until DNA extraction for amplicon sequencing.



Molecular Barcoding of Root Endophytic Bacteria

For Illumina sequencing, DNA was extracted as mentioned in Mahnkopp-Dirks et al. (2021) using the Invisorb Spin Plant Mini Kit (Stratec, Berlin, Germany) according to the manufacturer’s instructions. The extracted DNA of three biological replicates was pooled. For each sampling time point per site, four replicates (pooled DNA) were used for sequencing. For seven samples, no PCR product could be amplified, resulting in reduced replicate number (Table 2).


TABLE 2. Richness and diversity of endophytic bacterial communities based on amplicon sequence variants (ASVs) in roots from Bittenfelder plants grown in apple replant disease (ARD) plots or grass plots at the sites Heidgraben and Ellerhoop.
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Amplicon sequencing was done using the primer combination 335F (CADACTCCTACGGGAGGC)/769R (ATCCTGTTTGMTMCCCVCRC) (Dorn-In et al., 2015) to amplify the V3–V4 region of the 16S rRNA gene. Amplicon library preparation and bioinformatics analysis were described in detail in Mahnkopp-Dirks et al. (2021). Briefly, PCR was performed using 2x Phusion High-Fidelity Master Mix (Thermo Fisher Scientific, Waltham, MA, United States), 10 pmol of each primer, and 5 ng of DNA template in a final volume of 10 μl with PCR conditions: 98°C for 10 s, 30 cycles of 98°C for 1 s–59°C for 5 s–72°C for 45 s, 72°C for 1 min. After purification with Agencourt AMPure XP kit (Beckman Coulter, United States) indexing PCR (98°C for 30 s, 8 cycles of 98°C for 10 s–55°C for 30 s–72°C for 30 s, 72°C for 10 min) was performed using Nextera XT Index Kit v2 (Illumina, United States). Purified samples were equimolarly pooled to 4 nM and sequenced on Illumina Miseq platform. FASTQ files were trimmed using AdapterRemoval (Schubert et al., 2016) and analyzed using the QIIME 2 software package release 2017.11 (Caporaso et al., 2010) with default parameters. Quality control was performed via QIIME 2 plugin DADA2 (Callahan et al., 2016), with removal of 10 bp n-terminally, length truncation at position 300 (forward) and 260 (reverse), and an expected error of 2. Taxonomic assignment of the resulting ASVs was performed using primer-specific pre-trained Naive Bayes classifiers of the SILVA_132_QIIME release 99% and the q2-feature-classifier plugin. Raw sequence data were deposited in GenBank1 under the BioProject accession number PRJNA795995.

PCR-negative control showed no ASVs; thus, contamination during sample processing could be excluded. For further data analysis, unassigned reads, singletons, plastid sequences, and sequences assigned to archaea and eukaryotes were removed (in sum 37% of all reads), resulting in total in 4,694 different ASVs, of which 4,422 (94.2%) were covered after rarefying at 4,213 reads (Supplementary Figure 2). The relative abundance was calculated by dividing the number of reads per ASV in the samples by the sum of total reads per sample and finally multiplied by 100. To calculate the overall relative abundance of the corresponding phylum/genus, ASVs belonging to the same phylum/genus were merged.

Determination of species diversity (Shannon and Simpson) and richness (Chao1) indices of the amplicon data was done using the “Phyloseq” (McMurdie and Holmes, 2013) and “Vegan” (Oksanen et al., 2019) packages of R v3.6.1 (R Development Core Team, 2019).2 Normal distribution based on Shapiro-Wilk test (Shapiro and Wilk, 1965) and homogeneity of variance based on Levene’s test (Levene et al., 1960) were tested using the program PAST3 v. 3.20 (Hammer et al., 2001). If the null hypotheses of normal distribution and equal variances were rejected, the Tukey test based on Herberich et al. (2010) was used at p < 0.05 to determine significant differences of the diversity and richness scores. In order to compare the relative abundance of different phyla in different seasons and ARD variants to grass variants, a DESeq2 analysis using generalized linear models and pairwise comparisons (p < 0.05) was performed [DESeq2, Love et al. (2014)]. Non-metric multidimensional scaling (NMDS) was performed with the program PAST3 v. 3.20 (Hammer et al., 2001) using the Bray–Curtis similarity index and analysis of similarity (ANOSIM) in order to visualize the community composition of the different samples. Vectors showing the correlation between the corresponding genus and the NMDS score were added to indicate the influence of the corresponding genera.



Isolation of Bacterial Root Endophytes

In order to isolate bacterial endophytes, four random 1-cm pieces of surface disinfected fine roots (Ø < 2 mm) of each plant were placed per Petri dish containing 523 (Viss et al., 1991) and R2A medium (Reasoner and Geldreich, 1985). For each plant, three Petri dishes per medium were prepared as replicates. After approximately 7 days at room temperature, colonies were picked based on different morphology and purified by dilution plating using the same media.

To avoid slow-growing colonies to be overgrown by fast-growing bacteria, additionally 100 mg of surface-disinfected roots were cut into small pieces and transferred into a 50-ml centrifuge tube containing 10 ml of saline (0.85% NaCl). Samples were shaken at 150 rpm and 4°C for 22 h. One hundred microliters of the solution as well as dilutions up to 1:105 were plated onto three Petri dishes containing 523 medium and R2A medium, respectively, and evenly distributed. After 7–28 days, colonies were picked and streaked out. Selection of different colonies was based on different appearance and morphology with the aim to obtain a broad spectrum of different bacterial root endophytes.

Single colonies were transferred to liquid medium 523 and incubated for 1–7 days at room temperature on a shaker at 150 rpm until growth was visible. One milliliter of this suspension was used for DNA extraction based on the protocol of Quambusch et al. (2014).

Partial sequences of the 16S rRNA gene of 140 isolates were obtained using the primers 27f (AGAGTTTGATCCT GGCTCAG) and 1492r (GGYTACCTTGTTACGACTT) (Weisburg et al., 1991). Each PCR reaction (25 μl) contained 10 ng of DNA, 1 × Williams Buffer (100 mM Tris–HCl, pH 8.3 at 25°C; 500 mM KCl; 20 mM MgCl2; 0.01% gelatin), 200 μM dNTPs, 10 pmol of each primer, and 1 U Biotaq DNA polymerase (Bioline, London, United Kingdom). The thermal cycler protocol started with an initial denaturation at 94°C for 5 min, followed by 35 cycles of denaturation at 94°C for 30 s, annealing of the primers at 52°C for 40 s, and elongation at 72°C for 60 s, and ended with a final elongation at 72°C for 5 min.

Fragments were separated via gel electrophoresis [1 × Tris–acetate-EDTA (TAE) buffer, Aaij and Borst, 1972; Hayward and Smith, 1972] and the PCR products of about 1,500 bp were excised from 1% agarose gels and purified using the NucleoSpin Gel and PCR Clean-up Kit (Macherey and Nagel, Düren, Germany). The 16S rRNA gene fragments were sequenced with the Sanger method (Sanger et al., 1977) by Microsynth Seqlab (Göttingen, Germany) using the same primers as described above.

For phylogenetic analysis, an alignment of the nucleotide sequences of 150 isolates was done using BioEdit (version 7.2.5, Hall, 1999). Therefore, all sequences were cut at 1,320 bp before ClustalW multiple alignment (Thompson et al., 1994) was done with the number of bootstraps set to 1,000, resulting in a total of 62 different sequences that were deposited in GenBank (see footnote text 1) under the accession MW580614:MW580673[accn]. This alignment was used for phylogenetic tree construction with the program MEGA X (Kumar et al., 2018) using the Maximum Likelihood method and Tamura–Nei model (Tamura and Nei, 1993). Identities and origins of the different isolates can be seen in Supplementary Table 1.

To link the culture-independent approach and the culture-dependent approach, a local Blastn of the 16S rRNA sequences of the isolates against all ASVs obtained from amplicon sequencing was done using BioEdit (version 7.2.5, Hall, 1999).




RESULTS

After 12 months of growing in ARD or grass plots, roots of apple plantlets showed clear differences (Table 3 and Supplementary Figure 1). Roots of plants from Ellerhoop growing in ARD soil had significantly lower mass (21.64 ± 10.91 g) compared to roots from those in the grass soil (78.21 ± 33.49 g). At Heidgraben, roots from ARD soil had a lower mass (36.88 ± 15.65) than roots grown in grass soil (52.61 ± 25.34 g), but the differences were not significant due to high plant-to-plant variation.


TABLE 3. Fresh weight of roots after 12 months of growth in ARD or grass plots at Heidgraben and Ellerhoop.

[image: Table 3]

Molecular Barcoding of Bacterial Root Endophytes

In order to compare the bacterial diversity of endophytes of roots growing in ARD-affected and non-affected soils, a metabarcoding approach using extracted DNA from the roots after surface disinfection and 16S rRNA gene amplification was performed.

Overall, the richness (observed ASVs, Chao1) of bacterial endophytes was higher in roots grown in soil at Heidgraben compared to Ellerhoop. Seasonal fluctuations at both sites differed: Whereas the highest numbers of observed ASVs were found in autumn (2017) at Heidgraben, at Ellerhoop, at the same time point of the experiment (autumn 2018), the numbers of observed ASVs at Ellerhoop were the lowest (Table 2). In five out of six variants (site + season), richness of bacterial ASVs in roots grown in ARD soil was higher compared to roots from plants grown in grass soil, but the differences did not reach the level of significance due to high variations between replicate samples. Evenness (Simpson index) of root endophytes was not affected by the sampling site or by season and treatment.

The large plant-to-plant variation is also depicted in the results of β diversity analyses. At both sites, roots from grass plots clustered separately from those grown in ARD plots, except for the first sampling 3 months after planting (summer, Figure 1 and Supplementary Figure 3). For the separation of samples from grass and ARD plots, several bacterial genera had an effect, such as Pseudomonas, Burkholderia, Chitinophaga, or Streptomyces at Heidgraben (Figure 1) and Pseudomonas, Halomonas, Streptomyces, or Sphingobium at Ellerhoop (Supplementary Figure 3). For samples from Ellerhoop, endophytic bacterial communities of the planting material (T0) were clearly different from those of plants grown for 3–12 months in the different field plots (Supplementary Figure 3).


[image: image]

FIGURE 1. Three-dimensional non-metric multidimensional scaling (NMDS) using Bray–Curtis dissimilarity of roots taken in summer and autumn after planting or the following spring at Heidgraben. Vectors represent the correlation coefficient between the corresponding genus and the NMDS score. Relative lengths and the directions of the vectors indicate the influence of the respective genera (RA > 0.5%). The third axis is not shown. Results of the one-way analysis of similarities are shown in the lower left corner; significant differences are highlighted in bold (p ≤ 0.05).



Proteobacteria

Proteobacteria were the dominant bacterial phylum detected as root endophytes with a mean relative abundance of 77.3% in all samples (Figure 2). Significant differences in the relative abundance of Proteobacteria between roots from plants grown in ARD and control soil were only detected for Ellerhoop (autumn) with a reduced relative abundance in roots grown in ARD-affected soil. The most abundant proteobacterial genus was Pseudomonas (mean of relative abundance over all samples 20.1%).


[image: image]

FIGURE 2. Relative abundance of dominant phyla in roots of Bittenfelder plants grown in apple replant disease (ARD) plots or grass plots at Heidgraben and Ellerhoop taken in summer and autumn after planting or the following spring. Different letters indicate statistically significant differences within one site in ARD plots (lower case) or grass plots (upper case) between the seasons (DESeq2 analysis using a generalized linear model and multiple comparisons with p ≤ 0.05). Significant differences between ARD and grass within one season are indicated by an asterisk (DESeq2 analysis using a generalized linear model and pairwise comparisons with p ≤ 0.05). Different colored letters belong to the respective phyla. N numbers are shown in Table 2.


At Ellerhoop, Pseudomonas showed a different development in roots grown in grass soil compared to ARD soil over time. In grass soil, Pseudomonas was constantly the dominating genus at all sampling times (sum of RA of all Pseudomonas ASVs in summer = 35.6%, autumn = 34%, spring = 31.1%), whereas in ARD soil, the relative abundance decreased over time (sum of RA in summer = 20%, autumn = 1.4%, spring = 2.3%; Figure 3).
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FIGURE 3. Heatmap showing the abundance of different amplicon sequence variants (ASVs) (RA > 0.5%) in roots of Bittenfelder plants from ARD and grass plots taken 3 months (summer), 7 months (autumn), and 12 months (spring) after planting at Heidgraben (A) in 2016/17 and Ellerhoop (B) in 2017/18. For each sampling time per site and soil, only ASVs with an abundance greater than 0.5% were selected, and their relative abundance was compared with all other variants. The color code indicates the range from low relative abundance (light gray, 0.01%), medium abundance [gray, 0.37% (median)], to high abundance (black > 5%, purple > 10%). Different colors on the left side indicate the corresponding phylum of the ASVs.


At Heidgraben, the overall relative abundance of Pseudomonas showed a similar pattern between roots grown in ARD and grass soil. In both soils, roots had the highest relative abundance of Pseudomonas in autumn (ARD = 20%, Grass = 23.5%) and decreased over time to the lowest abundance in spring (ARD = 8.6%, Grass = 11%).

Amplicon sequence variants linked to Pseudomonas were not only most abundant in the analyzed root samples, but also highly diverse. Overall, 34 ASVs could be detected (based on RA > 0.5), with a slightly higher number of differing ASVs obtained from Ellerhoop compared to Heidgraben (26 and 23 for Ellerhoop and Heidgraben, respectively). Most of these ASVs were classified as P. corrugata and P. turukhanskensis (14.7% each). While the number of ASVs linked to Pseudomonas at both sites in roots grown in grass soil slightly decreased after summer (Heidgraben summer = 22, autumn = 18, spring = 19; Ellerhoop summer = 26, autumn = 16, spring = 18), the number continuously decreased even more in roots grown in ARD sites at Heidgraben (summer = 20, autumn = 16, spring = 14) and especially after summer at Ellerhoop (Ellerhoop summer = 22, autumn = 6, spring = 8).

Twenty-seven ASVs linked to Pseudomonas were present in roots from T0 plants. Most of them disappeared over time in roots grown in ARD soil. After 1 year (spring), only 7 out of 27 ASVs were still present in roots grown in ARD soil. However, in roots grown in grass soil, 16 ASVs were still detected, most of them being highly abundant.

Interestingly, 15 ASVs related to Pseudomonas were present at both sites at Ellerhoop and Heidgraben. Whereas these ASVs showed different development at ARD plots at both sites in response to sampling time and treatment, 7 ASVs linked to Pseudomonas showed a similar development at grass plots and were mainly decreasing in abundance over time (Figure 3, ASV8873, ASV8914, ASV8938, ASV8953, ASV8994, and ASV9009).

The second most abundant proteobacterial genus was Rhizobium (mean of relative abundance over all samples 4.5%). While, in both sites, the overall relative abundance of Rhizobium showed the same pattern over time in roots grown in ARD soil (Heidgraben sum of RA in summer = 4.3%, autumn = 2.7%, spring = 4.3%; Ellerhoop in summer = 2.9%, autumn = 1.4%, spring = 2%), a different pattern was observed in roots grown in grass soil. At Heidgraben, the overall relative abundance decreased (sum of RA in summer = 15.3%, autumn = 5.7%, spring = 1%), while it increased at Ellerhoop over time (sum of RA in summer = 0.3%, autumn = 1.9%, spring = 2.3%). In total, seven different ASVs linked to Rhizobium were found in roots from Heidgraben and 5 ASVs were found in roots from Ellerhoop (which were all shared between both sites). From a total of 7 ASVs, three were classified as R. etli and three as R. alamii. No clear patterns in number of ASVs over time were observed.

Amplicon sequence variants linked to the proteobacterial genus Rhanella were only found at Ellerhoop in autumn but with high abundance in roots grown in both soils (ARD = 20%; grass = 19.9%).



Bacteroidetes

The second most abundant phylum was Bacteroidetes (average abundance 12.8% across all samples). Here, no significant differences in overall relative abundance between plants grown in control (grass) soils and ARD-affected soils were detected. The most abundant genera in the group of Bacteroidetes were Flavobacterium (2.99%), Mucilaginibacter (1.3%), and Chitinophaga (1.16%, average over all samples). However, Flavobacterium was only present at Ellerhoop. Interestingly, 13 ASV linked to Flavobacterium were present in T0 plants, which was clearly the dominating genus with 23.9%. However, the number of ASVs linked to Flavobacterium decreased after planting in ARD soil (summer = 5, autumn = 0, spring = 1), and after initially decreasing over time, it slightly increased again in grass soil (summer = 8, autumn = 1, spring = 6).

In total, 7 ASVs linked to Chitinophaga were found (5 at Ellerhoop and 2 at Heidgraben). Only 1 ASV was found in both sites and classified as C. ginsengisoli. Except for ASV859 (classified as C. oryziterraeno), ASVs linked to Chitinophaga were not present in roots grown in grass soil. At Ellerhoop, the overall relative abundance of Chitinophaga peaked in autumn (sum of RA in summer = 0.66%, autumn = 12.01%, spring = 0.02%).



Actinobacteria

Actinobacteria had a mean relative abundance of 7.5% in average, with higher abundance observed for Heidgraben (Figure 2). Interestingly, the relative abundance for this phylum increased over time in ARD and grass plots at both sites. Significant differences between ARD-affected and grass plots were observed for Actinobacteria when root samples from Ellerhoop (summer) were compared, with higher numbers in roots from plants obtained from ARD-affected plots.

The most abundant actinobacterial genus was Streptomyces. Their relative abundance increased over time in roots grown in ARD-affected soil at Heidgraben (sum of RA in summer = 3.36%, autumn = 10.93%, spring = 10.38%) and Ellerhoop (sum of RA in summer = 0.84%, autumn = 3.81%, spring = 11.65%), making Streptomyces the most abundant genus in these variants. An increase in relative abundance over time was also observed in roots grown in grass soil at Heidgraben (sum of RA in summer = 1.93%, autumn = 2.78%, spring = 11.65%) and Ellerhoop (sum of RA in summer = 0.00%, autumn = 1.20%, spring = 4.65%). A comparable pattern could be found for the diversity. In total, 13 different ASVs linked to Streptomyces were observed from which nine were shared between the sites. At both sites, the number of ASVs increased over time in roots grown in ARD-affected soil (Heidgraben: summer = 7, autumn = 13, spring = 13; Ellerhoop: summer = 6, autumn = 8, spring = 9) as well as in grass soil (Heidgraben: summer = 10, autumn = 12, spring = 12; Ellerhoop: summer = 0, autumn = 6, spring = 5). At both sites, most ASVs linked to Streptomyces increased in their relative abundance over time in roots grown in ARD-affected soil but especially in grass soil. Three out of 13 ASVs were classified as S. camponoti. No ASVs linked to Streptomyces were found in T0 plants.



Firmicutes

Firmicutes was a phylum with a low relative abundance (1.3%) and only found in roots from Heidgraben. This phylum was represented by five different ASVs linked to the genus Staphylococcus. In roots grown in ARD soil and grass soil, these ASVs were only present in autumn (ARD = 5 ASVs, Grass = 3 ASVs). Their relative abundance was higher in ARD (sum of RA = 4.9%) compared to grass soil (0.11%).




Culture-Dependent Approach

Next to molecular barcoding, a culture-dependent approach was performed in order to obtain a wide range of different endophytic bacterial isolates. In total, 150 isolates were obtained from both sites and sampling times (Figure 4), belonging to 69 different bacterial species and 29 genera. Thirty-one species were only found in roots grown in ARD soil, 19 only in grass soil, and 19 in both soils. Most species (25 out of 69) were classified as Pseudomonas, confirming the molecular data; 62.2% of all isolates obtained from Heidgraben and 31.9% from Ellerhoop were classified as Pseudomonas. At both sites, their distribution showed only slight differences between the percentage of isolates obtained from ARD or grass plots (Heidgraben: ARD = 59.1%, grass = 65.2%; Ellerhoop: ARD = 33.3%, grass = 30.2%).


[image: image]

FIGURE 4. Phylogenetic tree based on 16S rRNA gene sequences of all different endophytic isolates using the Maximum Likelihood method and Tamura–Nei model. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test [1,000 replicates (Felsenstein, 1985)] are shown next to the branches. The closest hit with species level and corresponding identity using the NCBI database is shown. Only isolates with more than 1,300 bp were selected for alignment. Flavobacterium oryzae was used as an outgroup to root the tree. Isolates were obtained from roots grown only in ARD plots (yellow), grass plots (green), or both plots (gray) from the sites Heidgraben (H), Ellerhoop (E), or both (B) sites.


Only one isolate classified as Streptomyces was found. Species that were isolated most frequently were Rhanella aquatilis (15), Pseudomonas fluorescens (12), and Serratia plymuthica (12).

To link the isolates obtained from the culture-dependent approach to the ASVs of the culture-independent approach, their 16S rRNA gene sequences were blasted against the sequences obtained from amplicon sequencing using a local Blastn. Nearly all isolates showed a very high similarity to one or more of the ASVs (Supplementary Table 2). However, only 20 Isolates out of 62 (>1,300 bp) showed a 100% identity to ASVs. The isolate Kribella karoonensis showed with 89.3% [to NA_ASV568 (Nocardioidaceae)] the lowest identity to the amplicon data followed by Actinomadura nitritigenes with 93.2% to NA_ASV677 (Non-omuraea). The isolates that were obtained frequently, e.g., Pseudomonas fluorescens (12x) or Rhanella aquatilis (15x), were only found in low abundance in the amplicon data. The five most abundant ASVs linked to Pseudomonas were classified as P. brassicacearum (ASV8938 and ASV9009), P. corrugata (ASV8893 and ASV8880), and P. frederiksbergensis (ASV9043), which were also identified in the culture-dependent approach (Supplementary Table 2).




DISCUSSION


Community Structure and Relative Abundance Over Time

In most studies, in which rhizosphere or bulk soils of ARD-affected sites were analyzed (Sun et al., 2014; Franke-Whittle et al., 2015; Yim et al., 2015; Peruzzi et al., 2017; Tilston et al., 2018), Proteobacteria were the dominant phylum with a mean relative abundance of 35% (Nicola et al., 2018). However, a clearly higher relative abundance of Proteobacteria was observed, when the root endobiome was investigated in greenhouse-grown plants in the frame of an ARD biotest (Mahnkopp-Dirks et al., 2021) as root endophytes. These results were confirmed in the present study for roots grown in the field at Heidgraben and Ellerhoop. At both sites, Proteobacteria showed in roots grown in ARD plots an average relative abundance of 76%, respectively (Figure 2). However, in roots grown in grass soil, the relative abundance was even higher with an average of 84%. Due to their high metabolic activity and fast growth, members of this phylum are known to usually dominate the endosphere (Lundberg et al., 2012; Reinhold-Hurek et al., 2015).

During the first year of growth after planting, the community structure changed over time. This was also observed by Rumberger et al. (2007) for the bacterial rhizosphere community of apple trees grown in ARD-affected sites using terminal restriction fragment length polymorphism (T-RFLP) analyses. In the present study, the relative abundances of Actinobacteria increased over time in roots grown in ARD and grass plots at both sites (Figure 2). At the Heidgraben site, 12 months after planting (spring), the relative abundance was even higher in roots grown in grass plots than in ARD plots. Microscopic analysis revealed Actinobacteria to be more often found in roots grown in ARD-affected soil than in unaffected soil (Grunewaldt-Stöcker et al., 2019). Also, in-depth investigations of typical symptomatic root segments revealed a high frequency of Actinobacteria on the root surface and in the cortex (Grunewaldt-Stöcker et al., 2021). Actinobacteria were also observed in higher abundance in the previous greenhouse biotest in roots grown in untreated ARD soil in comparison to controls (Mahnkopp-Dirks et al., 2021). An increase of Actinomycetes (Actinobacteria) in the rhizosphere was also observed by Čatská et al. (1982) with increasing age of apple trees grown in ARD-affected soils.

Čatská et al. (1982) also reported a decline in “fluorescent pseudomonads” in apple trees within 30 months after planting in ARD-affected soil but not in control soil. A reduction of Pseudomonas in the rhizosphere over years after replanting confirmed by others (Rumberger et al., 2007; Jiang et al., 2017) was also observed for the endophytic root microbiome in the present study, especially at Ellerhoop in roots grown in ARD soil. Here, the total abundance of Pseudomonas ASVs was reduced 10-fold after summer but stayed nearly on the same level in roots grown in grass soil (Figure 3). This also points to the link between the rhizosphere and endosphere community since the main way of entering the root interior is through natural cracks during lateral root emergence and root tips (Hardoim et al., 2008; Bulgarelli et al., 2013). Members of Pseudomonas are known for their good rhizosphere competence and fast growth (Haas and Keel, 2003; Santoyo et al., 2012), and numerous strains are reported as plant growth promoting, e.g., by producing iron-chelating siderophores (Santoyo et al., 2012; David et al., 2018). These siderophores can prevent potential phytopathogens from acquiring (enough) soluble iron, thus inhibiting their growth and proliferation (Kloepper et al., 1980; Loper and Henkels, 1999; David et al., 2018). Furthermore, this trait of Pseudomonas was associated with disease-suppressive soils, among others (Kloepper et al., 1980). Moreover, several members, which are also associated with plants, are able to produce antibiotics (Rosales et al., 1995; Raaijmakers et al., 1997; Haas and Keel, 2003; Paulsen et al., 2005). Mazzola and Gu (2000) could show that a suppression of potential ARD causing pathogenic fungi was attributed to a transformation in composition of the fluorescent pseudomonad community in the apple rhizosphere with an increase in proportion of Pseudomonas putida in the population and a decrease in recovery of P. syringae and P. fluorescens. Therefore, it is possible that a decrease of the abundance of members of plant growth-promoting Pseudomonas could play a role in the establishment of ARD.

Overall, we could not verify a lower diversity of bacterial root endophytes in plantlets grown in ARD-affected soils. However, the dominance of single bacterial ASVs (e.g., from the group of Streptomyces) may lead to an outcompetition of other bacterial species with plant growth-promoting properties in the subsequent years, which may have a strong effect on plant performance.

Twenty months after planting, the apple rootstocks were uprooted, because both sites belong to a central experimental area on which ARD was induced and is now maintained by biannual replanting. Also in tree nurseries, rootstocks are cultivated only for one or two vegetation periods before being used for grafting. Thus, an observation of the bacterial endobiome over a longer time, which might have revealed even more pronounced changes, was not possible in this study.



Apple Roots Grown in Field Soils Seem to Attract Streptomyces

The majority of Actinobacteria reads belonged to the genus Streptomyces, which had previously been suggested to play a role in ARD: In our greenhouse biotest (Mahnkopp-Dirks et al., 2021), we could show that the relative abundance of several unique ASVs linked to Streptomyces in roots from ARD soil from three different sites (including Heidgraben and Ellerhoop) was negatively correlated to shoot fresh mass and shoot length. Of these unique ASVs, 6 (Streptomyces_ASV76, 607, 611, 21, 121, and 621) and 5 (Streptomyces_ASV76, 607, 21, 621, and 121) were now detected in field-grown roots of the ARD plots at Heidgraben and Ellerhoop, respectively. Even though we observed a higher ARD severity [difference between fresh mass of roots growing in ARD and grass soil (Table 3)] in Ellerhoop, the overall relative abundance of Streptomyces was similar in both sites after 1 year (Heidgraben = 10.93%, Ellerhoop = 11.65%). However, two ASVs that were the most abundant in Ellerhoop (ASV21 and ASV76) were comparatively less abundant in Heidgraben, indicating the importance of the different ASVs. One of the most abundant unique Streptomyces ASVs in the greenhouse biotest, ASV76, which was present in 2016 at Heidgraben and Ellerhoop and 2017 at Heidgraben, was in total also the most abundant one in roots grown in ARD soil in the field sites Heidgraben and Ellerhoop. Overall, most ASVs linked to Streptomyces increased over time. Especially in roots grown in grass soil at Ellerhoop, where 3 months after planting in summer none of these Streptomyces ASVs were present, in the following spring, Streptomyces represented the second most abundant genus. With increasing root biomass over time, the total amount of root exudates is also increasing. It was shown that Streptomyces is more abundant in the rhizosphere of Arabidopsis thaliana (Badri et al., 2013; Lebeis et al., 2015) and their root colonization rate increased (Chewning et al., 2019) when plant exudates were present in comparison to when they were absent. Their accumulation could also lead to the assumption of pathogenicity of Streptomyces. After planting, their abundance is increasing over time. Even after removing the plant and planting non-Rosaceae for several years, Streptomyces could remain in high amount in the soil due to their ability to form spores, which can persist for years even under harsh conditions (Bobek et al., 2017). This would correlate with ARD, which is known to persist for decades after removing apple plants (Savory, 1966). After replanting apple, these highly abundant spores could germinate, triggered by plant material/exudates and therefore be a causative part of ARD. The question whether Streptomyces is phytopathogenic and could be a key player in ARD is discussed in detail in Mahnkopp-Dirks (2021) and Mahnkopp-Dirks et al. (2021). However, the accumulation of Streptomyces ASVs over time in roots grown in grass soil, which do not cause ARD symptoms, speaks against this hypothesis. However, Streptomyces is known to be able to suppress the plant defense response (Lehr et al., 2007; Tarkka et al., 2008; Vurukonda et al., 2018) by reducing the peroxidase activity and pathogenesis-related peroxidase gene (Spi2) expression and promote fungal root infections, which was shown in Picea abies (Lehr et al., 2007). This could mean that they enable easier colonization for potential fungal ARD pathogens. It was shown by Busnena et al. (2021) and Rohr et al. (2021) that some biphenyl and dibenzofuran compounds are present even under non-ARD conditions. Already at the first plant generation (here grass soil), Streptomyces, triggered and attracted by these phytoalexins, will accumulate over time. If apple is replanted, these plants face an already highly abundant Streptomyces population, which might reduce the plant defense response and enable easier colonization for potential fungal ARD pathogens.

In summary, in this study, we could show that the same Streptomyces ASVs identified previously in the biotest, which were negatively correlated to shoot length and shoot fresh mass, were also present in the field at Heidgraben and Ellerhoop during the season. Furthermore, in comparison to the biotest, Bittenfelder seedlings were used instead of the genotype M26. Thus, these ASVs linked to Streptomyces were associated with ARD independent of the genotype (Bittenfelder seedlings or M26), field or greenhouse, at two different sites and independent of seasons or years.



Comparison of Culture-Dependent and -Independent Approach

Functional analyses of effects of certain endophytes often rely on inoculation experiments. Therefore, we conducted an additional culture-dependent isolation approach, which resulted in a collection of 150 bacterial isolates. To compare culture-dependent and culture-independent approaches, Liu et al. (2017) summarized the proportion of different endophytic bacterial phyla in different plants based on 25 different references. They found that root endophytic bacterial communities are typically dominated by Proteobacteria (≈50% in relative abundance), Actinobacteria (≈10%), Firmicutes (≈10%), and Bacteroidetes (≈10%). By 16S amplicon sequencing of xylem tissue from different apple genotype shoots, Liu et al. (2018) found the same four dominant different phyla, despite in slightly different relative abundance [Proteobacteria (58.4%), Firmicutes (23.8%), Actinobacteria (7.7%), and Bacteroidetes (2%)]. In the present study, the culture-independent 16S amplicon sequencing also revealed a root endophytic bacterial community dominated by Proteobacteria (80%), Bacteroidetes (9.7%), Actinobacteria (8.2%), and Firmicutes (1.2%) (Figure 2, mean of all plots and time points). The 150 isolates obtained in the present study by the culture-dependent approach were comparably dominated by Proteobacteria (85.3%), Actinobacteria (10%), and Firmicutes (2%). However, despite the so far similar phyla abundances between the culture-independent and -dependent approach, Bacteroidetes were not isolated.

In the culture-independent approach, 4,422 ASVs were found in total. They represent different sequences with at least 1 nucleotide difference, hence do not represent species level, which is often considered at a threshold of 97% sequence identity. Since the sequences of the 150 isolates all have at least one nucleotide difference, they would represent 3.4% of the total amount of ASVs found in the independent approach {sequencing errors cannot be excluded [Taq error rate ranges from 1.1 × 10–4 errors/bp (Barnes, 1992) to 8.9 × 10–5 errors/bp (Cariello et al., 1991)]}. The ASVs were linked to 473 different known genera. In the culture-dependent approach, isolates belonging to 29 different genera were obtained, which represent 6.13%. It is thought that only 0.1–10% of the total diversity of an environment is culturable (Handelsman and Smalla, 2003). Other studies indicate that more than 99% of all microorganisms are unculturable (Schloss and Handelsman, 2005; Vartoukian et al., 2010; Pham and Kim, 2012). Based on these numbers, the proportion of culturable bacteria in this study seems to be high. However, the total amount of 4,422 ASVs did not fully represent the total bacterial endophytic root community. Several biases in amplicon sequencing have an influence on the total bacterial endophytic root community (reviewed by Pollock et al., 2018). For instance, the universal primer pair used in our study for amplicon sequencing were chosen because of minimal non-target DNA amplification like mitochondrial or chloroplast DNA (Dorn-In et al., 2015). However, despite being “universal,” comparing the primer sequences to the 16S rRNA sequence collection of the Ribosomal Database Project (RDP, Cole et al., 2014) using “probe match” resulted in 1,122,475 hits out of 3,482,181 (32%) sequences in the domain Bacteria (when using 0 mismatches; 1 mismatch = 1,596,717; 2 mismatches = 1,910,059). Next to the primer used, the DNA extraction protocol has a strong influence on the bacterial community composition (Carrigg et al., 2007; Pollock et al., 2018).

Even though the two different culture media used resulted in several different cultured isolates, the number of potentially culturable bacterial endophytes will definitely increase with the use of more different media and physiological conditions. To also isolate obligate endophytes, the addition of plant extract to the medium might increase the number of different isolates (Eevers et al., 2015).

The most diverse genus in the culture-independent approach was Pseudomonas, with 138 ASVs linked to it. Likewise, isolates obtained from the culture-dependent approach belonging to the genus Pseudomonas were with 25 different species also the most diverse group. However, ASVs linked to the genus Streptomyces belonged to the most abundant ones, especially in roots grown in ARD soils, whereas in the culture-dependent approach, only one isolate could be obtained. One reason for this could be that the growth of Streptomyces was rather slow on the media used compared to other isolates, which might have outcompeted them. Another reason is that the outgrowth of isolates took place at room temperature. The optimal growth temperature for Streptomyces species is described as 28°C (Shepherd et al., 2010). Tewoldemedhin et al. (2011) were able to isolate 92 Streptomyces strains from surface-disinfected roots from six ARD-affected sites in South Africa using Casein-Starch medium and water agar supplemented with cycloheximide at 27°C for 4 weeks.

There were also some discrepancies in the abundance of some isolates compared to their corresponding ASVs (Supplementary Table 2). Several isolates were isolated frequently from roots, like Rhanella aquatilis or Pseudomonas fluorescens, but their corresponding ASVs were not found in high abundance in the amplicon sequencing. Reasons mentioned above like primer selection or DNA extraction methods could select against these bacteria in the culture-independent approach. Since both of these isolates were found to be fast growing on the media used, it is likely that the culture-dependent approach selected for them. Both genera were also isolated in high abundance from apple roots and rhizosphere soil by Dos Passos et al. (2014). With Kribella karoonensis, there was also one isolate, whose genus was not found in the culture-independent approach. The reason for this is probably that the primer 769R does not have any coverage in this genus based on 0 mismatches in the SILVA database. Several other isolates, like Enterobacter, Lelliotti, Erwinia, or Rhanella, were not found directly in the independent approach because the corresponding ASV sequences had several hits of different genera with the same score (resulting in NA), which means that the amplified sequence might not be long enough to discriminate between these genera. Discrepancies between culture-dependent and independent approaches were also observed in the phyllosphere of apple, where Actinomycetales were found only among isolates (Yashiro et al., 2011). In the present study, the culture-dependent approach was rather used as a qualitative method rather than a quantitative one to enable upcoming inoculation experiments.




CONCLUSION

In this study, we provide evidence that the same six Streptomyces ASVs, which were found to be negatively correlated to shoot growth and fresh mass in a previous greenhouse biotest, were also found in high abundance in roots of a different rootstock cultivar grown in the field at two sites. Interestingly, most of these ASVs were increasing over time especially in newly planted apple plants in grass (virgin) soil leading to the assumption that the accumulation of these ASVs could play a role in ARD etiology. Furthermore, in this study, we could observe a decrease of the total abundance of Pseudomonas in the endophytic microbiome in roots grown in ARD soil, which may indicate that the presence of Pseudomonas is of importance for a balanced microbiome in healthy soils that is disturbed in ARD soils (dysbiosis). Next to the culture-independent approach, the isolation of 69 different bacterial strains showed on the one hand a comparable community structure with Pseudomonas being the most diverse genus. However, there is a need for further isolation efforts including different bacterial culture media and conditions in order to complement the collection of isolates, especially with regard to Streptomyces. On the other hand, the discrepancies between these two approaches underline the importance of combining different methods.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/genbank/, MW580614:MW580673[accn]; https://www.ncbi.nlm.nih.gov/genbank/, PRJNA795995.



AUTHOR CONTRIBUTIONS

TW conceived and designed the experiments. FM-D performed the experiments. FM-D, SG, SK, and VR analyzed the data. TW and MS contributed the reagents, materials, and analysis tools. FM-D, SG, SK, VR, TW, and MS contributed to writing the manuscript and approved the submitted version.



FUNDING

The German Federal Ministry of Research and Education funded the project BonaRes ORDIAmur (FKZ 031B0512) within the framework of the BonaRes program.



ACKNOWLEDGMENTS

We are thankful for the help of several colleagues and students at Leibniz Universität Hannover, especially Ewa Schneider, Carolin Popp, and Alicia Balbín-Suárez from JKI Braunschweig for providing root fresh weight data and photos. We would also like to thank Bärbel Fösel from Helmholtz Center Munich for providing microbiome-associated NGS service. Parts of this study were published in a Ph.D. thesis by Mahnkopp-Dirks (2021).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.841558/full#supplementary-material

Supplementary Figure 1 | Apple roots in spring after 12 months of growth in grass soil (left) or ARD soil (right) at Ellerhoop (photo: Alicia Balbín-Suárez).

Supplementary Figure 2 | Rarefaction curves showing the number of observed ASVs in all samples of Bittenfelder roots grown in ARD or grass soil at Heidgraben (A) and Ellerhoop (B) and taken in 3 months (summer), 7 months (autumn) or 12 months after planting (spring). Each line represents one sample of Bittenfelder roots taken in summer, autumn or spring. All samples were rarefied at 4,213 reads.

Supplementary Figure 3 | Three-dimensional non-metric multidimensional scaling (NMDS) using Bray-Curtis dissimilarity of roots taken in summer and autumn after planting or the following spring at Ellerhoop. Vectors represent the correlation coefficient between the corresponding genus and the NMDS score. Relative lengths and the directions of the vectors indicate the influence of the respective genera (RA > 0.5%). The third axis is not shown. Results of the one-way analysis of similarities are shown at the table above, significant differences are highlighted in bold (p ≤ 0.05).

Supplementary Table 1 | Origins of the different isolates. Isolates were obtained from roots grown only in ARD plots (yellow), grass plots (green) or both plots (gray). Isolates were identified using Sanger sequencing and blasting against the NCBI database. The closest hit at species level is shown.

Supplementary Table 2 | Isolates obtained in the culture independent approach blasted against ASVs from amplicon sequencing (culture independent approach). Shown is the isolate identified by Sanger sequencing (closest species hit at NCBI database) and the corresponding ASV, which showed the highest Blast score in a local Blastn. The identity shows the matching bp of the isolate (query) divided by the bp of the matching ASV (sbjct) in percentage. The mean relative abundance (average over the three sampling times) of these ASVs in roots grown in ARD and grass soils from Heidgraben (H) and Ellerhoop (E) is shown.
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Fungal communities in above-ground tree tissues are hyperdiverse and are influenced by biotic interactions with other organisms living in or on these tissues. These biotic interactions are, however, still poorly understood. In this study, we aimed to understand how insect-associated gall formation on Eucalyptus foliage correlates with the diversity of foliar fungal communities in surrounding healthy leaf tissue, as well as the co-occurrence patterns among the members of the fungal community. We used ITS metabarcoding to characterise the foliar fungal communities of 179 individual E. grandis trees. These trees were assigned to infestation levels of the wasp Leptocybe invasa (Eulophidae: Hymenoptera), which causes gall formation on shoot tips and leaves of its host. Fungal community networks were calculated using a Pearson correlation coefficient. The composition and diversity of fungal communities were influenced by the severity of L. invasa infestations. We identified potential Eucalyptus pathogens with high sequence abundance at all disease severity levels, but network analysis indicated that the co-occurrence of potential pathogens between no to mild and medium to heavy infestation differed significantly. A better understanding of microbial interactions, especially the role of pathogens, can be useful for controlling disease- and beneficial host-associated microbial communities.

Keywords: Eucalyptus microbiome, microbial networks, phyllosphere fungal community, biotic plant stress, fungal-plant interaction, plantation trees, amplicon sequencing


INTRODUCTION

Plant galls are the growth of abnormal plant tissue induced by other organisms (e.g. viruses, bacteria, fungi, nematodes or insects) and are found on many plant species. Insect-induced plant galls impact plant development by triggering morphological and physiological changes in the host plant tissues. Oviposition in leaf tissues initiates these cellular modifications through changes in plant development pathways, nutrient concentrations, the disruption of plant defence, selection for gall induction traits and the advent of insect-derived effectors (Giron et al., 2016; Oates et al., 2021). Plant tissues stressed in such a way, potentially also change the conditions for the colonisation or proliferation of co-existing organisms, including foliar fungi.

It is well known that fungal community diversity and the colonisation of plant host niches are influenced by abiotic, microbial and host factors (e.g. Bálint et al., 2013; Kemen, 2014; Vivas et al., 2017; Gomes et al., 2018). A clear difference between the fungal communities of healthy and yellowing Citrus limon leaves, where yellowing leaves had the least species diversity, exemplifies the influence of plant physiology on microbial community patterns (Douanla-Meli et al., 2013). It must therefore be assumed that galls, which function as metabolic sinks (Allison and Schultz, 2005; Dardeau et al., 2014), also influence fungal community diversity. Some studies indeed show that fungal communities in galls are different than in the surrounding leaf tissue. Cultivated fungal communities associated with aphid-induced galls in cottonwood (Populus deltoides) for instance exhibit distinct fungal richness and diversity in galls compared to the surrounding tissues (Lawson et al., 2014). A metabarcoding study of fungal communities showed differences in richness, diversity and composition between galls induced by Dryocosmus kuriphilus and surrounding chestnut leaf tissues (Fernandez-Conradi et al., 2019). Whether different levels of severity of gall formation affect the fungal community in surrounding healthy tissue is, however, not known.

Eucalyptus plantations are of high economic value globally (Wingfield et al., 2015). In recent years, their yield has been jeopardised by the gall-forming wasp Leptocybe invasa Fisher and LaSalle (Hymenoptera: Eulophidae), which deposits eggs into new growth of Eucalyptus trees (Naidoo et al., 2011; Dittrich-Schröder et al., 2018; Mhoswa et al., 2020). A high density of L. invasa can cause heavy galling, malformation, stunted growth and in extreme cases, tree death (Mendel et al., 2004; Zheng et al., 2014; Csóka et al., 2017). The egg oviposition into the Eucalyptus spp. leaf tissues initiates the expression of pathogen-related genes by the host and localised cell death causing desiccation, detachment or is directly ovicidal (Geuss et al., 2017; Griese et al., 2017). Within 24 h after oviposition, Eucalyptus spp. tissues accumulate reactive oxygen species and phenolics, as well as phytohormones (especially jasmonic acid, salicylic acid and ethylene) as a defence against biotic stress (Berens et al., 2017). The egg and oviposition fluid may redirect the hosts’ responses towards gall development (e.g. cell division) and is thus responsible for initiating galling (Oates et al., 2021). Gall-forming insects are also known to modify the availability of sugars, lipids and proteins in the nutritive tissue of the gall chamber (Huang et al., 2014; Ferreira et al., 2015). A study on the influence of L. invasa gall development on frost resistance in eucalypts found that the physiological changes on the plant foliage increased plant defence mechanisms against cold. The toll of galling by herbivores may thus have a positive indirect effect on the host plant (Rocha et al., 2013).

Fungal diversity associated with healthy and diseased Eucalyptus spp. has been explored for several decades (e.g. Bird et al., 1974; Bettucci and Alonso, 1997; Barbed et al., 2003; Roux et al., 2003; Hunter et al., 2011; Márquez et al., 2011; Jimu et al., 2015). The recent application of high-throughput sequencing of fungal-specific PCR amplicons has revealed enormous species diversity and richness in Eucalyptus spp. (Kemler et al., 2013). Such studies have identified potential pathogens existing in the fungal community of trees without visible symptoms of disease or decay. Additionally, community patterns have been shown to be highly dependent on environmental factors, as well as maternal effects that could influence the formation of fungal communities in seedlings (Vivas et al., 2017). With increasing L. invasa infestations in plantations (Hurley et al., 2016; Dittrich-Schröder et al., 2018), it is important to understand its influence on the associated fungal community and whether the added stress increases the occurrence of potentially pathogenic fungi.

In this study, we analysed fungal community diversity, composition and co-occurrence network structures in E. grandis trees with different levels of L. invasa infestation. We aimed to answer three questions: (i) Do L. invasa infestation levels correlate with fungal community diversity and composition in surrounding healthy leaf tissue?; (ii) Do co-occurrence patterns of fungal taxa correlate with L. invasa infestation?; and (iii) Do increased L. invasa infestation levels lead to an increased abundance of potential Eucalyptus pathogens?



MATERIALS AND METHODS


Plant Material

A Eucalyptus grandis half-sib population, situated at a non-irrigated coastal site (Siya Qubeka) in KwaZulu-Natal, South Africa, was selected. The 14-month-old Eucalyptus trees were scored for L. invasa infestation symptoms. Tree infestation was characterised by one of the following categories: 0 - no infestation, 1 - infestation with evidence of oviposition, but no gall development, 2 - infestation with galls on leaves, mid-ribs or petioles and 3 - infestation with stunted overall growth and lethal gall formation. The foliar fungal communities of 179 individual trees (0, n = 49; 1, n = 50; 2, n = 56; 3, n = 24) were analysed. The Eucalyptus population was analysed and genotyped in previous studies (Naidoo et al., 2018; Mhoswa et al., 2020) and DNA extracts from those studies were used. Importantly, DNA was extracted from non-surface sterilised leaf punches of non-symptomatic leaf tissues and care was taken to avoid the galled areas of the leaves; thus, non-symptomatic tissue was used for all DNA samples.



Molecular Methods and Sequencing

Polymerase Chain Reactions (PCR) were performed on the 179 E. grandis leaf DNA samples and PCR products were quantified through gel electrophoresis and ImageJ (Schneider et al., 2012). The primers ITS1-F (5′-CTTGGTCATTTAGAGGAAGTAA, Gardes and Bruns, 1993) and ITS4 (5’-TCCTCCGCTTATTGATATGC, White et al., 1990) were used to amplify the fungal Internal Transcribed Spacer (ITS) rDNA gene region. The amplicon library for sequencing was prepared in two consecutive PCR steps using GoTaq G2 Hot Start polymerase (Promega, Mannheim, Germany). The first PCR amplified the fungal ITS region with specific ITS1-F and ITS4 primers including a tag sequence (Supplementary Table 1). The PCR products were purified using ExoSAP-Clean Up (New England BioLabs®) following the manufactures’ instructions. The second PCR was conducted with primers containing the Illumina adaptor sequences to receive a unique tag-index combination (Supplementary Table 2). The products of the second PCR were quantified using 1% agarose gel electrophoresis and residual reaction chemicals were removed using the CleanPCR kit (CleanNA). Subsequently, equimolar sample pools were generated in repetitive steps. Equimolar pooled sequencing libraries (2 × 250 bp paired-end) were sequenced on an Illumina MiSeq (Illumina Inc., San Diego, CA, United States) using the MiSeq® Reagent Kit v3 Chemistry at the Genomics Service Unit (LMU Biocenter, Planegg-Martinsried, Germany).



Illumina MiSeq Sequence Processing

Sequence information was obtained as fastq files for the forward and reverse sequence reads, respectively. Samples were demultiplexed in QIIME v1.9.1 (Caporaso et al., 2010) based on forward and reverse reads. However, only the forward read was used for downstream analyses, as read lengths of 250 bp can prevent merging forward and reverse reads, thereby excluding diversity from the analyses. Subsequent sequence quality control, OTU clustering and taxonomic assignments were performed in QIIME v1.9.1 and programmes implemented therein. During quality control, reads smaller than 200 bp, containing homopolymers of a length more than 6 and a Phred score below 30, were filtered out. Chimeric sequences were removed de-novo using usearch61 (Edgar, 2010). OTUs were clustered at a 97% sequence similarity using uclust v1.2.22q (Edgar, 2010). For the taxonomic assignment, representative sequences for each OTU were queried against the UNITE database (v7_99_s_28.06.2017; Kõljalg et al., 2013) using BLAST (Altschul et al., 1990) at an e-value of 1e−30. For subsequent analyses, OTUs with less than ten sequences, as well as OTUs with no blast hits and non-fungal hits, were removed from the data set.



Fungal Community Diversity and Composition

To analyse the fungal diversity among E. grandis trees with different L. invasa infestation levels, Shannon, Simpson and Invsimpson diversity indices were calculated for each tree. The effect of the different L. invasa infestation levels on each diversity index was analysed using a one-way ANOVA followed by a Tukey’s Honest Significant Difference (HSD) post-hoc test to do pairwise comparisons of the means. In all cases, model validity was checked and the agricolae package of the R software was used to analyse fungal diversity (R Core Team, 2018; de Mendiburu and Yaseen, 2021).

The fungal taxonomic composition of E. grandis leaves was summarised in a taxonomic tree using the MetacodeR package of the R software (Foster et al., 2017; R Core Team, 2018). Differences among community composition of E. grandis trees with different L. invasa infestation levels were visualised using a Principal Coordinate Analysis (PCoA). PCoA was performed on an abundance matrix applying Bray-Curtis dissimilarity. To assess whether community composition statistically varied among different L. invasa infestation levels, we employed a permutational multivariate analysis of variance (PERMANOVA). The vegan package of the R software (Oksanen et al., 2018; R Core Team, 2018) was used to analyse the community composition.

The community composition analysis was paired with a differential heat tree illustrating the differences in the fungal abundance of each taxon for the order Capnodiales among the L. invasa infestation levels using MetacodeR. The order of Capnodiales was selected due to their apparent role as foliar pathogens of Eucalyptus spp. A Wilcoxon Rank Sum test was applied, and the resulting p-values were corrected for multiple comparisons using the false discovery rate (FDR).



Fungal Community Networks

Networks were calculated using the Calypso web-server (Zakrzewski et al., 2016). For this analysis, only OTUs that were assigned at least to the genus level were used. During upload, taxa that had less than 0.01% relative abundance were removed from the OTU table. Total sum normalisation and square-root transformation were performed on the dataset. Networks were calculated using a Pearson correlation coefficient and only edges that correlated significantly at p < 0.05 were connected. The resulting network was imported into Cytoscape v3.7.2 (Shannon et al., 2003) for depiction. To analyse the number of edges between the subnetworks, we used a one-way ANOVA followed by a Tukey’s Honest Significant Difference (HSD) post-hoc test to do pairwise comparisons of the means. Model validity was checked and the agricolae package of the R software was used to analyse fungal diversity (R Core Team, 2018; de Mendiburu and Yaseen, 2021). In order to understand possible differences in the ecology of the fungi in the network, the feeding modes of fungal genera were analysed using FungalTraits (Põlme et al., 2020).




RESULTS


Sequencing

A total of 1,104,065 filtered and non-chimeric fungal ITS1 sequences were used for community analyses. Sequencing of leaves with L. invasa infestation level 0 resulted in 250,261 reads, L. invasa infestation level 1 in 269,086 reads, L. invasa infestation level 2 in 377,422 reads and L. invasa infestation level 3 in 207,296 reads. We assigned 171 individual OTUs to 77 different fungal genera (Figure 1) and 91 different fungal species (Supplementary Tables 3–10). Out of the 171 detected OTUs, 140 OTUs were shared between the fungal communities of the four L. invasa infestation levels (Figure 2). We found 155 OTUs in L. invasa infestation level 0, 160 OTUs in L. invasa infestation level 1, 159 OTUs in L. invasa infestation level 2 and 154 OTUs in L. invasa infestation level 3, respectively.
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FIGURE 1. Taxonomic composition of the fungi associated with Eucalyptus grandis leaves. The heat tree represents the fungal community structure as a taxonomic hierarchy up to the genus level. Node and edge sizes are proportional to the number of OTUs within each taxon and colours represent absolute taxon abundance (sum of reads number).
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FIGURE 2. Venn diagram showing the abundance of fungal species associated with Eucalyptus grandis leaves among four infestation levels of the wasp Leptocybe invasa (0—no infestation, 1—infestation with evidence of oviposition, but no gall development, 2—infestation with galls on leaves, mid-ribs or petioles and 3—infestation with stunted overall growth and lethal gall formation).




Fungal Community Diversity and Composition

Fungal community diversity was different between the four L. invasa infestation levels. Shannon, Simpson and Invsimpson indexes were higher in trees with low L. invasa infestation than in trees with a higher infestation (p < 0.001; Figure 3).
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FIGURE 3. Box plots analysing the fungal diversity indices (A-Shannon, B-Simpson and C-Invsimpson) of Eucalyptus grandis leaves among four infestation levels of the wasp Leptocybe invasa (0—no infestation, 1—infestation with evidence of oviposition, but no gall development, 2—infestation with galls on leaves, mid-ribs or petioles and 3—infestation with stunted overall growth and lethal gall formation). Bars show standard errors and different letters indicate significant differences (p < 0.05).


The PCoA plot showed that the fungal community composition differed between the L. invasa infestations levels 0 and 1 (healthy to mild infestation) and levels 2 and 3 (medium to high infestation), respectively (Figure 4). PERMANOVA confirmed that the L. invasa infestation levels significantly explained the variation in fungal community composition (F1,3 = 37.82, r2 = 0.393, p < 0.001).
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FIGURE 4. Principal coordinates analysis (PCoA) of fungal community composition associated with Eucalyptus grandis leaves among four infestation levels of the wasp Leptocybe invasa (0—no infestation, 1—infestation with evidence of oviposition, but no gall development, 2—infestation with galls on leaves, mid-ribs or petioles and 3—infestation with stunted overall growth and lethal gall formation.). The variance explained by each dimension is shown between brackets.


Out of all OTUs, 67% belonged to Ascomycota, 25% to Basidiomycota and 9% could not be identified beyond Fungi. The total numbers of reads assigned to the order Capnodiales were 37% at L. invasa infestation level 0, 53% at level 1, 68% at level 2 and 72% at level 3. Of the total number of reads, 28% were assigned to the family Mycosphaerellaceae at L. invasa infestation level 0, 40% at level 1, 63% at level 2 and 69% at level 3.

In the differential heat tree of Capnodiales, Eucalyptus leaves with higher L. invasa infestation levels showed a higher abundance of taxa in the Mycosphaerellaceae in comparison with leaves with a lower infestation level (Figure 5). Most of the OTUs within the Capnodiales (22 out of 37 OTUs) were assigned to the family Mycosphaerellaceae.

[image: Figure 5]

FIGURE 5. Differential heat tree up to the order level illustrating the effect of four Leptocybe invasa infestation levels (0—no infestation, 1—infestation with evidence of oviposition, but no gall development, 2—infestation with galls on leaves, mid-ribs or petioles and 3—infestation with stunted overall growth and lethal gall formation) on the abundance of leaf-associated fungi in Eucalyptus grandis. Node and edge sizes are proportional to the different number of OTUs between the groups for each taxon and colours represent the log of the ratio of median abundance between the groups for each taxon. When a taxon has more counts in samples from groups on the right side of the graph, it is coloured green. And, when a taxon has more counts in samples from groups on the upper side of the graph, it is coloured brown.




Fungal Community Network Results

We recovered two subnetworks that did not show any statistically significant co-occurrence among each other and 16 genera that did not show any significant co-occurrence patterns (Figure 6). Subnetwork 1 represents genera, which were largely retrieved from samples with L. invasa infestation levels 0 or 1 (red and blue in Figure 6) and subnetwork 2 represents genera, which were largely retrieved from samples with L. invasa infestation levels 2 or 3 (yellow and mauve in Figure 6). Fungal genera occurring in subnetwork1 have significant fewer edges (61) than fungal taxa in subnetwork 2 (98; p < 0.001, Table 1; Supplementary Figure 1; Supplementary Table 11), while the number of nodes is comparable (subnetwork 1 = 30, subnetwork 2 = 26). In our network analysis, a node represents a taxon or OTU grouped at a specific level, e.g. genus level, while edges are lines connecting nodes and represent significant correlations between these nodes.
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FIGURE 6. Network graph calculated using Calypso. Node size represents the abundance of the genus. Edges are significant correlations between the nodes. Node colour is made up of four infestation levels of the wasp Leptocybe invasa (0—[red] no infestation, 1—[blue] infestation with evidence of oviposition, but no gall development, 2—[yellow] infestation with galls on leaves, mid-ribs or petioles and 3—[mauve] infestation with stunted overall growth and lethal gall formation). Node colours are merged based on the correlation to the Leptocybe invasa infestation level, e.g. Fusarium (purple) appears mainly in Leptocybe invasa infestation levels 0 and 1 samples. 16 fungal genera did not show significant correlations.




TABLE 1. Summary network statistics calculated in Cytoscape.
[image: Table1]

The fungal feeding modes were analysed using FungalTraits (Põlme et al., 2020). No difference could be observed between feeding types of the fungal genera of subnetwork 1 (L. invasa infestation level 0 and 1) compared to subnetwork 2 (L. invasa infestation level 0 and 1). In both subnetworks, the majority of genera were classified as plant pathogens (Supplementary Table 10; Supplementary Figure 2).




DISCUSSION

In this study, we show that the fungal community structure of E. grandis leaves is influenced by the insect pest L. invasa. We characterised a high fungal diversity, with 171 fungal taxa identified from these leaf tissues in one site. The fungal communities were clearly structured by the level of L. invasa infestation. Potential phytopathogenic taxa were present in all four levels of infested leaves. This is the first demonstration of such a clear relationship between the level of L. invasa infestation in E. grandis leaves and fungal community structure.

Leaves with no or mild L. invasa infestation (L. invasa infestation levels 0 and 1) had a significantly higher fungal community diversity than leaves showing medium and high infestation (L. invasa infestation levels 2 and 3). It has been shown before that a plant’s health status influences its associated fungal diversity. For example, gall tissue induced by the gall wasp Dryocosmus kuriphilus in chestnut leaves harboured a significantly lower fungal community diversity compared to the surrounding plant tissue (Fernandez-Conradi et al., 2019) and increasing levels of powdery mildew infection in pumpkin leaves correlated negatively with fungal community diversity (Zhang et al., 2018). The correlations between increased infection levels and fungal community diversity are, however, controversial. While Fusarium head blight infections increase Fusarium spp. in wheat spikelets and kernels, overall fungal community diversity only reduced significantly in kernels and not in spikelets (Rojas et al., 2020).

In this study, we sampled healthy tissues that were adjacent to the affected tissues. This indicated that galling has indirect effects on fungal species diversity in non-symptomatic tissues. Changes in fungal community diversity have been attributed to factors including changes in plant nutrients, secondary metabolites, competition, plant defence reactions, as well as phytohormone regulation (Cameron et al., 2013; Pieterse et al., 2014; Abdelfattah et al., 2016; Bennett and Cahill, 2016; Shen et al., 2018; Gluck-Thaler et al., 2020). These changes can also be seen in the surrounding gall tissues, hence affecting the host’s mycobiome (Lawson et al., 2014; Fernandez-Conradi et al., 2019).

The L. invasa infestation did not only lower fungal diversity within respective leaves but also led to a deterministic pattern of fungal community composition between leaves of different infestation levels. The communities associated with no or mild L. invasa infestation and those associated with a medium or heavy infestation were clearly separated on PCo 1. Interestingly, there was no gradual transition between infestation levels, but two separate clusters were formed of leaves with no/mild infestation and leaves with medium/heavy infestation. This could indicate a limitation in our scoring system, as we might have been unable to determine subtle infections in what were assumed to be healthy leaves. However, the clear separation between two clusters might also be consistent with an interpretation that the Leptocybe-Eucalyptus interaction causes a threshold, where the associated fungal community switches in composition. Such tipping points have been observed in other host-associated microbiomes (Tytgat et al., 2019) and raise interesting questions about the conditions at which such bifurcations occur in the tripartite interaction of host, Leptocybe and mycobiome for further investigation.

Fungal communities on healthy or mildly infested leaves (L. invasa infestation levels 0 and 1) showed more dispersed fungal community composition than heavily and medium infested leaves (L. invasa infestation levels 2 and 3). Such differences have been observed in disease systems before, except that it was mostly the sick individuals that showed a more dispersed diversity (Turnbaugh et al., 2009; Hong et al., 2015). This so-called Anna Karenina principle has been attributed to a more stochastic distribution of factors affecting the structure of microbial communities in non-healthy individuals and predicts that all healthy microbiomes are alike, and each disease-associated microbiome is ‘sick’ in its own way (Zaneveld et al., 2017). The reason for the less dispersed composition in sick individuals, and how common this might be in plant gall associated microbial communities, is not known.

A sudden shift in Eucalyptus leaf physiology due to galling could explain our observed shift in fungal diversity. Putative physiological changes due to gall development and Eucalyptus defence mechanisms have been observed, including cell wall reinforcement, protease inhibitors, cell cycle suppression and regulatory hormone signalling pathways (Oates et al., 2015). It is well known that fungi take advantage of the physiological state of their host. For example, when comparing the fungal communities of healthy and yellowing C. limon leaves, a result of either nutrient deficiency or drought stress, the potential phytopathogen Colletotrichum gloeosporioides increased in abundance, whereas most other fungal species decreased (Douanla-Meli et al., 2013). These fungal species may have advantageous traits for coping with physiological disturbance, whereas the other fungal endophytes might rely on nutrition and protection from their healthy plant host.

Oviposition initiates physiological changes in leaf tissues, including cellular modifications, changes in plant development pathways and nutrient concentrations, the disruption of plant defence, selection for gall induction traits and the advent of insect-derived effectors (Giron et al., 2016). The cynipid gall wasp Andricus petiolicolus, for example elicits galls on chestnut oak leaves (Quercus prinus) that significantly differ from the leaf tissue from which they are formed (Allison and Schultz, 2005). The gall cortex and epidermis exhibit higher peroxidase and invertase activities and greater condensed tannin concentrations than the nutritive tissues or leaves. The woolly poplar aphid Phloeomyzus passerinii can induce a pseudogall within the bark on trunks of poplars, where the gall acts as a sink accumulating nutrients, like amino acids, soluble sugars or starch drawn from the surrounding tissues (Dardeau et al., 2014). A study on the transcriptome and terpene profiles of E. grandis challenged with L. invasa shows that indeed changes are induced by oviposition, including mono- and sesquiterpene profiles, phytohormone responses and lignification locally at the site of oviposition (Oates et al., 2015). A joint transcriptomics study (Dual-RNA) analysing plant and fungal expressed genes associated with insect gall development will increase the understanding of these biotic interactions.

Distinct fungal community subnetworks could be observed between healthy/mildly infested and medium/heavily infested E. grandis leaf samples. All but 16 genera showed significant co-occurrence within their subnetworks, i.e. nodes are connected by edges. Even though co-occurrence is not evidence of ecological interactions (Blanchet et al., 2020), we observe a non-random co-occurrence pattern, possibly caused by a biological driver. The higher number of edges in subnetwork 2 could be explained by the physiological changes of L. invasa gall development on the host plant, which outweigh the impact of general environmental factors. These findings might also be influenced by biotic factors, e.g. microbial interactions. Subnetwork 2 also has a higher average number of neighbours than subnetwork 1, which agrees with the fungal community composition pattern shown in our PCoA and PERMANOVA analyses.

Trait analysis suggested that potential phytopathogens occur in the fungal community of both, L. invasa infested tissues, as well as healthy/mildly infested plants. Fungi that are reputedly ‘phytopathogenic’ were also recovered from healthy plant tissues in multiple previous studies (Rodriguez et al., 2009; Hardoim et al., 2015; Almario et al., 2017). It has been proposed that stress (e.g. pathogen attack or drought) impacts a plant’s microbiome, likely via alterations in physiology, which could result in favourable conditions for pathogens to cause disease (Slippers and Wingfield, 2007; Sherwood et al., 2015; Oliva et al., 2021). Such stress is, however, not a prerequisite for infection by pathogens, who then remain dormant until conditions are conducive to their further development.

We found an increase in abundance of several Mycosphaerellaceae taxa with increasing L. invasa infestation level, indicating that some Mycosphaerellaceae taxa are favoured by the morphological and physiological changes in the leaf E. grandis environment after L. invasa oviposition. Our results support a newly proposed micro-evolutionary approach of fungal ecological niches (Selosse et al., 2018). We have at least two different micro-environments in our study, namely, the healthy and the gall surrounding tissues. Growing evidence that many fungi have more complex niche adaptations than previously imagined has been reported (Selosse et al., 2018). Although the number of pathogenic taxa in our study is similar between the micro-environments, some pathogenic taxa (i.e. Mycosphaerellaceae) have more counts (higher abundance) in gall surrounding tissues compared to healthy leaf tissues. Our study raises the questions, why potentially pathogenic taxa abundances change and what the relevance of microbial interactions following physiological changes in the host is Carrión et al. (2019).

In conclusion, we were able to show that the fungal communities surrounding L. invasa oviposition sites change with an increasing infestation level. This knowledge helps to further understand the outcomes of the E. grandis-L. invasa interaction, as well as factors that influence fungal community composition in general. Future work could use functional genetic studies to untangle the intricacies of biotic interactions in this system by using combined microscopic, transcriptomic, proteomic and metabolomic approaches.
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Microbial Cross-Talk: Dissecting the Core Microbiota Associated With Flue-Cured Tobacco (Nicotiana tabacum) Plants Under Healthy and Diseased State
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Bacterial wilt caused by Ralstonia solanacearum is a devastating disease of flue-cured tobacco production which poses significant yield losses all around the world. In this study, we evaluated the rhizosphere microbiome of healthy and bacterial wilt-infected (diseased) flue-cured tobacco plants through amplification of V3-V4 and ITS1-5f variable regions of 16S and internal transcribed spacer (ITS) rRNA. The study was based on the location (Qujing, Shilin, and Wenshan), plant components (rhizosphere soil and roots), and sample types (healthy and diseased) to assess the diversity of bacterial and fungal communities. Bacterial and fungal communities present in roots primarily emanated from rhizosphere soil. Healthy flue-cured tobacco plants exhibit high microbial diversity compared to diseased plants. Among three variables, plant components significantly influence the diversity of microbial communities, whereas rhizosphere soil harbors higher microbial diversity than roots. Bacterial phyla Cyanobacteria and Proteobacteria were found in high relative abundance in roots and rhizosphere soil samples, respectively. As far as fungi is concerned, a high relative abundance of Ascomycota and Basidiomycota was found in both rhizosphere soil and root. Bacterial genera such as Bacillus, Bradyrhizobium, Ensifer, Neorhizobium, and Lysobacter related to plant growth promotion and disease suppressing abilities were dominant than fungal genera. Analysis of relative abundance at specie-level revealed that most fungal species are pathogenic to flue-cured tobacco and could provide a conducive environment for wilt infection. In conclusion, R. solanacearum significantly influences the microbial diversity of flue-cured tobacco plants and negatively affects the bacterial community composition. Altogether, our study demonstrates the complexity of bacterial and fungal communities that possibly interact with each other (microbe–microbe) and host (host–microbe). This cross-talk could be helpful for healthy flue-cured tobacco plant growth and to induce resistance against bacterial wilt disease.

Keywords: flue-cured tobacco, disease resistance, locations, microbial diversity, plant components, Ralstonia solanacearum


INTRODUCTION

Bacterial wilt disease caused by soilborne pathogenic bacterium Ralstonia solanacearum is a serious threat to flue-cured tobacco (Nicotiana tabacum L.) production worldwide, including China (Cai et al., 2021). Ralstonia solanacearum is widely distributed in tropical and subtropical regions of the world and has a broad host range that infects more than 250 plant species (Paudel et al., 2020). It is a serious threat to important field crops of the Solanaceae family including tomato, potato, tobacco, ginger, eggplant, and pepper, with average yield losses that range from 10 to 55% (Kim et al., 2016).

Ralstonia solanacearum infects all tobacco plant parts (roots, stalk, and leaves) and generally produces symptoms of yellowing and wilting of leaves, discoloration of xylem vessels, and black necrotic spots on the stem. It multiplies systemically in the xylem vessels followed by death of whole plant (Cai et al., 2021). Infected soil acts as a primary source of inoculum, and the pathogen oozes out in the rhizosphere soil of diseased plants from the roots upon completion of life cycle (Wu et al., 2020). The bacterium survives in soil, water, and plant residues for a longer period as saprophytism in the absence of a specific host plant (Li et al., 2014). It spreads from diseased to healthy plants through rain splashes, irrigation water, and mechanical operations (Qi et al., 2020).

As far as losses caused by this disease are concerned, in China, incidence and yield losses vary from region to region, host to host, climatic condition, and pathogenic strain (Jiang et al., 2017). However, incidence and yield losses are recorded between 15 to 35% but can reach up to 75% and 50–60%, respectively, when disease is present with root rot pathogen Phytophtora nicotianae (Jiang et al., 2017). In high humidity and mono-cropping regions, it occurs in epidemic form, and yield losses reach up to 100%. Soil physicochemical properties, climatic conditions, locations, and rhizosphere microbial diversity play an important role on the occurrence of soilborne diseases (Cai et al., 2021).

The plant rhizosphere is considered as one of the most complex ecosystems on earth and hot spot habitat for diverse microbes (Raaijmakers, 2015). Most disease-resistant and developmental mechanisms in plants are directly related to the diversity of rhizosphere microbes (Mendes et al., 2013; Dong et al., 2019). Plant genotype and soil type are the two main factors that are responsible for assembling a healthy rhizosphere microbiome (Dong et al., 2019). Advancements in science and modern sequencing tools made the study of host–microbe interaction easier (Govindasamy et al., 2014; Mhlongo et al., 2018). However, knowledge gaps are still present between host–microbe interactions and their underlying mechanism, which need to be filled (Bulgarelli et al., 2013).

Nowadays, biological control via disease suppressive specific endophytes and rhizobacteria such as Bacillus, Lysobacter, Streptomyces, and Pseudomonas is considered as practical approach to suppress the incidence of many soilborne diseases including bacterial wilt, Fusarium wilt, and clubroot by the mechanism of direct antagonism, reshaping the rhizospheric microbial diversity, and the production of metabolites (Ma et al., 2018; Wu et al., 2020; Zhang et al., 2020a; Wei et al., 2021). The application of bioorganic fertilizer and biochar along with biocontrol agents significantly suppresses the incidence of tobacco bacterial wilt disease (Liu et al., 2013; Zhang et al., 2017; Li et al., 2022). Because of the broad host range, species complexity, wide geographical distribution, and persistent nature, no effective control exists to date against this devastating disease, and it is difficult to completely control the incidence of tobacco bacterial wilt disease (Li et al., 2014; Shen et al., 2018).

Flue-cured tobacco is a major cash crop in Yunnan Province, China. Yunnan is well-known for its unique environment and climatic conditions. It produces high-quality flue-cured tobacco famous for its pure taste, fragrant aroma, and golden color (Li et al., 2019). Yunnan produces about 50% of China’s total tobacco leaf yield, with an annual production of around 750,000 tons and 320,000 ha of agricultural land under tobacco cultivation (Tang et al., 2020). However, R. solanacearum poses significant yield losses every year. Thus, to successfully mitigate the bacterial wilt pathogen, it is necessary to understand the population dynamics and distribution of the microbiome in tobacco plants. Therefore, the present study aims to explore the core microbiota (bacteria and fungi) associated with different locations (Qujing, Shilin, and Wenshan), plant components (rhizosphere soil and roots), and nature of plant (healthy and diseased). We hypothesized that this study helps us to establish a model for studying the naturally occurring flue-cured tobacco microbiome to mitigate the incidence of tobacco bacterial wilt disease.



MATERIALS AND METHODS


Sample Collection

Rhizosphere soil and root samples were collected from healthy and diseased tobacco plants from three locations; Qujing (25.4900°N, 103.7962°E), Shilin (25.0950°N, 121.5246°E), and Wenshan (23.3863°N, 104.2325°E) in Yunnan Province, China, in September 2020 (Figure 1). Tobacco has been continuously grown in those fields for the past 10 years. For sample collection, upper 2–3 cm layer of soil was removed, and tobacco plants were uprooted (three plants per field from three different fields for both healthy and diseased plants). Bulk soil was removed by shaking the roots, and the tiny soil particles attached to roots were collected as rhizosphere soil samples and fibrous roots as root samples. A total of 12 composite samples (three replicates per sample) were collected from three different locations in Yunnan (Supplementary Figure 1). Samples were put in polythene bags and placed in an icebox until delivered to the laboratory and stored at −80°C for further study.


[image: image]

FIGURE 1. Rhizosphere soil and root samples were collected from three different locations in Yunnan Province: Kunming (Shilin), Qujing (Huize), and Wenshan (Qiubei), from healthy and bacterial wilt infected flue-cured tobacco plants. Healthy flue-cured tobacco plant with green leaves and white-colored xylem vessels (A,B). Disease flue-cured tobacco plant with typical bacterial wilt symptoms (yellowing, wilting of leaves, necrotic lesions on stem, and discoloration of xylem vessels) (C,D).




DNA Extraction and Polymerase Chain Reaction Amplification

Total genomic DNA was extracted from 0.5 g of soil per sample to 1 g of roots per sample using the Soil and Plant DNA Extraction Kit (Zymo Research Corp., Irvine, CA, United States), respectively, following the manufacturer’s instructions. The quality of extracted DNA was quantified at OD260/280 nm 1.7-1.9 using a NanoDrop spectrophotometer (ND2000, Thermo Scientific, Madison, WI, United States), and extracted DNA was stored at -20°C for future use. The V3-V4 and ITS1-5F variable regions of 16S and internal transcribed spacer (ITS) rRNA genes of bacteria and fungi were amplified using two pairs of universal primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′), and 1743F (5′-GGAAGTAAAAGTCGTAACAAGG-3′) and 2043R (5′-GCTGCGTTCTTCATCGATGC-3′) for bacterial and fungal diversity analysis, respectively (Zhang et al., 2020a).



Library Preparation and Sequencing

Amplicon library was prepared by the Nextera XT Index Kit (Illumina Inc. Madison, WI, United States) as per 16S and ITS Metagenomic Sequencing Library preparation protocols. Amplicon quality was visualized using gel electrophoresis, and 1X AMPure XP beads were used for amplicons library purification, checked on Agilent DNA1000 chip with Bioanalyzer2100, and quantified by Qubit Fluorometer 2.0 using a Qubit dsDNA assay kit (Life Technologies Cat. No. Q328520) (Gao et al., 2018). The same numbers of purified amplicons were pooled for subsequent sequencing analysis and sequenced on an Illumina MiSeq platform at Novogene Bioinformatics Technology Co. Ltd. (Beijing, China).



Quality Control

Raw data were collected in FASTQ format from DNA sequencing, and Trimmomatic software was used for the cutoff of low-quality reads (score < 20) and preparation of paired-end reads (Bolger et al., 2014). FLASH software was used to assemble paired-end reads with 10 bp/200 bp and 20% minimum/maximum overlapping and maximum mismatch rate, respectively. UCHIME software was used for chimeras removal and production of clean reads (Edgar et al., 2011).



Data Processing

Clean reads were processed with the UPARSE pipeline to generate operational taxonomic units (OTUs) at ≥97% similarity level (Edgar, 2013). For taxonomic information, species annotation was performed for all representative read and OTUs using ribosomal database project (RDP) classifier in SILVA database for bacteria (at 70% confidence threshold) and UNITE database for fungi (Quast et al., 2012; Kõljalg et al., 2013). OTUs were analyzed for relative abundance at genus and phylum levels, and alpha and beta diversity indices were calculated to obtain species richness and uniformity information. A Venn diagram was used for common and unique OTUs among different variables such as sample types, plant components, and locations.



Statistical Analysis

Data were statistically analyzed using a t-test (P < 0.05). All statistical analyses were performed using IBM SPSS Verison 20.0 (SPSS Inc., Chicago, IL, United States). QIIME software (Version 1.9.1) was used to calculate the observed OTUs, Chao1, Shannon, and abundance-based coverage estimator (ACE) indices. The Bray–Curtis dissimilarity was calculated for beta diversity analysis of bacterial and fungal communities and used for principal coordinate analysis (PCoA) with QIIME. The relative abundance bar plots at the phylum level, relative abundance heatmaps at the genera level, and relative abundance bar plots at the species level were generated using R scripts in R software (version 2.15.3) (Dong et al., 2018). Co-occurrence network analysis was conducted using sparcc in R for OTUs at the phylum level (P < 0.05 and correlation coefficient > 0.3). The network properties were calculated and visualized in Gephi 0.9.2. All figures were processed and illustrated using Adobe Illustrator CC 2019 (Adobe Systems Inc., San Francisco, CA, United States).




RESULTS


General Characteristics of Tobacco Microbiome

We explored the bacterial and fungal communities associated with different parts of the tobacco plant (rhizosphere soil and roots), different geographic locations (Qujing, Shilin, and Wenshan), and different sample types (healthy and diseased). Data related to raw reads (#), clean reads (#), and quality control (Q20% and Q30%) through amplification of 16S (V3-V4)/ITS (1-5f) rRNA of bacteria/fungi, respectively, are shown in Supplementary Table 1. After quality control and chimeras filtering, an average of 80,477 bacterial and 92,685 fungal clean reads per sample were obtained with an average length of 412 bps/244 bps per sample by Illumina sequencing (Supplementary Table 1). Rarefaction curves generated from the OTUs demonstrated that high sampling coverage was achieved in all samples for both fungal and bacterial communities (Supplementary Figure 2).



Effects of Different Locations, Plant Components, and Sample Types on Beta Diversity

The effect of variables such as locations (Qujing, Shilin, and Wenshan), plant components (rhizosphere soil and roots), and sample types (healthy and diseased) on bacterial and fungal community composition was analyzed. Bray–Curtis dissimilarity was used to determine the beta diversity (variation in bacterial and fungal communities structure) for all 12 composite samples (Figure 2). Among the three variables, it was observed that plant components (rhizosphere soil and roots) significantly influenced bacterial and fungal community composition. The separation of samples at the one axis for bacterial community composition indicates that the influence of this variable on bacterial community structure was more significant than on fungal community structure. Sample types and locations have little impact on bacterial and fungal communities. A different pattern was observed using PCoA, with a difference of 37.17% and 18.67% in bacterial and fungal community composition, respectively. Distance heatmap graphs based on Weighted UniFrac (based on abundances of taxa) and Unweighted UniFrac (sensitive to rare taxa) of all 12 samples were generated to estimate the beta diversity of bacterial and fungal communities (Supplementary Figure 3).
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FIGURE 2. Principal coordinate analysis (PCoA) was based on the Bray–Curtis dissimilarity metrics showing the beta diversity analysis for all 12 composite samples (three replicates per sample) of flue-cured tobacco plants under three variables.




Effects of Different Locations, Plant Components, and Sample Types on Alpha Diversity

The observed species, Shannon, Chao 1, and ACE at cutoff levels of 3% are shown in Figure 3. The locations have little impact on alpha diversity indices of bacterial communities compared with fungal communities (Supplementary Table 2). In plant components (rhizosphere soil and roots), alpha diversity indices of observed species, Shannon, Chao 1, and ACE for rhizosphere soil were found higher than those of roots for both bacterial and fungal communities. It indicates that the number of bacteria and fungi in the rhizosphere was higher than in roots. Among the sample types (healthy and diseased), alpha diversity indices of bacterial and fungal communities were more elevated in healthy samples than in diseased samples.
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FIGURE 3. Boxplot of bacterial (top) and fungal (bottom) showing alpha diversity indexes of flue-cured tobacco plants under three variables. HS, healthy rhizosphere soil; DS, diseased rhizosphere soil; HR, healthy roots; DR, diseased roots.




Analysis of Operational Taxonomy Units

Operational taxonomic units count was recorded maximum in rhizosphere soil samples than in root samples. For bacterial and fungal communities, the rhizosphere soil exhibited a high diversity and richness in OTUs compared with roots, and high diversity was found in healthy plant samples than in diseased plant samples (Figure 4). Analysis of OTUs revealed that a total of 4,233 and 3,014 specific OTUs were recovered for both bacterial and fungal communities from different locations (Qujing, Shilin, and Wenshan), respectively, and 1,849 (bacterial) and 949 (fungal) OTUs were found as common OTUs. Plant components (rhizosphere soil and roots) significantly impact the bacterial communities than fungal communities, and fungal OTU count in rhizosphere soil and roots was almost the same. In plant components, the specific bacterial OTUs in rhizosphere soil (1,520) were significantly higher than the specific OTUs (231) in the root tissue, and 2,482 OTUs were common. The specific fungal OTUs in root tissues (680) were slightly higher than specific OTUs (618) in rhizosphere soil, and 1,716 common OTUs were found in rhizosphere soil and roots. Further analysis of OTUs among sample types (healthy and diseased) showed that a total of 703 and 407 unique bacterial OTUs and 3,123 common bacterial OTUs were found among healthy and diseased plants, respectively. The unique fungal OTUs in healthy samples (724) were significantly higher than diseased samples (391), and 1,899 OTUs were found as common. The results indicate that bacterial wilt pathogen had a more significant impact on bacterial communities than fungal communities.
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FIGURE 4. Distribution of bacterial (top) and fungal (bottom) operational taxonomic units in three variables, i.e., locations (Qujing, Shilin, and Wenshan), plant components (rhizosphere soil and roots), and sample types (healthy and diseased).




Bacterial and Fungal Community Composition at Phylum Level

The top 10 bacterial and fungal phyla with relative abundance greater than 1% are shown in Figure 5 and Supplementary Table 3. The dominant bacterial phyla in all rhizosphere soil and root samples with a relative abundance greater than 1% are Acidobacteriota, Actinobacteriota, Bacteroidota, Cyanobacteria, Crenarchaeota, Chloroflexi, Gemmatimonadetes, Firmicutes, Proteobacteria, Unidentified_Bacteria, and others (Figure 5A). The dominant fungal phyla in all rhizosphere soil and root samples with a relative abundance greater than 1% are Ascomycota, Basidiomycota, Blastocladiomycota, Basidiobolomycota, Chytridiomycota, Glomeromycota, Mortierellomycota, Mucoromycota, Rozellomycota, Olpidiomycota, and others (Figure 5B). Among the three variables (locations, plant components, and sample types), plant components (rhizosphere soil and roots) significantly influence the bacterial community composition. High relative abundance of phyla Cyanobacteria (average of 59.61%) and Proteobacteria (average of 21.44%) was found in roots; however, phyla Proteobacteria (average of 29.20%) and Actinobacteria (average of 16.46%) were found in high relative abundance in rhizosphere soil (Figure 5A). No significant impact was observed of these three variables on fungal community composition. Fungal phyla such as Ascomycota (average of 65 and 20%) and Basidiomycota (average of 62 and 10%) were present in high relative abundance both in root and rhizosphere soil samples, respectively. However, phylum Basidiomycota was found in low relative abundance in rhizosphere soil (average 10%) than in roots (average 20%) (Figure 5B).
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FIGURE 5. Relative abundance bar plots at phylum level based on the species annotation results in 12 composite samples (average of three replicates per sample) of flue-cured tobacco plants under three variables. (A) Relative abundance at the phylum level in bacterial communities and (B) relative abundance at the phylum level in fungal communities. QJ, Qujing; SL, Shilin; WS, Wenshan; HS, healthy rhizosphere soil; DS, diseased rhizosphere soil; HR, healthy roots; DR, diseased roots.




Relative Abundance of Bacterial and Fungal Community Composition at Genera Level

We determined the relative abundance of the top 35 bacterial and fungal genera in the above screened top 10 bacterial and fungal phyla. On the basis of the species relative abundance in all samples, the top 35 bacterial and fungal genera were selected to create a heatmap to determine which genera present in high or low abundance in respective sample type (healthy and diseased). The relative abundance heatmaps of the top 35 bacterial and fungal genera in group-wise comparison under three variables (locations, plant components, and sample types) are shown in Figure 6. Bacterial genera such as Streptomyces, Amycolatopsis, and Ensifer; Chitinophaga, Dyella, Dongia, Neorhizobium, Pelomonas, Pseudonocardia, and Sphingopyxis; Esherichia-Shigella, Sphingomonas, Ramlibacter, Flavisobater, Gemmatimonas, and Sphingobium; and Lysobacter, Arthrobacter, Bryobacter, Bacillus, MND1, Gaiella, and Pontibacter were found in high relative abundance in diseased roots (DR), healthy roots (HR), diseased rhizosphere soil (DS), and healthy rhizosphere soil (HS), respectively. However, a high abundance of genus Ralstonia was present in diseased rhizosphere soil and root samples (Figure 6A). Similarly, fungal genera such as Chaetomium, Gibberella, Myceliophthora, and Alternaria; Ophiocordyceps, Conocybe, Cercophora, Purpureocillium, Humicola, and Mortierella; Codinaea, Rhizophlycits, Ceratobasidium, Entoloma, Paramyrothecium, Setophoma, and Psathyrella; and Marasmius, Meyerozyma, Sampaiozyma, and Unidentified_Ascomycota sp. were found in high relative abundance in DS, HS, DR, and HR, respectively. Whereas genus Thanatephorus was highly abundant with diseased rhizosphere soil and root samples (Figure 6B).
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FIGURE 6. Relative abundance heatmaps at the genus level for top 35 bacterial (A) and fungal (B) genera in group-wise comparison under three variables. HS, healthy rhizosphere soil; DS, diseased rhizosphere soil; HR, healthy roots; DS, diseased roots.




Relative Abundance of Bacterial and Fungal Communities at the Species Level

We assessed the relative abundance of the top 10 bacteria and fungi in the top 35 bacterial and fungal genera. The relative abundance bar plots for the top 10 bacteria and fungi in group-wise comparison under three variables (locations, plant components, and sample types) are shown in Figure 7. A high abundance of bacterial wilt pathogen Ralstonia solanacearum was found in diseased roots and rhizosphere soil. Neorhizobium galegae (well-known nitrogen fixer), Ensifer adhaerens (a bacterial predator of bacteria in the soil), and Lysobacter dokdonensis were found in high abundance in HR, DR, and HS, respectively (Figure 7A). Fungal species such as Alternaria alternata and Thanatephorus cucumeris, disease causing agents of tobacco brown spot and leaf spot disease, respectively, were found in high abundance with diseased rhizosphere soil and root samples. Moreover, higher abundance of Fusarium sp. was found in DR and DS (Figure 7B).


[image: image]

FIGURE 7. Relative abundance bar plots for top 10 bacterial (A) and fungal (B) species in group-wise comparison under three variables. HS, healthy rhizosphere soil; DS, diseased rhizosphere soil; HR, healthy roots; DS, diseased roots.




Characteristics of Co-occurrence Network

A microbial co-occurrence network was constructed for bacterial and fungal OTUs at the phylum level for each healthy and diseased sample associated with different plant components (rhizosphere soil and roots) (Figure 8). It was observed that, for bacterial communities, the average degree, number of nodes, and number of edges were found higher in healthy samples compared with diseased samples. In the fungal communities, the average degree, number of nodes, and number of edges were found higher in diseased samples than healthy samples while have no effect on the rhizosphere network. It indicates that the connection degree between members of the bacterial microbial network increased in healthy samples and members interact, whereas the fungal microbial network showed an opposite trend.
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FIGURE 8. Co-occurrence network analysis of bacterial and fungal communities associated with healthy and diseased samples collected from different plant components (rhizosphere soil and roots). HS, healthy soil; DS, diseased soil; HR, healthy roots; DR, diseased roots.





DISCUSSION

Ralstonia solanacearum is a serious threat to flue-cured tobacco production worldwide, including China. It is estimated that approximately 47,133 hm–2 lands are affected by this pathogen, resulting in millions dollars losses every year (Cai et al., 2021). Many integrated disease management strategies are adopted to control the incidence of bacterial wilt pathogen (Jiang et al., 2017). In recent years, biological control via disease suppressive biocontrol agents is considered a promising approach to reduce the incidence of many field crop diseases (Munir et al., 2021; Ahmed et al., 2022). Studies have proven that soil health and rhizosphere microbial diversity are the key factors responsible for soilborne disease occurrence and plant health (Köberl et al., 2013; Dong et al., 2018; Hao and Ashley, 2021).

Soil sickness affects both crop quality and yields when the same crop or its relative species are continuously grown in the same soil under a monocropping system (Zhang et al., 2020b). The rhizosphere microbiome acts as the first line of defense against soilborne pathogen infection and abiotic stress (Bulgarelli et al., 2013; Mendes et al., 2013). In previous studies, flue-cured tobacco bacterial wilt diseases associated with bacterial and fungal communities were studied by direct isolation and high-throughput sequencing technique. However, most studies performed on rhizosphere microbial diversity aimed at bacterial communities with little knowledge about fungal communities of flue-cured tobacco grown on a specific location in pots and field experiments after artificial inoculation of R. solanacearum combined with other biocontrol agents.

In this study, we provided a comprehensive view of the naturally occurring core microbiome of healthy and bacterial wilt–infected (diseased) flue-cured tobacco plants. We presented an in-depth appraisal of bacterial and fungal communities associated with different locations, sample types, and plant components through 16S and ITS1-5f high-throughput sequencing analysis. Our results support the concept that distinct plant components have a significant impact on bacterial and fungal communities, irrespective of sample types and location.

Different plant components have been observed to study the impact of rhizospheric and endophytic bacterial communities on the growth and health of plants with no specific assemblage pattern (Compant et al., 2008; Lundberg et al., 2012; Lebeis et al., 2015). The plant’s rhizosphere acts as the primary host, hot spot habitat, and passage for colonization of microbes into different plant components through roots, especially for bacterial communities (Bulgarelli et al., 2013; Kaushal et al., 2020). In our study, samples were collected from fields where flue-cured tobacco has been continuously grown for the past 10 years as an annual crop for commercial production. Therefore, infected soil and tools used for mechanical operations are primary carriers of bacterial wilt pathogen from one field to another.

Our study demonstrated that rhizosphere soil greatly influences microbial diversity and host more bacterial and fungal communities than roots. Most of the communities present in roots are also present in rhizosphere soil in all locations. The results suggest the microbial communities present in roots were transferred and colonized from the rhizosphere soil. Studies have proven that host plants selectively promote colonization of specific bacterial and fungal communities in roots from rhizosphere soil (Turnbaugh et al., 2007; Lundberg et al., 2012). It was found that rhizosphere soil showed a high microbial diversity than roots. However, healthy tobacco plant rhizosphere soil and root samples host a high diversity of bacterial and fungal communities than bacterial wilt–infected tobacco plant samples. This may be due to disease stress, which is directly linked to the decreased value of available carbon for microbes in the rhizosphere and regulating specific microbe’s growth (Kaushal et al., 2020). Flue-cured tobacco plant resistance and severity of R. solanacearum in different plant components also contribute to the prevalence of microbial communities. Bacterial and fungal OTU count was recorded maximum in all locations and plant components in rhizosphere soil samples than in the root samples.

Host plant environment is known to support or suppress the colonization of certain bacterial and fungal genera with different plant components. Thus, bacterial and fungal communities in these specific plant components are either boosted or exhausted (Kaushal et al., 2020). We observed the core stable bacterial and fungal communities in all sample types that were colonized in different plant components with respect to OTUs distribution. In all rhizosphere soil and root samples for bacterial community composition phylum, Proteobacteria and Cyanobacteria were found in high relative abundance, respectively. Whereas for fungal community composition, phyla Ascomycota and Basidiomycota were found in high relative abundance in both rhizosphere soil and root samples. Results showed that bacterial wilt pathogen has a great impact and significantly influences the bacterial communities compared with fungal communities.

Most of the diverse bacteria and fungi can enhance plant growth, suppress disease incidence, and confer other biological functions that benefit the plants (Santoyo et al., 2016; Gouda et al., 2018). A fraction of core bacterial communities identified in this study are known as plant growth promoters, enhance resistance in plants, and suppress the incidence of disease via production of a specific antibiotic, volatile organic compounds, secondary metabolites, and nitrogen fixation in many fields crops. Bacterial genera such as Amycolatopsis, Bacillus, Streptomyces, Ensifer, Sphingopyxis, Neorhizobium, Pseudonocardia, Sphingomonas, Haliangium, Bradyrhizobium, Arthrobacter, Bryobacter, and Lysobacter were found in high relative abundance, which contribute to plant growth promotion, nutrition acquisition, suppression of soilborne diseases and other plant pathogens. However, a minor fraction of fungal communities such as Gibberella and Purpureocillium was found as plant growth promoters and biocontrol agents, whereas others are saprophytic and pathogenic and cause disease in many important field crops.

Bacterial wilt pathogen R. solanacearum was highly abundant in diseased rhizosphere soil and root. A high abundance of the bacterium was found with nitrogen-fixing ability, producing secondary metabolites, and bacterial predator of bacteria in the soil such as Neorhizobium galegae, Lysobacter dokdonensis, and Ensifer adhaerens. Plants pathogenic fungi such as Plectosphaerella cucumerina, Alternaria alternata, Thanatephorus cucumeris, and Fusarium sp. were found in high relative abundance diseased rhizosphere soil and root. Thus, we conclude that these beneficial bacterial communities are positively related to flue-cured tobacco plant health, whereas the pathogenic fungal communities enhance the population of R. solanacearum and the incidence of bacterial wilt disease. Our results are in accordance with the study of Jiang et al. (2017), who reported that the incidence of tobacco bacterial wilt disease increases when it prevails with other root rot pathogen P. nicotiana. Analysis of co-occurrence networks showed that R. solanacearum has a significant impact on the bacterial community structure compared with fungal communities. Fewer negative correlations were found between bacterial communities in healthy plants compared to diseased plants.



CONCLUSION

In this study, we conclude that flue-cured tobacco plants host a range of bacterial and fungal communities. Plant components significantly impact bacterial and fungal communities. Rhizosphere soil is enriched with bacterial and fungal communities compared to roots, whereas high diversity was found in healthy plants rather than diseased plants. By comparing the microbial communities with other crops, we suggest that several bacterial communities discovered in the flue-cured tobacco microbiome aid in plant growth promotion and disease suppression. A fraction of fungal communities pathogenic to flue-cured tobacco was found in diseased plants, which correlates with the occurrence of tobacco bacterial wilt disease. However, future work should focus on studying the microbiome of flue-cured tobacco cultivars with resistance to bacterial wilt pathogen both as naturally occurring and artificial inoculation. This will provide experimental and theoretical information, that microbiome of flue-cured tobacco can be engineered to manage the bacterial wilt disease for better yield and quality production.
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Changes to the Bacterial Microbiome in the Rhizosphere and Root Endosphere of Persea americana (Avocado) Treated With Organic Mulch and a Silicate-Based Mulch or Phosphite, and Infested With Phytophthora cinnamomi
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Plant growth and responses of the microbial profile of the rhizosphere soil and root endosphere were investigated for avocado plants infested or not infested with Phytophthora cinnamomi and the changes were compared in plants grown with various soil additives or by spraying plants with phosphite. Soil treatments were organic mulches or silica-based mineral mulch. Reduction of root growth and visible root damage was least in the infested plants treated with phosphite or mineral mulch applied to the soil. Rhizosphere soils and root endospheres were analyzed for bacterial communities using metabarcoding. Bacterial abundance and diversity were reduced in infested rhizospheres and root endospheres. The presence or absence of mineral mulch resulted in greater diversity and larger differences in rhizosphere community composition between infested and non-infested pots than any other treatment. Some rhizosphere bacterial groups, especially Actinobacteria and Proteobacteria, had significantly higher relative abundance in the presence of Phytophthora. The bacterial communities of root endospheres were lower in abundance than rhizosphere communities and not affected by soil treatments or phosphite but increased in abundance after infection with P. cinnamomi. These findings suggested that the addition of silicate-based mineral mulch protects against Phytophthora root rot, which may be partly mediated through changes in rhizosphere bacterial community composition. However, the changes to the microbiome induced by spraying plants with phosphite are different from those resulting from the application of mineral mulch to the soil.

Keywords: soil amendments, silicate-based mulch, microbial profile, rhizosphere soil, phosphite


INTRODUCTION

Most soil-borne disease-causing agents are acclimatized to live in bulk soil and cause plant diseases when changes in physical and biotic soil conditions allow them to colonize the rhizosphere and damage plants (Avis et al., 2008). Changes in cultural practices or the application of soil additives resulting in improved disease suppression is thought to function by altering the soil microbiota. However, it is not usually known which soil microbes are impacted, and which changes lead to the desired outcome (Bakker et al., 2015). As high throughput sequencing techniques allow the analysis of the composition of the entire soil microbial population, they will provide information on how microbial populations change in the presence of a pathogen, and in response to soil additives will provide a better understanding of which microbes enhance or reduce disease expression. The molecular techniques mean that this analysis is no longer restricted to microbes easy to isolate and culture. In the longer term, this knowledge may allow more efficient exploitation of living microorganisms to suppress disease using eco-friendly, non-chemical methods.

Avocadoes are cultivated in at least 59 countries in tropical and subtropical regions. Phytophthora root rot or avocado wilt complex caused by the oomycete Phytophthora cinnamomi Rands (Ramirez-Gil et al., 2017, 2018; Hardham and Blackman, 2018) is one of the worst diseases for avocados worldwide, especially in Australia. Phytophthora root rot can cause losses from 45 to 90% in avocado (Molano, 2007; Perez-Jimenez, 2008) and may increase to 100% if appropriate controls are not adopted. Management of Phytophthora root rot is usually achieved by using chemical sprays such as phosphite and metalaxyl (Pegg et al., 1987; Dobrowolski et al., 2008; Ramirez-Gil et al., 2017; Belisle et al., 2019), but most growers adopt an integrated management strategy. This includes site management to reduce waterlogging and minimize disease spread by personnel or machinery, as well as the application of inorganic fertilizers, such as calcium, phosphorus, magnesium, and silicon, which are shown to reduce the impact of the disease (Dann and Le, 2017; Ramirez-Gil et al., 2017). The addition of organic matter as mulches, manures, and composts is a major part of an integrated strategy (Bulluck and Ristaino, 2002; Bonanomi et al., 2007; Klein et al., 2011; Ando et al., 2014; Gilardi et al., 2016; van Bruggen et al., 2016).

Organic soil additives add nutrients and improve water holding capacity (Bhadha et al., 2017; Oldfield et al., 2018). They may also reduce plant disease either directly by reducing the population of pathogenic bacteria and fungi in the soil, or indirectly by increasing the abundance of bacteria that induce systemic disease resistance in the host plant (Zhang et al., 1998; Hoitink and Boehm, 1999; Aviles et al., 2011). For example, compost enhances the density of soil bacteria that have antibiotic activity against Fusarium oxysporum, F. solani, and Rhizoctonia solani (Jambhulkar et al., 2015) through enhancement of populations of strains of Pseudomonas, Streptomyces, or Bacillus spp. Of particular interest here are reports of some Proteobacteria or Actinobacteria suppressing Phytophthora root rot in avocado (You et al., 1996; Yin et al., 2004; Cazorla et al., 2007; Guevara-Avendano et al., 2018). In some cases, commercial preparations of beneficial bacteria have been effective for disease control in crops such as solanaceous vegetables, fruit crops, other vegetables, and ornamentals (Junaid et al., 2013; Hu et al., 2016; Mukta et al., 2017), but in a pot trial of avocado, probiotics containing Bacillus spp. did not reduce root damage from P. cinnamomi (Farooq et al., 2022).

Junaid et al. (2013) reviewed direct and indirect mechanisms by which soil microbes might suppress a pathogen. The direct mechanisms include hyperparasitism, nutrient competition (Pal and Gardener, 2006; Jambhulkar et al., 2015), commensalism (Yoon et al., 1977; Chisholm et al., 2006), mutualism (Bronstein, 1994; Chisholm et al., 2006), and the production of antibiotic compounds (Garbeva et al., 2006, 2011; Postma et al., 2008). Indirect mechanisms include stimulation of plant growth through the production of plant growth-promoting hormones and siderophores (Bhattacharjee and Dey, 2014), and disease protection through the induction of systemic host resistance (Nakkeeran et al., 2004; Bent, 2006).

Mineral soil conditioners, particularly silicate-based ones, have shown encouraging outcomes for plant disease control and crop growth (Pozza et al., 2015; Tubana et al., 2016). Silica (Si) is not an essential element for plant growth but has been categorized as “quasi-essential.” A recent review by Rajput et al. (2021) shows there is a wide array of positive effects of silica on plants and soil microbiota, and that application of silicate-based nanoparticles may be more efficacious than conventional application. Conventional silica application has been effective for the control of anthracnose (Colletotrichum lindemuthianum; Moraes et al., 2009) and powdery mildew (Sphaerotheca fuliginea) (Menzies et al., 1992; Belanger et al., 2003). Although most of the research has been on herbaceous crops, Dann and Le (2017) showed a silica soil amendment improved root biomass, enhanced new root growth, and reduced root necrosis in avocado seedlings infected with P. cinnamomi or Calonectria ilicicola. It appears silica has its effect both through changes to the plant metabolism and the soil microbiome. Silica accumulation in the plant results in a physical barrier in the cell wall (Samuels et al., 1991; Fawe et al., 2001) as well as the stimulation of plant defense enzymes such as lipoxygenase polyphenol oxidase, peroxidase, and phenylalanine ammonia lyase (Fauteux et al., 2005; Shetty et al., 2011; Prabhu et al., 2012). It alters soil microbial diversity and richness in rhizosphere soil, but its impact varies with the season (Gao et al., 2022). It may promote beneficial bacteria (Li et al., 2019), but one study showed it could also decrease populations of beneficial bacteria such as Rhizobacteria. However, the application of silicate-based nanoparticles did not have this detrimental effect (Rajput et al., 2021).

Treatment of plants with pesticides can have an impact on the soil microbiome, which can be beneficial or detrimental (Lo, 2010). Phosphite is widely used to control P. cinnamomi damage in avocado orchards, and there is little data on how this might affect the soil microbiome. In tomato crops, phosphite has a beneficial effect; it suppresses Ralstonia solanacearum, and, when applied in conjunction with the biocontrol agent Bacillus amyloliquefaciens, it enhances its antagonistic activity (Su et al., 2021b).

In non-infested avocado plants, the addition of organic mulch, a silicate-based mineral mulch, and organic mulch, or spraying plants with phosphite increased total root growth and fine root growth (Farooq et al., 2022) (Supplementary Table S1). When P. cinnamomi was present, mineral mulch or phosphite treatments increased fine root weight and reduced root damage (Farooq et al., 2022). The silicate-based mineral mulch resulted in almost the same level of protection against P. cinnamomi as phosphite (Farooq et al., 2022). The current study focuses on the changes in microbial consortia in root endospheres and rhizospheres of avocado infested with P. cinnamomi, and how these changes are modulated by the application of organic mulches (chicken manure, jarrah (Eucalyptus marginata) wood mulch, and avocado mulch), a silicate-based mineral mulch in addition to the organic ones, or spraying the plants with phosphite. The rhizosphere and root microbial populations were analyzed using amplicon 16S primers.

Firstly, we hypothesized that the abundance and diversity of bacteria in the microbiome would increase in response to the addition of organic mulch, and there would be further changes with the addition of mineral mulch or spraying plants with phosphite. Secondly, the presence of P. cinnamomi would change the microbial profiles of the soils in similar ways, regardless of the soil additives. Thirdly, the abundance and diversity of the bacteria in the microbiome would be greatest in the treatments that suppressed Phytophthora root damage. Fourthly, since avocado root damage from phytophthora is reduced to a similar extent by the silicate-based mineral mulch or by spraying plants with phosphite, these two treatments will induce similar changes in the bacteria in the rhizosphere and root endosphere.



MATERIALS AND METHODS


Glasshouse Experiment

Rhizosphere soil and avocado root tips were collected from plants grown in polybags in the glasshouse under conditions that simulated the integrated control measures for P. cinnamomi used by many avocado growers. Details are given in Farooq et al. (2022). Briefly, 5-month-old plants were transplanted into 150 × 380 mm (7 L) free-draining polybags (Garden City Plastics, Forrestfield, Western Australia) containing a well-drained clay loam soil with good porosity and water holding capacity from an avocado growing area in Carabooda, Western Australia and mixed 1:1 with river sand. There were 20 plants in each treatment, and 38 days after transplanting, the soil of ten of these were inoculated with P. cinnamomi (isolate MP 94-48 from the Phytophthora Science and Management culture collection, Genbank Accession number for ITS gene region is JX113294). Plants were harvested 12 weeks after inoculation and root damage and growth parameters were assessed (Farooq et al., 2022). These data showed that applying organic mulches, one of the two silicate-based mineral mulches tested or spraying plants with phosphite improved plant growth and reduced root damage to a level comparable with phosphite (Supplementary Table S1). Plants from these treatments and the control pots with no soil additives were selected to analyze the soil microbiota (Table 1). Details of these treatments are Treatment 1, “No mulch”: pots with no additives; Treatment 2, “Organic mulches”: pots with well-composted chicken manure fertilizer, jarrah wood mulch for moisture retention, and mulch from an avocado orchard to simulate orchard conditions; Treatment 3, “Mineral mulch” organic mulches with the addition of a silicate-based mineral mulch (which also contained some calcium and trace elements such zinc, copper, boron) (https://mineralmulch.com/), and Treatment 4, “Phosphite” organic mulches and plants were sprayed with phosphite (Agri-Fos 600) (Nufarm Australia) to run off (Table 1).


Table 1. Experimental treatments.
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At harvest, bulk soil was shaken gently from the roots, and then ~10 ml of the adhering rhizosphere soil was gently brushed into 15-ml freezing tubes (ThermoFisher scientific). Healthy white root tips (~1 ml) were randomly collected from each plant during harvesting and placed in a 1.5-ml Eppendorf tube. The rhizosphere soil samples and the root tips were immediately immersed in liquid nitrogen and stored at −20°C before DNA extraction.



Analysis of the Soil and Plant Microbial Profile (Metabarcoding)

A total of 250 mg of rhizosphere soil and 50 mg of roots were used for the extraction of DNA using DNeasy® PowerSoil® Pro Kit (QAIGEN group) and DNeasy Plant Pro and Plant Kits (QAIGEN group), respectively following the manufacturer's instructions. One sample was analyzed from each rhizosphere and soil.

For taxonomic profiling, 16S primers (Klindworth et al., 2013) were used in combination for the amplification of the hypervariable V3 and V4 regions of the bacterial 16S rRNA gene following the procedures of 16 S RNA gene amplicon suggested for Illumina Miseq systems (Illumina documents 2019). For each sample, PCR amplicons were generated from three technical replicates using 25 μl mixtures containing 2.5 μl microbial genomic DNA, 1 μl of Illumina 16S forward and reverse primers each, 8 μl PCR grade water, and 12.5 μl of GoTraq® green master mix per sample. This PCR was carried out on a thermal cycler and had a first denaturation cycle at 95°C for 3 min, 25 cycles of the second denaturation at 95°C for 30 s followed by primer annealing at 55°C for 30 s with further extension at 72°C for 30 s, at the end with a final step of heating at 72°C for 5 min. To reduce the variation in each PCR, amplicons of the technical replicates were pooled and cleaned up using AMPure XP beads (Beckman Coulter, USA) according to the manufacturer's instructions. After clean-up, PCR Illumina sequencing adapters were attached by an index PCR step using the Nextra XT Index kit (Illumina Inc., San Diego, CA USA). The mixture consisted of 5 μl DNA, 5 μl Nextra XP index Primers 1 and 2 each, 25 μl of 2 × KAPA HiFi Hotstart ReadyMix, and 10 μl PCR grade water. The PCR program was run on a thermal cycler using an initial denaturation step at 95°C for 3 min, followed by 8 cycles of the second denaturation at 95°C for 30 s, then primer annealing at 55°C for 30 s and further extension at 72°C for 30 s, and finally a heating cycle at 72°C for 5 min. Then the amplicons were again cleaned up following the same procedure described previously. The quantification of amplicon libraries was done using Qubit (Invitrogen, CA, USA), and all the samples were combined in equimolar amounts (4 mM each).

Library preparation was performed per the Illumina Guide for 16S Metagenomic Sequencing Library Preparation (Illumina). Indexed amplicon pools were sequenced on the Illumina MiSeq platform using 2 x 300 bp paired-end chemistry. Using the FASTA manifest protocol, de-multiplexed paired-end reads were imported into the Quantitative Insights into the Microbial Ecology platform (QIIME 2). Read trimming, primer removal, denoising, read merging, and amplicon sequence variant (ASV) clustering were performed using the DADA2 plugin pipeline. Taxonomy was assigned using the QIIME 2 feature classifier with the Greengenes v13.8 99% OTU 16s rRNA genes after removing chloroplast and mitochondrial operational taxonomic units (OTUs) from the dataset.



Statistical Analysis

Statistical analysis was computed in R software (Version 4.1.1). Alpha diversity indices (Shannon indices) were calculated with the vegan package in R from the OTU table normalized by rarefaction to reduce the impact of sequencing depth on results. The alpha diversity indices were subjected to ANOVA to assess the difference between treatments and infection status, with statistical significance calculated from a permutation test. Linear-mixed effects model was used to calculate the species richness. Beta diversity (Bray-Curtis metric) indices were calculated through the vegan package. The effects of treatments and infection status on beta diversity indices were assessed with permutational multivariate ANOVA using distance matrices (via the “adonis” function through the vegan package). Non-metric multidimensional scaling (NMDS) based on UniFrac weighted and unweighted distances was performed using the vegan package, and plant root assessment factors were added to NMDS plots through the “envfit” function in the R vegan package. Data on total root weight, fine root weight, and root damage were from Farooq et al. (2022) (Supplementary Table S1).

A permutational multivariate ANOVA was used to compare the structure of bacterial communities of treatments with infection status using the vegan package unifrac weighted and unweighted distance matrix with 999 permutations. Significant differences in bacterial taxa relative abundance between treatments and infection status were calculated through the Kruskal–Wallis tests. The difference of relative abundance between infested and non-infested plants for each treatment and between treatments for each organism within a particular classification was compared by Mann-Whitney (Wilcoxon) tests. Tree-view of differences in the bacterial abundance was generated through the metacoder package in R. A cluster analysis to compare similarities of bacterial communities across the samples was undertaken based on the relative abundance data. Multivariate distances between samples were calculated using the vegan package in R and the cluster analysis with associated dendrogram and heatmap were generated from these distance data using the heatmap.2 function in the gplots package of R. Venn diagrams were generated to observe the shared and unique OTUs among the groups based on the prevalence of OTUs in sample groups, regardless of their relative abundance by using the VennDiagram package. A significance value of p < 0.05 was used where statistical testing was performed.




RESULTS


Bacterial Diversity and Species Richness

In the rhizosphere, there were significant differences in the Shannon (alpha) diversity measure for bacterial communities between the four treatments (p = 0.03; Figure 1A), but there were no significant differences in alpha diversity indices for the root endospheres (Figure 1B). Adding mineral mulch or spraying plants with phosphite resulted in greater bacterial diversity in rhizospheres with greater consistency between pots than in the rhizosphere of plants from other treatments (Figure 1A).
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FIGURE 1. Alpha diversity of the microbial biome of (A) rhizosphere soil and (B) root endosphere of avocado plants given four soil treatments. Yellow boxplots show alpha diversity, measured by the Shannon diversity index for non-infested avocado, blue boxes represent plants infested with Phytophthora cinnamomi. Different lowercase letters indicate a significant (P < 0.05) difference.


The linear mixed-effects model suggested that rarefied species richness in the rhizosphere of plants treated with mineral mulch or phosphite was significantly higher than those from organic mulch for non-infested plants, and significantly higher than those from no mulch or organic mulch for infested plants (Figure 2A). No significant differences in species richness in root endospheres were observed between treatments or between non-infested and infested (Figure 2B).
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FIGURE 2. Mean rarefied species richness of the microbial biome of (A) rhizosphere soil, and (B) root endosphere of avocado plants given four soil treatments. Values are estimated marginal means ± standard error. Gray lines indicate values for non-infested plants, black lines plants infested with P. cinnamomi.




Beta Diversity

Beta-diversity (Bray-Curtis metrics) indices of the microbial populations showed the greatest difference between non-infested and infested rhizosphere soil from plants with the mineral mulch treatment, with the first dimension (NMDS1) separating the infested from non-infested soil samples (Figure 3A). The NMDS plots showed low variability in bacterial communities between infested and non-infested plants in all other treatments and minimal separation of bacterial communities between treatments regardless of infection status.
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FIGURE 3. Association of bacterial communities with parameters of root health (total root dry weight, fine root dry weight and root damage) of avocado plants given four soil treatments. Non-metric multidimensional scaling (NMDS) showing the bacterial taxonomic clustering of microbes in (A) rhizosphere soil, and (B) root endosphere from the four treatments. Blue triangles indicate samples from non-infested and red dots treatments infested with P. cinnamomi. The analysis was based on the Bray-Curtis dissimilarity matrix using relative abundance data obtained from a Hellinger-transformation of the number of microbe reads. Data for root health was selected through Adonis PERMANOVA and were from Farooq et al. (2022) Supplementary Table S1.


There were significant differences among treatments regarding infection status in the beta analysis shown by Adonis analysis of the rhizosphere soil. For bacterial communities, the main effect of treatments and infection status and their interaction on beta-diversity were highly significant (Adonis) for rhizosphere soil. For bacteria, treatments, infection status and their interactions accounted for 7, 2, and 5% of the total variability, respectively. The interaction was primarily because the difference between infested and non-infested samples was greatest for mineral mulch.



Explanatory Variables Significantly Related With NMDS Axis

To visualize the relationship between the variability in the community composition among the treatments with regard to infection status, the root damage fine root and total root dry weights were plotted in the NMDS ordination as fitted explanatory variables. The variation in community composition of rhizosphere soil was correlated significantly with root damage (p = 0.01, R2 = 0.02, F.mod = 1.61) and total root dry weight (p = 0.04, R2 = 0.01, F.mod = 1.39; Figure 3A). For root samples, the variation in community composition was significantly correlated to fine root dry weight (p = 0.01, R2 = 0.02, F.mod = 1.90) and total root dry weight (p = 0.03, R2 = 0.02, F.mod= 1.71; Figure 3B).



Relative Abundance

In rhizosphere soil, significant differences in relative abundance were observed for the Actinobacteria and Proteobacteria across the four treatments for non-infested plants, with the relative abundance of Proteobacteria being lower, and Actinobacteria higher than in the other treatments (Figure 4A, Table 2). Comparing relative abundance in infested and non-infested rhizospheres from the same soil treatment indicated little difference in the treatment without mulch. In the mineral mulch and phosphite treatments, Actinobacteria increased (28%) in abundance, while they decreased (15%) in the organic mulch treatment. There was also a significant increase in Spirochaetes in infested plants from treatments with organic mulch, mineral mulch, or phosphite compared with no mulch (Figure 4A, Supplementary Figure S1A, Table 2). In root endospheres, there were significantly fewer phyla present. In the non-infested root endosphere from the organic mulch treatment, the proportion of Chloroflexi was high (7%), but the increase was not statistically significant, whereas in infested root endosphere, the relative abundance of Bacteroidetes was significantly higher in the mineral mulch treatment (7.9%) than in other treatments (ranging from 2 to 4%). A major difference between non-infested and infested root endosphere was seen between those from the mineral mulch treatment in which non-infested endophytic roots had fewer Actinobacteria (36%) and Bacteroidetes (93%) than the infested root endosphere (Figure 4B, Supplementary Figure S1B, Table 2).
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FIGURE 4. Relative abundance of phyla across the four treatments and comparing infested and non-infested plants in (A) rhizosphere soil and (B) root endosphere.



Table 2. Comparison of relative abundance of bacterial communities between treatments within each infested/non-infested group tested by Kruskal-Wallis test.
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Analysis of relative abundance of the bacteria at the genus level (Supplementary Data Sheets S1A,B) illustrates the significant difference in the bacterial profiles resulting from mineral mulch or phosphite treatment. In non-infested rhizospheres, species of 11 genera significantly increased in relative abundance in response to both mineral mulch or phosphite treatments, 2 in phosphite but not mineral mulch, and 17 in mineral mulch but not phosphite. When the changes after infestation are examined further, there is a large difference between the groups that increase in relative abundance: in mineral mulch, three Actinobacteria, two Chloroflexi, two Gamma Proteobacteria, and six Proteobacteria increased relative to the levels in non-infested pots; whereas in phosphite-treated soils, only one Actinobacteria and one Proteobacteria genus increased in relative abundance. No distinctive clustering of bacterial communities was observed in heatmaps of rhizosphere soil samples for relative abundance among treatments and infection status groups (Supplementary Figure S4A). A more “continuous” variation in the biological samples of soils was found as indicated by the more uniform color of the heatmap and the structure of the accompanying dendrogram, as expressed by their relative abundance. Nonetheless, a small level of clustering of bacterial communities was present in mineral mulch compared with phosphite (Supplementary Figure S4A).

In contrast, there was a very distinctive clustering of bacterial communities in the heat maps of the endophytic root bacteria, indicating a similarity of groups of samples as expressed by their relative abundances. However, despite this, clustering was not related to treatments or infection status in a pairwise comparison of treatments (Supplementary Figure S4B).



Total Abundance

In the rhizospheres of plants in non-infested soil, the addition of organic mulch did not increase the bacterial abundance; however, the addition of mineral mulch or phosphite treatment did cause a rise, with a marked increase in the number of Actinobacteria in the mineral mulch treatment and Proteobacteria in both treatments (Supplementary Figures S1A, S2). Bacteria were less abundant in all treatments in infested soils, but there was an abundant increase with the application of organic mulch, and there were additional rises with mineral mulch and phosphite treatments.

In the root endosphere, bacterial abundance was eight times lower than in the rhizosphere, and fewer phyla were represented. In the roots from non-infested soil, organic mulch resulted in a doubling of the endophytic bacterial population with a marked increase in the abundance of Actinobacteria and Chloroflexi, but the other treatments were similar to the no mulch treatment. There were more bacteria present in the root endosphere from infested soils with the mineral mulch treatment having high levels of Proteobacteria and Bacteroidetes (Supplementary Figures S1B, S3).



Comparison of the OTUs Present in Different Treatments

Differences in the composition of the bacterial microbiome and identification of the OTUs unique to a soil treatment or common across treatments are presented in the Venn diagrams (Figure 5A I, II, III). In non-infested rhizosphere soil, total OTUs were the least in treatments with no mulch or avocado mulch, and highest in the treatments with mineral mulch (65% of the total OTUs) or phosphite (60% of the total OTUs), which also had much higher numbers of unique OTUs (Figure 5A I). In infested soil, there was a reduction (10%) in the total number of OTUs in all treatments, but again, the highest total number and number of unique OTUs were in treatments with mineral mulch (54% of total OTUs) or phosphite (57% of total OTUs) (Figure 5A II). The number of OTUs common to all treatments in non-infested soil was 167 (17% of total OTUs), dropping to 90 (10% of total OTUs) in infested soils. The eight phyla that occurred in all treatments were Actinobacteria, Bacteroidetes, Chloroflexi, Firmicutes, Gemmatimonadetes, Planctomycetes, Proteobacteria, and TM7 (Saccharibacteria). When the data from treatments were bulked, the number of OTUs common to infested and non-infested treatments were higher than the number unique to either treatment (Figure 5A III).
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FIGURE 5. Venn diagrams representing the operational taxonomic units (OTUs) in common and different in the microbiome of (A) rhizosphere soil and (B) root endosphere among treatments.


Overall, endophytic roots had many fewer OTUs than the rhizosphere. Some of the main phyla found in rhizosphere soil such as TM6, Latescibacteria, Spirochaetes Planctomycetes, Firmicutes and Chlorobi were absent from roots samples. No mulch and mineral mulch treatments had the highest numbers, and the proportion of OTUs common to non-infested and infested treatments was higher than in the rhizosphere (Figure 5B I, II, III). The four phyla that occurred in all treatments were Actinobacteria, Bacteroidetes, Chloroflexi, and Proteobacteria. The number of OTUs unique to root endospheres was 8% of the total OTUs found in soil and root combined.




DISCUSSION


The Effect of Additives on Bacterial Diversity and Abundance

The abundance and diversity of the soil microbiome were greatest in treatments in which Phytophthora root damage was suppressed, that is, soils from plants supplied with mineral mulch or in which plants were sprayed with phosphite. The NMDS plots showed the strongest link between root health and the variability of the rhizosphere microbes was in the treatment with mineral mulch and this microbiome showed more difference between the non-infested and infested pots than any other treatment. The total number of OTUs was highest in treatment with mineral mulch or phosphite, although infection with P. cinnamomi reduced the total number of OTUs detected, and in both non-infested and infested treatments the highest numbers of OTUs were in the mineral mulch and phosphite treatments. Of note, a strong clustering of bacterial communities was seen in the root samples but not in the rhizosphere, as shown from the heatmaps. This is in contrast to most of the other findings in this study where differences in diversity, species richness, and abundances were found in root samples but not in the rhizosphere.

Several studies have reported a decrease in microbial abundance and diversity in the root endosphere or the rhizosphere with infection. Yang and Ancona (2021) found a decrease in abundance and diversity of microbial communities in the root endosphere after infection with P. nicotianae in Citrus. Liu et al. (2020) observed a reduction in microbial diversity in the root endosphere after infection with P. nicotianae in Nicotiana tabacum, but the opposite occurred in the soil. The decrease in bacterial composition in soil was also observed by Byers et al. (2020) in kauri forest soils in which P. agathidicida was present, and Wei et al. (2021) found that diseased cotton plants infested with Verticillium wilt had a higher total microbial biomass than healthy plants but less bacterial diversity.



Changes in the Microbiome Due to the Additives

The total number of OTUs detected in the various treatments indicated that the diversity was not markedly increased by the addition of organic mulch, but was significantly increased when mineral mulch or phosphite treatments were added. Mean relative abundance of different phyla in the rhizosphere was not markedly affected by the addition of organic mulch or spraying the plants with phosphite. However, mineral mulch caused a significant drop in the proportion of Protobacteria and an increase in Actinobacteria in non-infested treatments. When P. cinnamomi was present, the rhizospheres from soils with mineral mulch or phosphite, both had less Proteobacteria but more Actinobacteria and Chloroflexi than the treatments with no mulch or organic mulch treatments.

The abundance and diversity of the bacterial microbiomes in the root endospheres were much lower than in the rhizosphere in all treatments. There was a marked increase in Chloroflexi in non-infested pots with organic mulch, but this was not seen in the corresponding infested treatment. In the infested roots, the proportions of endophytic Actinobacteria and Bacteroidetes were different in the two treatments most suppressive of Phytophthora, namely the mineral mulch and phosphite treatments.

Actinobacteria, a phylum whose relative abundance increases in effective treatments, such as mineral mulch and phosphite, includes taxa such as Streptomyces known to produce antibiotic compounds effective against Phytophthora (Koberl et al., 2013). Isolates have also been shown to control P. drechsleri damping-off in cucumber (Sadeghi et al., 2017). However, Streptomyces species did not increase with the treatments applied in the current experiments.

Other genera that include species known to suppress fungal pathogens and Phytophthora by producing a wide range of antibiotic or volatile compounds, siderophores, and growth-promoting compounds are Pseudomonas and Burkholderia in the Proteobacteria (Inderbitzin et al., 2018; Youseif, 2018). In the current study, the proportion of this group was reduced by the treatments most effective against Phytophthora. In many other studies, Pseudomonas spp. have been shown to be effective for the control of Phytophthora (Broadbent et al., 1971; Broadbent and Baker, 1974; Duvenhage et al., 1991; You et al., 1996; Yang et al., 2001; Hunziker et al., 2015; Martins et al., 2021). In the current study, Pseudomonas spp. were not more abundant in the effective treatments (mineral mulch and phosphite) than in organic mulch alone before infection; however after infection, Pseudomonas spp. were more abundant in mineral mulch treatment. Bukholdaria was more abundant in phosphite but not mineral mulch. Thus, the changes in the microbial profiles following treatment with mineral mulch or phosphite were very different.



Impact of P. cinnamomi on the Bacterial Microbiome

Infestation of the soil with P. cinnamomi resulted in a decrease in OTUs in all treatments. However, the decrease was accompanied by different alterations in the relative abundance of the phyla in the various treatments. Many more genera changed in abundance at the genus level in response to infection in the mineral mulch treatment compared with phosphite. There was no significant change in the abundance of Streptomyces, Pseudomonas, or Burkholdaria after infestation in the treatments with no mulch or phosphite.

It was hypothesized that as avocado root damage from Phytophthora is reduced to a similar extent by silicate-based mineral mulch or spraying plants with phosphite, then both treatments would induce similar changes in the soil microbiome. However, the relative abundance of the various phyla in these two treatments was very different. In non-infested rhizospheres, the proportion of OTUs in common between these two treatments was similar to that of ineffective treatments. The dissimilarity of genera increase in abundance after adding mineral mulch or phosphite, and the changes following infection indicate that each treatment affects different bacterial taxa. Taxa shown to be important for disease control in other studies did not appear in this study and it appears there are many genera worthy of further study concerning whether they protect plants from Phytophthora root rot.

Many studies have shown that the addition of organic matter improves the physical and chemical properties of soil (Duffy et al., 1997; Tenuta and Lazarovits, 2002), change bacterial diversity, composition, and overall activity (Van and Van Ginkel, 2001; Bulluck and Ristaino, 2002; Cohen et al., 2005; Perez-Piqueres et al., 2006), as well as increasing the disease resistance of plants (Bonanomi et al., 2010; Aviles et al., 2011). However, in the current experiment, the addition of organic mulch (the chicken manure, jarrah mulch, and avocado mulch) increased the total abundance and changed the relative abundance of bacterial phyla present in the rhizosphere but did not result in significantly less damage from P. cinnamomi. Although the potting medium was designed to replicate field conditions as far as possible in the field, greater fluctuations in temperature and moisture may alter the responses of both the microbiome and the plants.



Possible Modes of Action of the Suppressive Treatment–Mineral Mulch and Phosphite

The mineral mulch contained silicon and calcium, compounds known to improve bacterial diversity and richness significantly and in particular, to increase the relative abundance of Proteobacteria and Actinobacteria (Samaddar et al., 2019; Chen et al., 2021). An increase in Actinobacteria was also observed in the current study, but there was a decrease in the relative abundance of Proteobacteria. Silicon may also improve the production of plant metabolites that are associated with plant defense mechanisms against pathogens (Cherif et al., 1994; Rahman et al., 2015). When plant defensive mechanisms are activated, root exudates change, which impacts the soil microbiome (Ansari, 2018; Hu et al., 2018). Silicon may also decrease the disease severity by creating a physical barrier between the cell wall and cuticle (Song et al., 2021). Silicon is an environmentally friendly treatment and can be used in organic farming (Artyszak, 2018).

Phosphite, like silica, activates plant defense mechanisms (Ramezani et al., 2018; Mohammadi et al., 2020) and also has a direct effect on the pathogen. The changes in microbiome seen after phosphite spraying on the leaves are likely to be mediated through changes in root exudates (Eshraghi et al., 2014; Achary et al., 2017; Gill et al., 2018). The addition of phosphite increased the abundance of soil bacteria, but the relative abundance of all the phyla was very similar across the treatments. Su et al. (2021a) examined the effects of phosphite on the microbiome of tomatoes and found it enhanced the abundance of Proteobacteria and Actinobacteria.



Endophytic Bacteria in Roots Compared to the Rhizosphere

The rhizosphere soil had more taxa and thus greater bacterial diversity and richness than the root endosphere (as shown by Venn diagrams and alpha diversity). In a previous study by Cordero et al. (2020), infection with P. cinnamomi resulted in an increase in the number of endophytic microbes in the roots and in the number of unique OTUs in many crop species. However, in the current study, although the number of microbes was increased after infection with P. cinnamomi, the total number of OTUs in the roots endosphere remained much lower than the rhizosphere soil.

As the roots were not surface-sterilized before analysis, the bacteria detected included some from the rhizosphere as well as endophytic organisms. Of the total root OTUs 30–50% were not detected from the comparable rhizosphere, suggesting that up to half of the microbes have a preference for, or are only found as endophytes in roots. These include the Actinobacteria (e.g., Williamsia serinedens, Streptomyces reticuliscabie, and Goprdonia sp.), Bacteroidetes (e.g., Flavobacterium succinicans, Mucilaginibacter sp., and Sphingobacteriia sp.), and Proteobacteria (e.g., Sphiingomonas wittichii, Rhizobium giardinii, and Asticcacaulis sp.). Several phyla that occur in the rhizosphere (Chlorobi, Firmicutes, TM6, Planctomycetes, Latescibacteria, and Spirochaetes) were absent from the roots. Yang and Ancona (2021) examined the endophytic bacteria in Citrus roots from healthy trees and those infested with P. nicotianae. They also recorded a decrease in the bacterial abundance and diversity resulting from infection. However, in their case, the relative abundance of Bacteroidetes increased and that of Proteobacteria decreased, whereas the opposite was the case in the avocado roots studied here. In roots of species in each of the unrelated plant genera Persea, Citrus, and Arabis, the most abundant root bacteria are from the phyla Proteobacteria, Actinobacteria, and Bacteroidetes but they differ in that in Arabis, Firmicutes, and in Citrus, Acidobacteria are also common phyla (Dombrowski et al., 2017; Zhang et al., 2017).




CONCLUSION

The observed similarity in the reduction of Phytophthora root damage through the application of mineral mulch or phosphite was not linked to parallel changes in the rhizosphere or root microbiome. It is not possible to determine the relative importance of changes to the soil microbiome and changes to plant metabolism induced by the application of silica or phosphite. Changes to the soil microbiome are important, and they are different after the application of silica or spraying with phosphite. Analysis of the whole microbiome suggested that a wide range of bacteria may be involved in suppressing Phytophthora root rot, but the major genera are likely to come from the phyla Actinobacteria, Firmicutes, and Proteobacteria. Further insight into the crucial groups involved will be obtained from RNA sequencing.
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Endosymbionts play important roles in the life cycles of many macro-organisms. The indolizidine alkaloid swainsonine is produced by heritable fungi that occurs in diverse plant families, such as locoweeds (Fabaceae) and morning glories (Convolvulaceae) plus two species of Malvaceae. Swainsonine is known for its toxic effects on livestock following the ingestion of locoweeds and the potential for pharmaceutical applications. We sampled and tested herbarium seed samples (n = 983) from 244 morning glory species for the presence of swainsonine and built a phylogeny based on available internal transcribed spacer (ITS) sequences of the sampled species. We show that swainsonine occurs only in a single morning glory clade and host species are established on multiple continents. Our results further indicate that this symbiosis developed ∼5 mya and that swainsonine-positive species have larger seeds than their uninfected conspecifics.
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INTRODUCTION

Heritable micro-organisms, passed down from mother to offspring through seeds or eggs, play critical roles in the life cycles of many organisms but their prevalence and functional roles are unknown for most plants. This stands in contrast with the well-documented ancient endosymbiotic origins of chloroplasts and mitochondria. Differing from the diverse endophytic fungal communities in plants that result from the environmental transmission and form highly localized infections within single leaves or other tissues (Christian et al., 2015), heritable micro-organisms, most often fungal endosymbionts, are associated with only a few selected major plant families. When a vertically transmitted symbiont benefits the host, it has an indirect positive effect on its own fitness as hereditary symbionts are completely dependent on the host for their own propagation and reproductive fitness and so should not reduce host fitness (Ewald, 1987; Lipsitch et al., 1996). Understanding the origin, distribution, and function of heritable fungi provide insights into the evolution and ecology of major plant groups.

Fungi in general produce a wide array of secondary metabolites. The production of bioactive metabolites by endosymbiotic fungi that is observed in multiple hereditary plant-endosymbiotic fungal associations might have particular importance to the fitness of both the fungus and the host species. The benefits and costs of the symbiosis are not well understood in these systems except for the fact that many of these metabolites have toxic effects upon ingestion of the host plant. The indolizidine alkaloid swainsonine (Figure 1) is the toxic principle in a number of plant species worldwide and causes severe toxicosis in livestock grazing these plants (Colegate et al., 1979; Molyneux and James, 1982; Molyneux et al., 1995; de Balogh et al., 1999; Colodel et al., 2002; Dantas et al., 2007). Swainsonine is an alpha-mannosidase and mannosidase II inhibitor that alters glycoprotein processing and causes lysosomal storage disease (Colegate et al., 1979; Dorling et al., 1980; Tulsiani et al., 1988). Consumption of swainsonine-containing plants by grazing animals leads to a chronic disease characterized by weight loss, depression, altered behavior, decreased libido, infertility, and death, which are estimated to cause tens of millions of dollars in livestock losses annually (Panter et al., 1999). Swainsonine occurs sporadically in three diverse plant families: Fabaceae (Fabales), Malvaceae (Malvales), and the morning glory family Convolvulaceae (Solanales) (Cook et al., 2014).
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FIGURE 1. Structure of the indolizidine alkaloid swainsonine.


Many of the plant species identified to date that contain swainsonine primarily result from episodes of poisoning as the clinical signs and associated pathology are similar in poisoned livestock (Cook et al., 2014). These cases of livestock poisoning include more than 25 swainsonine-containing legumes commonly referred to as locoweeds (Fabaceae), such as Astragalus, Oxytropis, and Swainsona species. Toxic species within these genera have been identified in Australia, China, North America, and South America. Likewise, seven morning glory species belonging to the genus Ipomoea have been reported to contain swainsonine due to episodes of livestock poisoning in Africa, Australia, and South America (Cook et al., 2014). Lastly, two swainsonine-containing Sida species (Malvaceae) have been identified in South America due to poisoning of livestock (Colodel et al., 2002; Micheloud et al., 2017). More recently, preserved herbarium specimens have been used to test and identify several Astragalus, Oxytropis, and Swainsona species that contain swainsonine (Cook et al., 2016, 2017b,c,d). Herbarium specimens provide an excellent resource to investigate the phytochemical composition of plants and their distribution among species (Cook et al., 2021).

Prior research has demonstrated that all swainsonine-containing plant taxa investigated to date are associated with systemic, heritable, seed-transmitted fungal symbionts that produce swainsonine. Swainsonine-containing legumes (Astragalus, Oxytropis, and Swainsona spp.) are associated with a fungal symbiont from Alternaria section Undifilum (Pleosporales) (Braun et al., 2003; Yu et al., 2010; Baucom et al., 2012; Grum et al., 2013). By contrast, the swainsonine-containing convolvulaceous taxon, Ipomoea carnea is associated with a distinct fungal symbiont belonging to the order Chaetothyriales (Cook et al., 2013 and Supplementary Figure 1). Other phylogenetically disjunct groups of swainsonine-producing fungi are found to associate with distantly related plant families. Metarhizium sp. (Hypocreales) are both insect pathogens and plant symbionts while Slafractonia leguminicola (Pleosporales), a pathogen of red clover (Trifolium pratense), also produce swainsonine (Gough and Elliott, 1956; Cook et al., 2014). Swainsonine-producing fungi that are not associated with plants include several species in the Arthrodermataceae (Onygenales), a family of fungi that causes athlete’s foot and ringworm diseases in humans and other mammals (Cook et al., 2017a). Recently, molecular genetic studies have identified and characterized the orthologous swainsonine biosynthetic genes in the above four orders of fungi (Cook et al., 2017a).

It is notable that other species of morning glories (Convolvulaceae) are associated with a distinct group of hereditary fungi classified in the genus Periglandula (Clavicipitaceae), that produce the ergot and indole diterpene alkaloids similar to those found in grasses infected with fungal endophytes from the same fungal family (Steiner et al., 2011; Schardl et al., 2013). A recent study found that Periglandula fungi are associated with particular clades of morning glories, where they produce distinct mixtures of ergot alkaloids and where symbiotic hosts have significantly larger seed sizes than non-symbiotic species (Beaulieu et al., 2021).

To further our understanding of the morning glory/Chaetothyriaceae/swainsonine association and to test the hypothesis that the presence of swainsonine, used here to indicate the presence of the heritable symbiont, is found in particular phylogenetic groups, we (1) tested for the presence of swainsonine in seeds of 244 morning glory species from diverse, worldwide herbarium collections in order to determine the global distribution and diversity of Chaetothyriaceae symbiosis, (2) obtained phylogenetically informative internal transcribed spacer (ITS) sequences from GenBank and determined the distribution of swainsonine-positive (S+) and S − species across the morning glory host phylogeny to elucidate the evolutionary history of the symbiosis, and (3) evaluated whether swainsonine and Chaetothyriaceae symbiosis vary with a key plant life-history trait to understand potential selective benefits of this symbiosis for the host. Our results provide new insights into the evolution of heritable fungal symbiosis and the diversification of swainsonine-producing fungi in morning glories.



MATERIALS AND METHODS


Herbarium Survey

We obtained permissions to sample mature seeds and/or vegetative parts from herbarium specimens from the Missouri Botanical Garden (MOBOT), Vadense Herbarium (WAG, Netherlands), Western Australian Herbarium (PERTH), and the Australian National University Herbarium (ANU), in addition to seeds from personal collections of Convolvulaceae researchers. We sampled mature seeds and/or vegetative parts from a total of 244 morning glory species from 983 herbarium sheets, where species identity, mean swainsonine content, mean seed mass, and mean collection latitude are reported by species for each herbarium specimen where available (Supplementary Data 1). The sampled species include representatives from all continents except Europe (where we had only one sample; Figure 2) and Antarctica. Some species have localized distributions, while others have regional or pantropical distributions (Supplementary Data 1). Our samples represented a subset of all potential host species because most herbarium specimens examined did not have mature seeds. We relied on the records of herbarium specimen labels but realize that misidentifications are possible and have updated any naming conventions to the best of our abilities.
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FIGURE 2. Distribution of samples. Global distribution of samples with geographic information (n = 666) tested for swainsonine. Gray circles represent herbarium specimens from Argyreia, Ipomoea, Stictocardia, and Turbina (now Ipomoea) species from the Global Biodiversity Information Facility (GBIF.org, 2021a,b, c, d) to illustrate the geographical distribution of the tribe Ipomoeeae with higher concentrations of sample in darker areas.




Swainsonine Analysis

Swainsonine was extracted using a modification of a procedure described by Gardner and Cook (2011). A measured quantity of plant material was extracted in a volume of 2% acetic acid for 18 h with agitation. After extraction, samples were centrifuged and an aliquot from the extraction was diluted into 20 mM ammonium acetate in a 1 ml auto-sampler vial. Samples were analyzed by liquid chromatography with tandem mass spectrometry (LC-MS/MS) to detect swainsonine as previously described (Gardner et al., 2001). Presence/absence data were recorded primarily with concentrations being recorded when the sample permitted.

Species that tested positive for swainsonine by the LC-MS/MS method were subsequently verified to contain swainsonine by gas chromatography-mass spectrometry (GC-MS) as a secondary screen. Sample preparation was similar to those described by Cook et al. (2016). All samples were analyzed by GC-MS for swainsonine (trimethylsilyl [TMS] derivative) using the GC-MS conditions previously described (Gardner et al., 2001).



Estimating Morning Glory Phylogeny With ITS Sequence Data

We downloaded the ITS sequence entries from GenBank available in 2021 for 201 species (Supplementary Data 2) across multiple genera (Argyreia, Distimake, Ipomoea, Jacquemontia, Stictocardia, and Merremia) that we sampled for swainsonine. For each species, we obtained the complete ITS1 + 5.8S rRNA + ITS2 sequence where possible. In some cases, this was obtained by combining partial sequences from multiple accessions of the same species. In total, we obtained 194 complete ITS1 + 5.8S + ITS2 sequences, three sequences from combining partial sequences and four were partial ITS1 +5.8S + ITS2 sequences. These sequences were aligned and trimmed using MAFFT v7.489 (Katoh et al., 2019) using the L-INS-i alignment strategy with a 1.7 gap penalty. We used jModelTest2 (Darriba et al., 2012) on CIPRES Science Gateway (Miller et al., 2010) to determine the best substitution model, which was GTR+G+I based on Akaike Information Criteria (AIC). A maximum-likelihood phylogeny was then estimated using RAxML-HPC2 on XSEDE on CIPRES Science Gateway (Miller et al., 2010) using the GTR+G model, as the developers of RAxML do not recommend using the proportion of invariable sites estimation, with 1,000 bootstrap replicates. We also estimated a Bayesian tree using MrBayes v3.2.7a on XSEDE on CIPRES Science Gateway (Miller et al., 2010) with two runs and four independent chains using the GTR+G+I model for 10,000,000 generations, sampled every 1,000 generations, with the first 25% as burn in. We used Tracer v1.7.2 (Rambaut et al., 2018) to check for convergence. For both methods, we designated Merremia sibirica as the outgroup species based on previous Convolvulaceae phylogenetic work (Simoes et al., 2015).

We recognize the limitations of inferring a phylogeny based on a single gene, but most of our sampled species had no other gene sequences available. Our results are in general agreement with published smaller, multi-gene phylogenies, and the ITS sequences used here have been used to construct phylogenies in other published studies (Muñoz-Rodríguez et al., 2019; Beaulieu et al., 2021).



Testing Phylogenetic Signal for Swainsonine and Seed Mass

i) Swainsonine presence: We tested for phylogenetic signal in the presence of swainsonine to determine whether S+ species across the Ipomoeeae tribe are closely related species. We followed the analyses methods described by Beaulieu et al. (2021). In short, we used the function “fitDiscrete” from the R package “geiger” (Pennell et al., 2014) to fit different models of character evolution (FitzJohn et al., 2009). We used the all-rates-different (ARD) model based on the lowest AIC score. We then used Pagel’s λ (Pagel, 1999) to assess the phylogenetic signal where there is a strong phylogenetic signal if λ is equal to or near 1. We transformed our phylogeny to one with no phylogenetic signal (λ = 0) and compared its likelihood scores with our observed phylogeny and computed the p-value to determine if our observed phylogeny significantly differed from the no-signal phylogeny.

We also computed Fritz and Purvis’s D (FPD) (Fritz and Purvis, 2010) as an alternative measure of the phylogenetic signal using the function “phylo.d” from R package “caper” (Orme et al., 2013). Where D is a measure of phylogenetic dispersion and can be less than 1 (non-random distribution) or equal to 1 (random distribution).

ii) Seed mass: All average seed masses were log10-transformed to normalize the data then phylogenetic signal testing for seed mass was conducted as was done for the presence of swainsonine, except the “fitContinuous” function from the R package “geiger” (Pennell et al., 2014) was used since the data are continuous. The FPD statistic can only be applied to binary traits so we did not apply it to seed mass.



Ancestral Character-State Reconstruction

We followed the analyses methods described by Beaulieu et al. (2021). In short, we reconstructed ancestral states for the presence of swainsonine (yes, no) and seed mass (large, small) using the R packages “ape” (Paradis and Schliep, 2019) and “phytools” (Revell, 2012). We used “ace” from R package “ape” to fit the best model of trait evolution for our data by comparing AIC scores, which show that the ARD model was better than other models (equal-rates and symmetric). This produces a likelihood at each internal node of being S+ or S −, or large or small seeds, character states. Ancestors were designated as being one state or another if the likelihood of it being that state was greater than 75%.



Correlated Evolution in Swainsonine Presence, Concentration, and Seed Mass

We followed the analyses methods described by Beaulieu et al. (2021). In short, we used two methods to test for correlated evolution between swainsonine and seed mass. First, using log10-transformed seed mass data, a phylogenetic logistic regression was performed using the function “phyloglm” from the R package “phylolm” (Ho and Ané, 2014). Second, the function “fitPagel” from the R package “phytools” (Revell, 2012) was used to perform Pagel’s test of correlation (Pagel, 1994). Pagel’s correlation assesses correlated evolution between two binary characters, so we transformed seed mass into a binary trait. The average seed mass of all surveyed species was log10-transformed and was used to separate the large (> 1.615, 41.23 mg) from the small (< 1.615, 41.23 mg) group.

In addition to a linear regression, we use the function “phylolm” from the R package “phylolm” (Ho and Ané, 2014) to perform a phylogenetic linear regression to test for a correlation between seed mass and swainsonine concentration in S+ species (n = 21) where both values were log10-transformed.




RESULTS


Distribution of Swainsonine in Morning Glory Species

In total, 32 of 244 (13%) morning glory species that we evaluated from herbarium specimens (Supplementary Data 1) contained swainsonine and are therefore symbiotic (Figure 2). In total, 24 of the 32 species were not previously known to be S+, and S+ species were distributed across multiple continents (Table 1). Ipomoea sericosepala was previously reported to be S+ (Mendonça et al., 2018) but we did not detect swainsonine in our samples of the species. Given that there are more than 800 morning glory species, the total number of S+ species will certainly become larger with further sampling.


TABLE 1. Swainsonine positive species.
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Swainsonine Distribution in Host Phylogeny

To evaluate the occurrence of swainsonine in relation to morning glory host phylogeny, we obtained published ITS sequences for 201 of our 244 surveyed species (Supplementary Data 2). In both our maximum likelihood and Bayesian inferred phylogenies (Figures 3, 4 and Supplementary Figure 2), we found that all S+ species occurred within a single clade of closely related species and that swainsonine was absent from the rest of the morning glory phylogeny. We found a significant phylogenetic signal for the presence of swainsonine (Pagel’s λ = 0.9, D = − 0.67, p < 0.001), suggesting that species with swainsonine are more closely related than expected by chance (Figures 3, 4). Our results suggest that the oldest common ancestor observed was S − and that this symbiosis has arisen relatively recently within the morning glory phylogeny given that the S+ clade was the last to split from the lineage (Figures 3, 4). This pattern also suggests that the symbiosis is strictly heritable and vertically transmitted from a single S+ ancestor, especially given the wide geographic distribution of S+ species. However, several S − species occur within this primarily S+ clade, suggesting that the symbiosis can be lost.
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FIGURE 3. Internal transcribed spacer (ITS) phylogeny of morning glories. Maximum likelihood ITS phylogeny of morning glories (n = 201) with ancestral state reconstruction of swainsonine presence by density map based on 1,000 stochastic character maps. Branch color represents the probability of the character state. The length of the legend equals units of substitution per site.
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FIGURE 4. Ancestral state reconstruction of swainsonine presence. Phylogenetic distribution of swainsonine presence and seed mass. Species lacking seed mass data are represented by blank spaces. Pie charts at nodes indicate the relative likelihoods of the swainsonine character state.




Seed Mass and Swainsonine

Species with larger seeds are often larger as adults, longer-lived, and have lower growth rates than species with smaller seeds (Silvertown, 1981; Moles et al., 2005). Therefore, we measured seed mass as a proxy for plant life history strategy. We found a significant phylogenetic signal in seed mass (λ = 0.89, p < 0.001), suggesting that closely related species have more similar seed mass. Furthermore, seeds of S+ species were approximately two times larger than seeds of S − species (69.5 vs. 37.3 mg, t(32.6) =, p < 0.005, Figure 5A). When we transformed seed mass to a binary state, we found a significantly higher proportion of species with large seeds containing swainsonine than species with small seeds (X2 = 18.4, p < 0.001, Figure 5B, Supplementary Figure 3). We then performed Pagel’s test for correlated evolution between two discrete characters after accounting for host phylogeny (Pagel, 1994) and found a significant positive correlation between large seed mass and swainsonine (p = 0.047, Figure 4). However, our phylogenetic logistic regression analysis (Ives and Garland, 2010), which tests for a correlation between discrete and continuous characters based on a phylogeny, showed that seed mass as a continuous variable is not a direct predictor of swainsonine presence. Finally, phylogenetic regression (Ho and Ané, 2014) did not show a significant correlation between seed mass and swainsonine concentration in S+ species (Supplementary Figure 4).
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FIGURE 5. Relationship of seed mass and swainsonine. Seed mass is log10-transformed. (A) The number of species with (n = 34) or without (n = 210) swainsonine by mean seed mass. Stars along the x-axis indicate the mean seed mass of each group. The binomial regression line shows the probability of infection based on mean seed mass. (B) Proportion of small and large-seeded species with or without swainsonine. Dashed lines represent the expected number of swainsonine species if the proportion of S+ species is equivalent across seed mass.





DISCUSSION

The results reported here show that all S+ Ipomoea species occur in just a single clade while the rest of the phylogeny is S −. Many of the S+ Ipomoea species reported here are part of Clade A1 described in Wood et al.’s (2020) monograph of Ipomoea species from the Americas. In fact, 22 of 26 species in clade A1 from the Americas surveyed here contained swainsonine. Species in this clade are perennial, generally have tuberous roots, and have distinctive pollen and floral traits (Wood et al., 2020). Within Clade A1, there are additional groups, for example, the Arborescens clade, which is composed of small trees, large shrubs, or lianas, where many are S+ that includes I. pauciflora, I. arborescens, I. chilopsidis, I. intrapilosa, I. populina, I. wolcottiana, and I. murucoides. These common morphological features within this clade might have played a role in the evolution of the swainsonine symbiosis.

This pattern of closely related S+ species observed here is similar to observations in the legume genus Astragalus, which like Ipomoea is species rich and morphologically and phylogenetically complex (Barneby, 1964; Wojciechowski et al., 1999). Unlike the phylogeny of Ipomoea reported by Muñoz-Rodríguez et al. (2019) and herein, the phylogeny of Astragalus generally has poor resolution with only a few well-defined clades due to the recency of the radiation (Wojciechowski et al., 1999). One exception is a phylogenetic clade composed of six North American and eight South American Astragalus species (Wojciechowski et al., 1999; Scherson et al., 2008). Surveys for S+ species of Astragalus identified swainsonine in 13 of these 14 species in this clade that share a common phylogenetic origin (Cook et al., 2017b,c). Among the more than 50 species of Astragalus that were reported to contain swainsonine in North and South America that includes the 13 mentioned above (Cook et al., 2017b,c), many share common morphological features, such as an inflated pod, as they co-occur in morphologically related taxonomic sections (Barneby, 1964).

Documentation of swainsonine-containing morning glories is relatively recent as compared to other swainsonine-containing legumes (Colegate et al., 1979; de Balogh et al., 1999). Our inferred phylogeny also suggests that the swainsonine symbiosis is a relatively recent plant-fungal association in the Convolvulaceae. We estimate the divergence age of the S+ clade to be approximately 5 mya based on the conclusions of a recently published time-calibrated nuclear phylogeny study of the family (Muñoz-Rodríguez et al., 2019). Further, all S+ species are closely related, which strongly suggest that the fungal endosymbiont is strictly transmitted vertically, consistent with observations on the transmission of the fungal endosymbiont of I. carnea (Cook et al., 2013). Furthermore, this pattern suggests that the symbiosis is transmitted vertically during the speciation process. Though S+ species that belong to the same morning glory clade, they are widely distributed geographically across Australia, Africa, Americas, and Southeast Asia, suggesting that these species originated from a common S+ ancestor. The occurrence of occasional S − species within the same clade suggests that the symbiosis has been occasionally lost in the lineage. These S − species also occur over multiple continents. It is highly likely that there are many other Ipomoea species that contain swainsonine given that our samples represent 26 of 127 species (20%) in Clade A1 described by Wood et al. (2020). Based upon our survey reported here, the frequency of S+ species in the clade is greater than 85% or over 100 species.

The Chaetothyriales symbiont associated with I. carnea has been shown to grow as an epibiont on the adaxial leaf surface associated with oil glands (Cook et al., 2013), similar to Periglandula on the adaxial surface of Ipomoea asarifolia (Steiner et al., 2011). Plants that lack swainsonine lack the corresponding epibiont on the leaf surface (Cook et al., 2013). The epibiont has only been detected growing on the leaf surface and has not been observed growing between cells in different plant tissues. Notably, there is no evidence of horizontal transmission as plants containing the epibiont and plants lacking the epibiont grown in proximity to each other in the greenhouse maintain their original chemical phenotype (Cook et al., 2013; Noor et al., 2021). It is not known whether the Chaetothyriales symbiont grows as an epibiont in other swainsonine-containing Ipomoea species, but should be examined. In I. asarifolia, Periglandula is associated with and is thought to feed on the oils secreted from the glandular trichomes. Potentially, an analogous type of association may be occurring with the Chaetothyriales symbiont wherein it benefits from the plant through its association with the glandular trichomes thus facilitating the plant host relationship. It is less clear what potential benefits the host plant obtains but theory suggests that there should be a benefit to the host plant.

Interestingly, S − species in the rest of the phylogeny include those that have been shown to contain ergot alkaloids produced by another heritable fungal endosymbiont (Periglandula sp.) found in morning glories, where 25% of species examined contained ergot alkaloids (Beaulieu et al., 2021). Thus, about 40% of all morning glory species examined thus far are symbiotic with one heritable fungus or the other. Swainsonine might affect plant growth in ways that were not captured in our study and this non-overlapping host species distribution of endosymbionts potentially reflects symbiont exclusion to reduce physiological costs to the host or redundancy in functions for the host. A previous study has shown that Periglandula-infected I. tricolor plants have reduced biomass when grown in isolation, but performed better when grown in the presence of root-knot nematodes as compared to non-infected conspecifics (Durden et al., 2019).

Similar to the Periglandula sp. symbiosis in the morning glory family (Beaulieu et al., 2021), S+ species have larger seeds than their S − congeners in our survey. Although the toxic properties of swainsonine can lead to poisoning of animals when ingested, a previous study did not find any evidence that animals avoid S+ plants (Oxytropis and Ipomoea) (Pfister et al., 2020). However, larger seeds represent a larger energy investment by the maternal plant, and swainsonine found in seeds might serve as a deterrent for other potential seed predators, such as birds or insects. For example, Metarhizium sp., which produces toxic metabolites, such as swainsonine, is widely used as an organic plant insecticide (Zimmermann, 2007; St Leger and Wang, 2010). Swainsonine may also increase the fitness of the seed by affecting other fungi associated with the seed or potential seed pathogens. Recent studies have shown that the presence of the heritable symbiont Alternaria fulva and associated swainsonine in the spotted locoweed, Astragalus lentiginosus (Fabaceae), alters the richness and diversity of other fungi associated with the plant (Harrison et al., 2018).

Greater seed mass has also been shown to be characteristic of long-lived plants (Silvertown, 1981) and many of the S+ species here are woody, perennial species (Wood et al., 2020). Larger seeds can increase seedling survival that would be required for the longer time that larger plants take to reach maturity (Moles and Westoby, 2004). Seed mass also correlates with the net primary productivity of the plant and some environmental conditions, such as precipitation (Moles et al., 2005), so it is possible that the correlation of swainsonine present with larger seed mass may reflect other factors than plant life history.

Swainsonine concentrations have been shown to vary between plant tissues, as a function of phenology, and due to endophyte genotype in the legume Oxytropis sericea. In O. sericea, little or no swainsonine was detected in the root or crown of the plant with greater concentrations found in above-ground parts (Cook et al., 2009). Concentrations have been also shown to vary in above-ground parts as a function of developmental age with the greatest concentrations as the plant reaches maturity (Cook et al., 2012). Swainsonine concentrations also vary by endophyte genotype within and between host species, which influences the concentrations found in plant tissues (Braun et al., 2003; Cook et al., 2013). The variation of swainsonine concentrations among different plant tissues and across developmental stages should be examined in different S+ Ipomoea species. Although we did not find a significant correlation between seed mass and swainsonine concentration in S+ species, there is a positive trend that might become stronger with increased sampling (p = 0.075, Supplementary Figure 4). Another interesting pattern is that African S+ species have higher concentrations than S+ species from other continents (Supplementary Figure 4). This group of African species forms a subclade within the S+ clade and their high swainsonine concentrations could suggest a difference in endosymbiont genotypes, consistent with observations in Astragalus and Oxytropis species (Braun et al., 2003; Cook et al., 2013).

Although our study comprised only a fraction (30%) of all described Ipomoea species, it demonstrates the distribution and heritability of swainsonine-producing fungi in morning glory species. The closely related group of S+ morning glories presents a promising future model system for studying heritable fungal symbiosis and its evolution. One important question is whether the diversity and density of other horizontally acquired fungal endophytes in the host microbiome vary with the presence of the heritable symbiont and its swainsonine chemistry as had been shown in other host species (Harrison et al., 2018). In addition, experimental performance and functional studies of S+ vs. S − morning glory species would provide further insights into the costs and benefits of this symbiosis. The genetic diversity and relatedness of the various orders of swainsonine-producing fungal endosymbionts in different plant families also pose interesting directions for studying the origins of these chemically related symbioses, whether these distinct symbioses have similar effects on host plants from different families and fungal-host specificity.
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Due to increased antimicrobial resistance against current drugs, new alternatives are sought. Endophytic bacteria associated with medicinal plants are recognized as valuable sources of novel secondary metabolites possessing antimicrobial, antitumor, insecticidal, and antiviral activities. In this study, five bacterial endophytes were isolated and identified from the medicinal plant, Alectra sessiliflora, and their antibacterial and antitumor activities were investigated. In addition, the crude extracts of the endophytes were analyzed using gas chromatography (GC) coupled with time-of-flight mass spectrometry (TOF-MS). The identified bacterial endophytes belong to three genera viz Lysinibacillus, Peribacillus, and Bacillus, with the latter as the dominant genus with three species. Ethyl acetate extracts from the endophytes were used for antimicrobial activity against eleven pathogenic strains through minimum inhibitory concentration (MIC). The antitumor activity against the Hela cervical, Hek 293 kidney, and A549 lung carcinoma cells was determined by the MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-phenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assay. Lysinibacillus sp. strain AS_1 exhibited broad antibacterial activity against the pathogenic strains with MIC values ranging from 4 to 8 mg/ml, while Bacillus sp. strain AS_3 displayed MIC of 0.25 mg/ml. Crude extracts of Lysinibacillus sp. strain AS_1, Peribacillus sp. strain AS_2, and Bacillus sp. strain AS_3 showed growth inhibition of more than 90% against all the cancer cell lines at a concentration of 1,000 μg/ml. Untargeted secondary metabolite profiling of the crude extracts revealed the presence of compounds with reported biological activity, such as antimicrobial, antioxidant, anti-inflammatory, antitumor, and antidiabetic properties. This study reported for the first time, bacterial endophytes associated with A. sessiliflora with antibacterial and antitumor activities.

Keywords: Alectra sessiliflora, antibacterial activity, bioactive compounds, bacterial endophytes, antitumor activity


INTRODUCTION

The frequency of infections caused by pathogenic bacteria has increased exponentially in the previous decades (Roca et al., 2015; Attia et al., 2020). In addition, the abuse and misuse of antimicrobial drugs, some of which are available over the counter without a prescription, has turned into a global health concern (Ayukekbong et al., 2017). All these compounded by the lack of new effective antimicrobial agents are contributing to the rise in antimicrobial resistance, and bacteria and fungi have developed resistance through a variety of mechanisms, including enzyme activation, altered target sites, decreased cell permeability, and increased efflux due to over-expression, among others (Baptista et al., 2018). This has resulted in a continual decrease in the development of new antimicrobial drugs; it is, therefore, necessary to discover and develop novel antimicrobial drugs from natural products (Sciarretta et al., 2016; Farhat et al., 2019).

To tackle antimicrobial resistance, recent breakthroughs in microbial ecology have led researchers to focus on studying ground-breaking and promising antimicrobial compounds from natural sources, such as medicinal plants. Medicinal plants have long been used to cure a variety of ailments, including skin conditions, coughs, microbiological infections, diabetes, colds, urinary issues, and inflammations (Aswani et al., 2020; Alotaibi et al., 2021). Medicinal plants have been recognized as good sources of bioactive substances that are vital for good health and are reservoirs for various microorganisms categorized as endophytes, such as bacteria, fungi, and actinomycetes (Petrini et al., 1993; Duhan et al., 2020).

Endophytes are microorganisms like fungi, bacteria, and actinomycetes, which have a mutual relationship with the host plant and inhabit the host tissues without causing detrimental symptoms (Gunatilaka, 2006). Bacterial endophytes have been identified as the prospective source of natural metabolites such as alkaloids, steroids, phenols, terpenoids, flavonoids, isocoumarins, and quinones, which have agricultural, industrial (Zinniel et al., 2002), and pharmaceutical applications (Palanichamy et al., 2018; Attia et al., 2020). Bacterial endophytes benefit the host plants by helping them survive abiotic and biotic conditions, solubilize minerals, nutrient acquisition, and protection against pathogens and parasitic nematodes (Dutta et al., 2014). Bacterial endophytes are diverse and range from Gram-positive to Gram-negative species of various genera such as Pantoea, Achromobacter, Acinetobacter, Xanthomonas, Bacillus, Agrobacterium, etc. (Sun et al., 2013). Bioactive compounds produced by various bacterial endophytes have antimicrobial and anticancer compounds that may be used for various diseases (Gouda et al., 2016). Furthermore, bioactive compounds which have been extracted from endophytic microorganisms exhibit antidiabetic, antifungal, immunosuppressant, and anti-inflammatory properties, thus they have received attention in drug discovery research (Egamberdieva et al., 2017; Panigrahi and Rath, 2021; Singh et al., 2021).

Research on medicinal plants and their associated endophytes, and their potential to synthesize distinct bioactive compounds, have opened the possibility of looking into more medicinal plants as well to explore their diverse endophytic bacteria (Duhan et al., 2020). Alectra sessiliflora is a medicinal plant that grows throughout Sub-Saharan Africa, China, India, and the Philippines (Morawetz and Wolfe, 2011; Gasa, 2015; Katembo et al., 2021). The eastern and southwestern provinces of South Africa, which include the Eastern Cape, Free State, Gauteng, KwaZulu-Natal, Limpopo, Mpumalanga, North-West, and Western Cape provinces, are home to A. sessiliflora (Morawetz and Wolfe, 2011). A. sessiliflora has been used in traditional medicine to treat toothaches, diarrhea, scabies, gastrointestinal illnesses, and oral thrush (Gasa, 2015; Katembo et al., 2021). It is used to treat tuberculosis in several African countries, such as Nigeria, and its leaves are used as a galactogen by pregnant women in Central Africa (Ogbole and Ajaiyeoba, 2010; Oosthuizen et al., 2019). The phytochemistry of A. sessiliflora has received significant attention, however, there is no information on its endophytes (Ogbole and Ajaiyeoba, 2010; Oosthuizen et al., 2019). The goal of this study was to isolate and identify bacterial endophytes from A. sessiliflora collected in Limpopo province, South Africa. In addition, the antibacterial and antitumor activities of the endophyte’s secondary metabolite crude extracts were investigated and further identified using gas chromatography high-resolution time-of-flight mass spectrometry (GC-TOF-MS).



MATERIALS AND METHODS


Collection and Identification of the Plant Material

The whole plant with a height up to 25 cm from the ground was collected from Eisleben, Botlokwa (23°31′49.5″S 29°49′27.1″E) in Limpopo province, South Africa. The whole plant including roots was placed in sterile polyethylene bags and transported to the laboratory at 4°C. The plant material was collected in March 2017 from a site with grassland. The identification of the plant material was carried out at the University of Johannesburg Herbarium (JRAU). A sample specimen of the plant material was deposited in the University of Johannesburg Herbarium (JRAU) with voucher specimen number Serepa-Dlamini 205 and species name A. sessiliflora. The remaining plant material was immediately processed in the laboratory.



Isolation and Culturing of Bacterial Endophytes

The bacterial endophytes were isolated from fresh leaves (approximately 10–15 leaves) of 1 whole plant following the method by Ding and Melcher (2016). Following isolation of pure colonies of the bacterial endophytes, 35% glycerol (glycerol diluted in sterile distilled water) stock cultures were prepared and stored at −80°C for future use. Stock cultures of five bacterial isolates were retrieved from long-term storage and sub-cultured on fresh nutrient agar (NA) media followed by incubation for 2–7 days at 30°C. Sub-culturing of each bacterial isolate was repeated several times until pure colonies were obtained.



Genomic DNA Extraction of Bacterial Endophytes

The bacterial strains were grown on NA for 24 h at 30°C and genomic DNA was extracted using the Zymo Research Fungal/Bacterial DNA MiniPrep Kit (Zymo Research, United States) as per the manufacturer’s protocol. The concentration of each endophyte DNA was quantified using the Nanodrop Spectrophotometer (Thermo Fisher Scientific, United States).



Polymerase Chain Reaction Amplification and Sequencing of the 16S rRNA Gene

The 16S rRNA genes of each bacterial strain were amplified by polymerase chain reaction (PCR) using 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492R (5′CGGTTA CCTTGTTACGACTT-3′) primers (Yeates et al., 1997). The 25 μl PCR reactions contained 12.5 μl 2X PCR Master mix with standard buffer (20 mM Tris-HCI, 1.8 mM MgCl2, 22 mM NH4Cl, 22 mM KCl, 0.2 mM dNTPs, 5% glycerol, 0.06% IGEPAL® CA-630, 0.05% Tween® 20, 25 units/ml One Taq® DNA polymerase), 2.5 μl of each primer (10 μM), 2.5 μl nuclease-free water, and 5 μl of each DNA (>50 ng/μl) template. A negative control containing all the PCR mix without any DNA was included in the PCR experiment. The amplification was carried out on a MyCycler™ Thermal Cycler (Bio-Rad, United States). The PCR reaction conditions were initial denaturation at 94°C for 3 min, followed by 35 cycles of denaturation at 94°C for 1 min, annealing at 55°C for 1 min and extension at 72°C for 2 min, and a final extension of 72°C for 10 min. The amplicons were purified with ExoSAP-it™ (Thermo Fisher Scientific, United States) after which they were sent to a commercial service provider, Inqaba Biotechnical Industries (Pty) Ltd., Pretoria, South Africa for sequencing.



Phylogenetic Analysis

Raw sequence data of the 16S rRNA genes for each endophytic bacteria were used to create consensus sequences using the BioEdit Sequence Alignment Editor v.7.2.6 (Hall, 1999). The consensus sequences were subjected to BLAST analysis at the National Center for Biotechnology Information (NCBI) against the prokaryotic rRNA sequence database (Bacteria and Archaea), from which closely related bacterial species were identified (Altschul et al., 1990), and the type strains from the EzBioCloud database1 were also included. All phylogenetic analyses post-BLAST were performed using molecular evolutionary genetics analysis version (MEGA) v.7.27 software (Kumar et al., 2016). The sequences were aligned using multiple sequence comparison by log-expectation (MUSCLE) with default settings (Edgar, 2004). Phylogenetic trees were constructed using maximum likelihood (ML) following the Jukes-Cantor model (Jukes and Cantor, 1969). A total of 1,000 replications were used for the statistical confidence of the nodes. For Bayesian inference, a Markov Chain Monte Carlo (MCMC) method was used to reconstruct the phylogenetic trees using BEAST v.1.10.4 (Suchard et al., 2018). The resulting trees were visualized in FigTree v.1.4.4 (Rambaut, 2018).



Biological Activity Assays


Extraction of Secondary Metabolites From Endophytes

Secondary metabolites of each bacterial isolate were extracted using the method described by Maloney et al. (2009) with slight modifications. Briefly, the endophytic bacteria isolated from A. sessiliflora were cultured in 1 L Luria Bertani (LB) broth and agitated at 200 rpm at 28°C for 7 days. After cultivation, 20 g/L of the Amberlite® XAD7HP 20–60 mesh (Sigma-Aldrich, Darmstadt, Germany) was added to each flask to absorb the secondary metabolites and was further agitated at 180 rpm for 2 h. A cheesecloth was used to filter the resin after which it was washed three times with 200 ml acetone. The acetone was concentrated using a rotary vapor (Lab Tech, Nantong, Jiangsu, China) at 5°C until a dark brown viscous extract was obtained. The residual water containing the crude extracts was transferred into a measuring cylinder and an equal volume of ethyl acetate (1:1 [v/v]) was added. The mixture was agitated vigorously for 5–10 min after which it was separated using a funnel. This process was repeated three times, and subsequently the ethyl acetate fraction was evaporated using a rotary vapor. The crude extracts were transferred into sterile beakers and covered with foil, then left at room temperature to dry.



Antibacterial Activities of Endophyte’s Crude Extracts

In this study, the minimum inhibitory concentration (MIC) method described by Andrews (2001), was used to determine the antibacterial activities of the crude extracts from the bacterial endophytes with slight modifications. The test bacterial species included human clinical pathogens, and a number of the strains have previously exhibited antibiotic resistance to various antibiotics such as penicillin, ampicillin, quinolone, carbenicillin, cefalotin, cefotaxime, trimethoprim-sulfamethoxazole, clindamycin, dicloxacillin, and cetyltrimethylammonium bromide (Wagenlehner et al., 2003; Zhang et al., 2016; Hernández et al., 2021). Care was taken to include methicillin-resistant Staphylococcus saprophyticus (Higashide et al., 2008), members of the ESKAPE group (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp.) (Flores-Paredes et al., 2021), with the exception of Acinetobacter baumannii and Enterobacter spp.; and methicillin-susceptible S. aureus (MSSA) (Ham et al., 2010): The test strains included, Bacillus cereus (ATCC 10876), Escherichia coli (ATCC 10536), Klebsiella pneumoniae (ATCC 10031), Klebsiella oxytoca (ATCC 13182), Mycobacterium smegmatis (ATCC 21293), Pseudomonas aeruginosa (NCTC 10662), Staphylococcus aureus (ATCC 25923), S. saprophyticus (ATCC 15305), Staphylococcus epidermidis (ATCC 14990), Veillonella parvula (ATCC 10790), and Enterococcus faecium (ATCC 13048). Briefly, stock solutions of the crude endophyte extracts were prepared by dissolving 0.19 g in 1 ml dimethyl sulfoxide (DMSO) to make a stock solution of 32 mg/ml. This was then serially diluted to concentrations of 16 mg/L down to 0.25 mg/ml using Mueller-Hinton broth (MHB). Using McFarland 0.5 standard, 10 μl of each pathogenic strain was inoculated in 20 ml MHB and incubated at 30°C for 24 h. Using sterile 96 well microtiter plates, 100 μl of each pathogenic strain was added horizontally while 100 μl of the diluted crude extracts were added vertically starting from 16 mg/ml down to 0.25 mg/ml. The antibiotic Streptomycin with a concentration of 1 mg/ml (Sigma-Aldrich, Switzerland) was used as positive control while DMSO was used as a negative control. The MIC was conducted in triplicates. The plates were incubated at 37°C for 24 h after which 10 μl resazurin salt solution [0.02% (w/v)] was added to the wells as an indicator of microbial growth and incubated for an additional 2 h. The color change from blue to pink to clear indicated reduction had taken place as oxygen becomes limited within the medium, indicating that metabolism has taken place. The wells in which no color change occurred indicated no bacterial growth while the wells with a pink or clear color indicated bacterial growth. The MIC with the lowest concentration was visually inspected for color change.



Antitumor Activity of Endophyte’s Crude Extracts

The effect of bacterial endophyte’s crude extracts on the survival and growth of human cancer cell lines A549 lung carcinoma, Hek 293 kidney adenocarcinoma, and HeLa cervical adenocarcinoma cells was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) in vitro cytotoxic assay. The crude extracts were prepared as described above and different concentrations of each extract (31.30, 62.60, 125, 250, 500, and 1,000 μg/ml) were prepared. Briefly, the A549, HeLa, and Hek 293 cells were grown using normal tissue culture techniques with the addition of 10% fetal bovine serum (FBS). The cells (1 × 106 cells/ml) were incubated in 96 well microtiter plates at 37°C for 24 h. Following incubation, the media was removed and 100 μl of fresh media was added to all the wells along with 100 μl of the diluted extracts from high (1,000 μg/ml) to low (31.3 μg/ml) concentrations. The cells were incubated for 72 h, after which 5 μl [3- (4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] (MTS) was added to the cells. The absorbance values were measured at 490 nm at 0, 1, 2, 3, and 4 h incubation periods using the Molecular Devices SpectraMax ABS Plus, and data were acquired with SoftMax Pro 7.1 Data Acquisition and Analysis Software. Auranofin was used as a positive control and DMSO was used as a negative control. In the MTT assay, the MTS compound is metabolized by viable cells from yellow to purple formazan by the mitochondria of viable cells which is detected at 490 nm. The cytotoxicity tests of the crude extracts were analyzed in duplicates across three plates (n = 6) and the absorbance value was reported. The results were expressed as growth inhibition and IC50 values were determined using the AAT Bioquest IC50 calculator [AAT Bioquest (2022), Sunnyvale, CA, United States] available at https://www.aatbio.com/tools/ic50-calculator. The IC50 is the half-maximal inhibitory concentration, which measures the effectiveness of a crude extract in inhibiting a given biological sample or process by half, in this study the inhibition of human cancer cell lines.




Gas Chromatography-Mass Spectrophotometry Analysis

Metabolite profiling of the endophyte extracts was carried out on a GC-TOF-MS system (LECO Corporation St. Joseph, MI, United States) using the following conditions: primary column and a Rxi-5Sil MS (30 m, 250 μm i.d., 0.25 μm df) (Restek, Pennsylvania, United States) and a Rxi-17Sil MS (2 m, 250 μm i.d., 0.25 μm df) (Restek, Bellefonte, PA, United States) secondary column. In brief, samples were first prepared by adding 1 ml HPLC grade methanol (Sigma-Aldrich, Aston Manor, South Africa) to the extracts, 1 μl of each sample was injected, and Helium was used as a carrier gas with a flow rate of 1 ml/min. The oven temperature was maintained at 60°C for 1 min and then programmed at 10°C/min increment to 330°C, then 5°C/min to 280°C. The inlet temperature was 250°C. Mass spectra (MS) were optimized at an electron energy of −70 eV with an ion source at 250°C. The mass fragments used were from 40–660 m/z with an acquisition rate of 10 spectra/second. The interpretation of GC-MS mass-spectra was analyzed using the ChromaTOF software (LECO Corporation, St. Joseph, MI, United States). The functional groups and biological activities of the compounds were analyzed using the NCBI PubChem and PASS online databases available at https://pubchem.ncbi.nlm.nih.gov and http://www.way2drug.com/passonline, respectively.



Statistical Analysis

Unless otherwise stated all experiments were carried out in triplicates. The mean values were calculated using the Microsoft Excel program version 2010. The t-test was performed to determine the significance of the difference between the mean values. One-way ANOVA was performed at p ≤ 0.05 significant levels to determine the variance.




RESULTS


Molecular Identification of Bacterial Endophytes Associated With Alectra sessiliflora

In this study, a total of five bacterial endophytes all belonging to the Firmicute phylum were isolated and identified through 16S rRNA gene sequencing as shown in Table 1. The 16S rRNA sequences were deposited in GenBank with accession numbers from MZ976846—MZ976850. The 16S rRNA gene sequences of each strain were compared with other bacterial species available on the GenBank-NCBI database. The NCBI database confirmed the identity of the bacterial endophytes belonging to three genera Lysinibacillus, Peribacillus, and Bacillus with three isolates as shown in Table 1. All the isolates showed 94–99% similarities with other closely related strains retrieved from the NCBI database as indicated in Supplementary Table 1.


TABLE 1. Morphological characteristics of bacterial endophytes isolated from Alectra sessiliflora.
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Phylogenetic Analysis

The evolutionary relationships between all the endophytic bacteria isolated from A. sessiliflora with other closely related species were constructed using the ML and Bayesian MCMC methods. Each species was delineated with closely related species in separate phylogenetic trees (Figures 1–3). Lysinibacillus sp. Strain AS_1 formed a polytomy clade with other Lysinibacillus macroides and two L. fusiformis strains, supported by a 95% bootstrap value (Figure 1). In the Bayesian phylogenetic tree (Supplementary Figure 1), Lysinibacillus sp. Strain AS_1 formed a paraphyletic group with L. fusiformis and L. endophyticus.
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FIGURE 1. Maximum likelihood phylogenetic tree based on analysis of partial 16S rDNA nucleotide sequence of Lysinibacillus sp. Strain AS_1 with related strains from the Lysinibacillus genus. Numbers above or below the nodes indicate bootstrap values generated after 1,000 replications. Escherichia coli AE-1 (AB269763) was used as an outgroup.
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FIGURE 2. Maximum likelihood phylogenetic tree based on analysis of partial 16S rDNA nucleotide sequence of Peribacillus sp. Strain AS_2 with related strains from the Peribacillus genus. Numbers above or below the nodes indicate bootstrap values generated after 1,000 replications. Streptococcus agalactiae AE-1 (LC545464) was used as an outgroup.
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FIGURE 3. Maximum likelihood phylogenetic tree based on analysis of partial 16S rDNA nucleotide sequences of Bacillus sp. strain AS_3, Bacillus sp. AS_4 and Bacillus sp. AS_5 with related strains from the Bacillus genus. Numbers above or below the nodes indicate bootstrap values generated after 1,000 replications. Escherichia coli AE1-2 was used as an outgroup.


Peribacillus strain AS_2 showed a polytomy relationship with Peribacillus simplex and P. muralis supported by an 83% bootstrap value (Figure 2). In the Bayesian phylogenetic tree (Supplementary Figure 2) Peribacillus strain AS_2 formed a sister clade with Peribacillus soganii. Bacillus sp. Strain AS_3 had a polytomy clade with Bacillus luti and B. proteolyticus with a 23% bootstrap value (Figure 3). Strain AS_4 had a sister clade with B. cereus, and strain AS_5 did not cluster with any of the species (Figure 3). In the Bayesian phylogenetic tree (Supplementary Figure 3), strains AS_3 and AS_5 had sister clades with B. albus and B. pacificus, respectively. Strain AS_4 did not cluster with any species, although there was no congruency between the two methods, both indicate that strains in this study belong to Lysinibacillus, Peribacillus, and Bacillus genera. Strains AS_4 and AS_5 could represent new species and further studies are recommended.



Antibacterial Activity of Endophytic Bacteria

The five isolated endophytic bacteria from medicinal plant A. sessiliflora were tested against 11 pathogenic strains for antibacterial activity as shown in Table 2. The minimum inhibitory concentration of extracted secondary metabolites ranged from 8 to 0.25 mg/ml. The crude extracts of Bacillus sp. strain AS_3 and Bacillus sp. strain AS_5 showed no inhibition against all the indicator strains. The lowest MIC value was recorded against K. pneumoniae (0.25 mg/ml), B. cereus (2 mg/ml), and S. saprophyticus (2 mg/ml) from strains AS_2 and AS_4. The highest concentration was recorded against M. smegmatis, E. coli, and V. parvula with MIC values ranging from 8 to 16 mg/ml from strains AS_1 and AS_2. Statistical analysis showed that only two of the endophytes’ extracts, strains AS_2 and AS_4 had significant (p < 0.05) inhibition values with the lowest MIC values of 0.25 and 2 mg/ml.


TABLE 2. Minimum inhibitory concentrations of crude extracts of bacterial endophytes associated with Alectra sessiliflora.
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Antitumor Activity of Bacterial Endophytes Crude Extracts Against Cancer Cells


Antitumor Activity of Crude Extracts Against Hela Cervical Adenocarcinoma Cells

Different concentrations of crude ethyl acetate extracts of Lysinibacillus sp. strain AS_1, Peribacillus sp. strain AS_2, Bacillus sp. strain AS_3, Bacillus sp. strain AS_4, and Bacillus sp. strain AS_5 were used to determine antitumor activity against three cancer cell lines (A549, Hela and Hek 293). Dimethyl sulfoxide was used as a negative control, while auranofin was used as a positive control as it is known to kill most cancer cells by inhibiting thioredoxin reductase and the ubiquitin-proteasome system (McCauley et al., 2013; Li et al., 2016). Endophytic crude extracts showed varying activities against Hela cervical carcinoma cells with AS_1 and AS_2 showing 99% reduction at a concentration of 1,000–500 μg/ml (Figure 4). A cell reduction of 61% was observed for AS_3 at a concentration of 1,000 μg/ml. An increase in cell viability > 100% was noted for AS_4 and AS_5. Overall, only three strains AS_1, AS_2, and AS_3 had significant inhibition values (p < 0.05) except for strains AS_4 and AS_5 for Hela and Hek 293 cancer cell lines. Only strain AS_2 showed the most significant inhibition at higher concentrations (500 and 1,000 μg/ml) for A549 adenocarcinoma cells. The cell line viability was in the following order: Hela > Hek 293 > A459.
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FIGURE 4. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) cytotoxic assay of endophyte-derived secondary metabolites on Hela cervical adenocarcinoma cells tested at different concentrations ranging from 1,000 to 31.30 μg/ml. Auranofin was used as a positive control. AS_1, Lysinibacillus sp. strain AS_1; AS_2, Peribacillus sp. AS_2; AS_3, Bacillus sp. strain AS_3; AS_4, Bacillus sp. strain AS_4; AS_5, Bacillus sp. strain AS_5.




Antitumor Activity of Crude Bacterial Endophyte Extracts Against Hek 293 Kidney Adenocarcinoma Cells

Strain AS_2 showed the highest cell reduction of 96% against Hek 293 kidney cells at a concentration of 500 μg/ml (Figure 5) and strain AS_3 showed a cell reduction of 92% (1,000 μg/ml), 83% (500 μg/ml), and 75% (250 μg/ml). A reduction of 62% was noted for strain AS_1 at a concentration of 1,000 μg/ml. No notable reduction was observed for strains AS_4 and AS_5 there was an increase in cell viability.
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FIGURE 5. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) cytotoxic assay of endophyte-derived secondary metabolites on Hek293 kidney adenocarcinoma cells tested at different concentrations ranging from 1,000 to 31.3 500 μg/ml. Auranofin was used as a positive control. AS_1, Lysinibacillus sp. strain AS_1; AS_2, Peribacillus sp. AS_2; AS_3, Bacillus sp. strain AS_3; AS_4, Bacillus sp. strain AS_4; AS_5, Bacillus sp. strain AS_5.




Antitumor Activity of Crude Bacterial Endophyte Extracts Against A549 Lung Adenocarcinoma Cells

Bacillus sp. strain AS_3 crude extracts were able to kill all the A549 lung cells at a concentration of 1,000 μg/ml having cell viability of 0% (Figure 6) and strain AS_2 extracts showed a cell reduction of 99% at concentrations of 1,000–500 μg/ml respectively. Strain AS_1 showed a cell reduction of less than 50% at a concentration of 125 and 62.5 μg/ml respectively. An increase in cell viability was observed for strains AS_4 and AS_5.
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FIGURE 6. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) cytotoxic assay of endophyte-derived secondary metabolites on A549 lung adenocarcinoma cells tested at different concentrations ranging from 1,000 to 31.3 500 μg/ml. Auranofin was used as a positive control. AS_1, Lysinibacillus sp. strain AS_1; AS_2, Peribacillus sp. AS_2; AS_3, Bacillus sp. strain AS_3; AS_4, Bacillus sp. strain AS_4; AS_5, Bacillus sp. strain AS_5.


The IC50 values were determined on all three cancer cell lines. From Table 3 it can be observed that the IC50 for Hela was 52.78, 262, and 700.7 μg/ml for the Hela adenocarcinoma cells for strains AS_1, AS_2, and AS_3, respectively. For Hek 293 adenocarcinoma cells, 50% inhibition was observed at 523.8 μg/ml (strain AS_1), 262.2 μg/ml (strain AS_2), 169.4 μg/ml (strain AS_3), and 18.31 μg/ml (strain AS_5). For A549 cells, 50% inhibition was observed at concentrations ranging from 190.9, 380.6, 753.3, and 165.4 μg/ml for strains AS_1, AS_2, AS_3, and AS_5, respectively. No notable inhibition was observed for strain AS_4 for all the cancer cell lines and AS_5 for Hela cells.


TABLE 3. IC50 values of crude extracts from Alectra sessiliflora against different cancer cells.
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Gas Chromatography-Mass Spectrophotometry Analysis

Metabolite profiling of the endophyte’s crude extracts from A. sessiliflora was subjected to GC-MS analysis. The bioactive compounds were identified and tabulated (Table 4). Table 4 shows the metabolite profiles for the ethyl acetate extracts. Only compounds having a retention time (RT) of ≥3 min were recorded. The gas chromatography results of the bacterial crude extracts identified a total of 80 secondary metabolites (Table 4, Supplementary Table 2, and Supplementary Figures 4–8), with AS_1 (Supplementary Figure 4) having the most identified compounds. The compounds prevalent in all the extracts were tridecane (C13H28), hexadecane (C16H34), tetracosane (C24H50), and ergotaman-3′,6′,18-trione,9,10-dihydro-12′-hydroxy-2′-methyl-5′-(phenylmethyl)-, (5′a,10a) (C33H37N5O5). Other interesting metabolites included benzyl benzoate (C9H16N2O2), benzene-acetamide (C8H9NO), 2-coumaranone (C8H6O2), and octacosane (C28H58).


TABLE 4. GC-HRTOFMS analysis of bacterial endophyte’s crude extracts associated with Alectra sessiliflora.
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DISCUSSION

Endophytic bacteria isolated from medicinal plants have gained much interest from researchers as they have been shown to possess antibacterial and antifungal activities (Duhan et al., 2020). They are also known to produce a wide range of secondary metabolites with various biological activities including antioxidant, antimalarial, antidiabetic, antimicrobial, anti-inflammatory, and cytotoxic (Abdalla et al., 2020). Due to the increasing number of deaths from infections caused by drug-resistant bacteria and cancer, there is an urgent need to search for new sources of drugs (Kusari et al., 2013; Prakash et al., 2020). Alectra sessiliflora is a medicinal plant with a limited history in ethnobotanical applications, but studies on the endophytic bacteria associated with it are scarce.

Based on the NCBI-BLAST database, the isolated strains had a 93–99% similarity to Lysinibacillus fusiformis strain POB29, Peribacillus simplex strain TP 141-1, Bacillus cereus strain NCIM 2158, Bacillus proteolyticus strain KLR12, and Bacillus safensis strain MF-86-1 (Supplementary Table 1). Although five bacterial endophytes were isolated in this study, the data adds to the minimally reported phyllosphere bacterial endophytes (Sivakumar et al., 2020). Li et al. (2021), reported a minimal number of bacterial endophytes from halophytes, with five bacterial endophytes isolated each from Reaumuria soongorica (PalL Maxim.) and Peganum harmala L., and three bacterial endophytes each from Artemisia carvifolia (Buch-Ham. ex Roxb. Hort. Beng.) and Suaeda dendroides (C. A. Mey. Moq.). The current study is the first to isolate and identify bacterial endophytes from A. sessiliflora, we strongly believe that more bacterial endophytes are associated with this plant host, thus necessitating further identification of its endophytes. The phyllosphere bacterial endophyte community is known to be affected by plant genotype, immune system and species, soil type, climatic conditions, and geographic location (Copeland et al., 2015). This could explain the low number of endophytes isolated in the current study. Similarly, previous studies reported the occurrence of Bacillus endophyte species within the phyllosphere of lettuce (Rastogi et al., 2012), and grapevine (Kembel et al., 2014). Peribacillus spp. and Lysinibacillus spp. have not been reported as phyllosphere endophytes, nonetheless, Lysinibacillus spp. have previously been isolated from tomato roots (Zhu et al., 2021), rice roots (Khaskheli et al., 2020; Shabanamol et al., 2021); and Peribacillus spp. was previously isolated from P. harmala (Li et al., 2021) and canola crop roots (Martínez-Hidalgo et al., 2021), making our study one of the few to isolate and report Peribacillus sp. as an endophyte. The 16S rRNA approach remains the gold standard for the initial identification of bacterial species, however, this approach cannot differentiate closely related bacterial species as is indicated by the formation of polytomy relationships in Figures 1–3 (Supplementary Figures 1–3; Kitahara and Miyazaki, 2013). The 16S rRNA gene has identified the endophytes to genus level, further studies like whole genome sequencing and multilocus sequence analysis (MLSA) are required for species delineation.

New and effective therapeutic drugs are required to combat microbial drug resistance (World Health Organization [WHO], 2021), and increasing incidence of cancers some of which have drug resistance (Housman et al., 2014). The use of medicinal plants as a source of bioactive compounds has paved the way for the discovery of novel drugs against microbial and cancer infections (Gagana et al., 2020). However, one setback of using medicinal plants is that several factors including the chemical composition of the plant, season and geographical specificity, cultivation requirements, and random use of the plant may limit their potential use (Katiyar et al., 2012). Moreover, their overuse can ultimately lead to plant extinction. Several studies suggest that endophytic bacteria isolated from medicinal plants can produce the same or similar bioactive compounds as their host plant including novel compounds (Mehanni and Safwat, 2009; Alvin et al., 2014; Gouda et al., 2016). These findings have attracted the interest of researchers as this indicates that endophytes can act as substitutes for plants when searching for novel bioactive compounds without causing major impacts on the environment.

A previous study has shown that plant extracts of A. sessiliflora exhibited antibacterial activity against selected pathogens including S. aureus, P. aeruginosa, E. coli, B. pumilus, and Shigella dysenteriae at MIC values ranging from 3.13–25 mg/ml (Mariita et al., 2010). In the current study, the antimicrobial activity of bacterial endophytes associated with A. sessiliflora was investigated against 11 pathogenic strains. A plant extract with a MIC value of ≤8 mg/ml is considered to possess some antimicrobial activity while those with a MIC value of ≤1 mg/ml are considered to have significant antibacterial activity (Fabry et al., 1998; Van Vuuren, 2008). Uche-Okereafor et al. (2019), reported antibacterial activities of bacterial endophytes isolated from Solanum mauritianum against pathogenic bacteria such as E. coli, S. aureus, K. pneumoniae, and P. aeruginosa, and the results indicated antimicrobial activity with MIC concentrations ranging from 0.0625 to 8 mg/ml. In a similar study by Tapfuma et al. (2020) bacterial endophytes isolated from Celtis africana had an antibacterial activity with MIC concentrations ranging from 4 to 8 mg/ml against B. cereus, E. coli, and S. aureus. Among the five bacterial endophytes, Lysinibacillus strain AS_1 extract had antibacterial activity against 10 test strains with antibacterial activity ranging from 4 and 8 mg/ml (Table 2), with the exception of P. aeruginosa. The most significant MIC value of 4 mg/ml was noted on the K. oxytoca and S. epidermidis. The previous studies demonstrated that the genus Lysinibacillus produced secondary metabolites such as antibiotics, hydrolytic enzymes, and bacteriocins with strong antibacterial activity against selected pathogens such as K. pneumoniae, S. aureus, and P. aeruginosa (Naureen et al., 2017). Peribacillus sp. strain AS_2 extracts had an MIC of 2 and 16 mg/ml, with S. saprophyticus and B. cereus being the most susceptible with an MIC value of 2 mg/ml except for S. aureus which had a higher MIC value of 16 mg/ml. All the test bacterial species were resistant to the Peribacillus crude extracts. To the best of our knowledge, this is the study on the antibacterial activity of bioactive compounds from Peribacillus sp. Bacillus sp. strain AS_4 had an MIC of 0.25 mg/ml against K. pneumoniae, which was the lowest MIC recorded in the study. A study by Akpor et al. (2021), determined the antibacterial potential of metabolites produced by B. proteolyticus, B. thuringiensis, B. cereus, and B. subtilis, and all the extracts showed antimicrobial activity against test pathogens at an MIC of 200 mg/ml. In a similar study by Makuwa and Serepa-Dlamini (2021), bioactive metabolites of Bacillus species isolated from a medicinal plant, Dicoma anomala were found to be effective against selected pathogens such as E. coli, K. oxytoca, and S. aureus with MIC values ranging from 0.625 to 10 mg/ml. According to Borriss et al. (2019), Bacillus species produce antibacterial agents such as surfactin and bacteriocins which may be responsible for their antibacterial activities (Huo et al., 2019). Interestingly, no antibacterial activities were reported for the crude extracts of Bacillus sp. strain AS_3 and Bacillus sp. strain AS_5 for all the pathogenic strains (Table 2). Strain AS_1 had MIC activities against most test strains, and we thus recommend its test against multi-drug resistant bacteria.

The antitumor activity of the bacterial endophyte’s crude extracts from A. sessiliflora was evaluated against three human cancer cells, Hela cervical, Hek 293 kidney, and A549 lung adenocarcinoma cells. Oosthuizen et al. (2019), conducted a study to determine the cytotoxic effects of A. sessiliflora plant extracts against U937 human macrophage cells, and the results showed an increase in cell viability of the U937 cells. In this study, crude secondary metabolites from A. sessiliflora bacterial endophytes showed the best antitumor activities showing cytotoxic effects against the three cancer cell lines. To the best of our knowledge, this is the first report on the antitumor cytotoxic activity of bacterial endophyte’s crude extracts from Lysinibacillus sp. strain AS_1, Peribacillus sp. strain AS_2, Bacillus sp. stain AS_3; Bacillus sp. strain AS_4, and Bacillus sp. strain AS_5, all isolated from A. sessiliflora.

Lysinibacillus sp. strain AS_1 crude extract showed antitumor activity against Hela cervical cells, with growth inhibition of more than 90% at concentrations ranging from 1,000 to 62.50 μg/ml (Figure 4). The minimum concentration of 31.3 μg/ml showed growth inhibition of 35%. For Hek 293 kidney cells (Figure 5), cell growth inhibition reduction of 68% was observed at a concentration of 1,000 μg/ml, while at concentrations of 500 and 125 a growth inhibition of less than 50% was recorded. Similar results were observed for A549 lung cells as no growth inhibition of more than 50% was noted (Figure 6). However, there was an increase in cell growth in the A549 lung cells. Peribacillus sp. strain AS_2 crude endophyte extract showed to have antitumor activity against all the cancer cell lines, with growth inhibition of more than 95% with concentrations ranging from 1,000 to 500 μg/ml. Growth inhibitions of 31 and 38% were observed at a concentration of 250 μg/ml for Hela cervical and Hek293 kidney cells, respectively. An increase in cell growth was observed at concentrations ranging from 125 to 31.3 μg/ml for Hela and Hek293, respectively, with the exception of A549 cells which showed less activity with a 4% reduction.

For Bacillus species, only Bacillus sp. strain AS_3 showed notable antitumor activity against all the cancer cells at a concentration of 1,000 μg/ml. Growth inhibition of 61% was observed for Hela cells at a concentration of 1,000 μg/ml. Growth inhibition of 92.83 and 75% was observed for Hek 293 kidney cells with a concentration ranging from 1,000 to 250 μg/ml, respectively (Figures 4–6). A 100% growth inhibition was achieved for A459 lung cells at a concentration of 1,000 μg/ml. No notable activity was observed for strains AS_4 and AS_5 for all the cancer cells, instead, there was an increase in cell growth. Overall, strains AS_1, AS_2, and AS_3, showed a significant effect on the growth inhibition of cells by decreasing the three cancer cells as compared to strains AS_4 and AS_5. Bacillus species are known to produce bioactive metabolites with antitumor and antibacterial species (Shao et al., 2021). Sebola et al. (2020), conducted a study to evaluate the antitumor activity of crude extracts from the medicinal plant Crinum macowanii Baker, and the results showed that the crude extracts of B. safensis had growth inhibition of 50% against A549 cells at a concentration of 100 μg/ml. Ramasubburayan et al. (2015), conducted a similar study in which the anticancer activity of the crude extract of B. subtilis subsp. subtilis RG was tested against MCF-7 human breast adenocarcinoma cells, and the results indicated growth of 37% at a concentration of 25 μg/ml.

The IC50 values were further determined to show the concentration at which 50% inhibition of the tumor or cancerous cells occurred. It has been proposed that extracts with IC50 values <20 μg/ml are significant when tested against cancer cell lines, whereas IC50 values <50 μg/ml are moderate, low when IC50 values are <200 μg/ml and non-toxic when IC50 > 200 μg/ml (Kuete and Efferth, 2015). For Hela cervical adenocarcinoma cells, strain AS_1 showed a low IC50 of 52.78 μg/ml. Strains AS_4 and AS_5 were found to be non-toxic (IC50 > 200 μg/ml) to the Hela cancer cells. For Hek 293 kidney adenocarcinoma cells, stain AS_5 showed a significant IC50 of 18.31 μg/ml, whereas strain AS_3 showed a low IC50 value of 169.4 μg/ml. For A549 lung cells, strain AS_5 showed low IC50 at a concentration of 165.4 μg/ml. Strains AS_1, AS_2, and AS_3 showed strong cytotoxic activities while the other extracts had poor activity. Bostanci et al. (2022), investigated the anticancer activity of the Salvia marashica plant in two cancer cell lines, breast cancer cells (MF-7) and healthy endothelial cell line (HUVEC), and the plant showed IC50 values at concentrations of 125 and 1,650 μg/ml, respectively. A similar study by Abdel-Fatah et al. (2021), showed that extracts isolated from Gink biloba showed anticancer activity of IC50 values of 4.06 and 6.07 μM for cancer cell lines HEPG2 (liver) and MCF7 (breast) cells, respectively.

The chemical composition of Alectra sessiliflora bacterial endophyte’s crude extracts was further analyzed using gas chromatography. The analysis identified 80 compounds (Table 4, Supplementary Table 2, and Supplementary Figures 4–8) belonging to different chemical groups of acids, alcohols, amino acids, aldehydes, amines, amides, ethers, esters, hydrocarbons, ketones, and carbohydrates. Several major compounds were identified in all the extracts including pyrrolo[1,2-a] pyrazine-1,4-dione, hexahydro-3-(2-methylpropyl), tridecane, eicosane, tetracosane, and hexadecane as shown in Table 4. Some alkane compounds or derivatives such as octacosane, tetracosane, and eicosane secreted by Bacillus sp. AS_3 have been reported to be a potential inhibitor against different cancer cells including cervical carcinoma, breast carcinoma, and, human embryonic lung cells W1-38 (Strobykina et al., 2019).

Phenol and phenol derivatives were identified in some bacterial extracts such as 4-mercaptophenol (AS_1), phenol,2,2-bis(1,1dimethyl) (AS_2 and AS_4), and 2,4-di-tertbutylphenol (AS_1, AS_3 and AS_5). These compounds are well-known to possess vital therapeutic properties including anticancer, antibacterial, antiseptic, and anti-inflammatory (Kumar and Mishra, 2018). The compound n-tetracosanol was isolated from leave extracts of Combretum microphyllum and it was found to have antimutagenic activity against Salmonella typhimurium TA98 at a low concentration of 5 μg/ml, and because mutations play a role in the pathogenesis and development of cancerous cells, it thus prevents the pathological process of cancer which can be caused by mutations (Makhafola et al., 2017). Vergara et al. (2015) conducted a study on the antiproliferative evaluation of tetracosanol over Chinese hamster ovary cells K1 (CHO-K1) and human melanoma cells and it was found that tetracosanol had no cytotoxic effect on the growth of CHO-K1 cells whereas, for human melanoma cells, it affected the cell density and inhibited growth by 58%. In this study, only Bacillus sp. strain AS_5 secreted this metabolite. Most of the compounds identified in this study have antibacterial and antitumor activity, which explains the results obtained from the crude extracts, especially for strains AS_1 and AS_2. The use of organic solvents such as ethyl acetate to extract bioactive metabolites from medicinal plants has been reported to yield a high number of metabolites with higher purity compared to water-based methods (Jose et al., 2002; Pintać et al., 2018). The culturing of bacterial endophytes for 7 days was sufficient to yield the expected metabolites. In a similar study by El-Naggar et al. (2017), 22 antimicrobial metabolites were achieved using the solvent ethyl acetate. Chakraborty et al. (2021), conducted a study in which 42 compounds from Streptomyces levis strain KS46 were found to possess antibacterial, antioxidant, antifungal, and antiproliferative activities. In this study, Lysinibacillus sp. strain AS_1 crude extract exhibited a high number of bioactive compounds which explains the significant antibacterial and antitumor activities as compared to the other bacterial endophyte extracts. In general, the presence of bioactive compounds in all the crude extracts of bacterial endophytes especially those with antibacterial and antitumor activities should be investigated further as they have shown potential to inhibit pathogenic bacteria and cancer cells and this further necessitates their investigation and use for drug development. To our knowledge, this is the first study to report on the bacterial endophytes associated with A. sessiliflora, with antibacterial and antitumor activity against bacterial pathogens and cancer cells, respectively.



CONCLUSION

With more studies conducted on plant-associated bacterial endophytes, more evidence has demonstrated that endophytes provide significant benefits to various sectors, such as pharmaceuticals, industry, and agriculture. The current results in this study showed that A. sessiliflora does harbor bacterial endophytes, some with notable antibacterial and antitumor activities, which are attributed to their bioactive constituents, we thus recommend further studies to be conducted for the isolation of more diverse endophytes from A. sessiliflora. The antibacterial and antitumor activities of the crude extracts show the potential use of endophytic bacteria and thus should be considered as a novel source for the isolation and production of pure bioactive compounds. Moreover, further research needs to be conducted on the specific compounds responsible for the antibacterial and antitumor activities of the endophytes as this would be useful in developing new antimicrobial drugs and understanding the mechanism of action of these compounds on the studied cancer cells.
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Endophytes are critical for plant growth and health. Tea is an economically important crop in China. However, little is known about the distribution pattern and potential functions of endophytic communities in tea trees. In this study, two genotypes (BXZ and MF) cultivated under the same conditions were selected, and endophytic bacteria and fungi were analyzed through 16S rRNA and ITS high-throughput sequencing technologies, respectively. For endophytic bacteria, root tissues harbored the most diverse endophytes, followed by stems and old leaves, and new leaves possessed the lowest diversity. In contrast, old leave tissues harbored more diverse endophytic fungi than did root and stem tissues. Most of the dominant endophytes showed obvious cultivar and tissue preferences. Tissue type played a more important role in shaping community structure than did cultivar. Nevertheless, some endophytic bacterial groups, which mainly affiliated to Chryseobacterium, Sphingomonas, Rhizobium, Morganella, Methylobacterium and Comamonadaceae, could parasitize different tissues, and the average relative abundance of endophytic bacteria was as high as 72.57%. Some endophytic fungal populations, such as Colletotrichum, Uwebraunia, Cladosporium, and Devriesia, could also parasitize tea, and the relative abundance accounted for approximately 25.70–97.26%. The cooperative relationship between endophytic bacteria and fungi in the new leaves was stronger than that in the old leaves, which can better participate in the metabolism of tea material.

KEYWORDS
 tea, leaf, endophytes, bacteria, fungi


Introduction

Endophytes are able to live inside plant tissues without inducing any apparent symptoms in their hosts (Borer et al., 2013). Numerous studies indicated that endophytes play important roles in plant disease control, secondary metabolites synthesis, plant growth regulation, and environmental resistance (Oukala et al., 2021). For this reason, endophytes have been receiving increasing attention from scientists since the latter part of the twentieth century. Fungi and bacteria are the most common microbes that exist as endophytes. It is reported that more than half of the isolated endophytes had different kinds of plant growth-promoting traits (Spaepen et al., 2009; Bulgarelli et al., 2012). These endophytes can promote plant growth by accelerating the availability of mineral nutrients, helping in the production of phytohormones, siderophores, and enzymes, and by activating systemic resistance against insect pests and pathogens in plants (Santoyo et al., 2016; Kushwaha et al., 2020). They can also regulate plant growth through improving nitrogen fixation, phosphate solubilization, siderophore, 1-aminocyclopropane-1-carboxylate (ACC) deaminase activity and indole-3-acetic acid (IAA) synthesis Santoyo. Meanwhile, endophytes can induce plant defenses through jasmonic acid, salicylic acid and ethylene pathways (Santoyo et al., 2016). Furthermore, it was also revealed that bacterial endophytes can improve salt tolerance by adjusting osmotic balance, ion homeostasis, phytohormone production, extracellular molecules and exopolysaccharides, which can be a more environmentally friendly and cost-effective solution to curtail the harmful effect of salinity on crop growth and yield (Ali et al., 2014; Singh et al., 2017). Likewise, some fungal endophytes, such as Leptontidium, Phialocephala and Beauveria, also affect plant growth and plant responses to pathogens, herbivores, and environmental changes (Hong et al., 2005; Porras-Alfaro and Bayman, 2011; Huang et al., 2020). All these studies suggested that endophytes would play important roles in helping plant growth and alleviating environmental stress on plant, but the distribution and interaction patterns between many host plants and endophytes remains unknown.

Tea (Camellia sinensis) is a perennial woody plant and an economically important crop in China (Li et al., 2022). The secondary metabolites of tea, such as tea polyphenols, theophylline, organic acids, can excite and relieve fatigue, detoxify and quench thirst, diuresis and improve eyesight, supplement nutrition, etc. (Bhuyan et al., 2013; Shan et al., 2018; Rothenberg and Zhang, 2019). Recently, a few researches has shown that there were also some endophytes colonized in tea plant, and these endophytes may also play important roles in helping plant growth and improving tea quality. For example, Yan et al. (2018) isolated 274 bacterial isolates from two tea cultivars, these endophytic bacterial mainly affiliated to Proteobacteria, Firmicutes and Bacteroidetes. Some of the endophytic bacteria appeared plant-growth promoting (PGP) traits, such as nitrogen fixation, P-solubilization, siderophore, IAA production or ACC deaminase. Sun et al. (2019) isolated an endophytic bacterial strain (identified as Luteibacter spp.) with strong biocatalytic activity for converting both glutamine and ethylamine to theanine. Likewise, endophytic fungus Colletotrichum gloeosporioides isolated from healthy tea plant tissues also showed a strong inhibitory activity on tea plant pathogens of Pestalotiopsis theae and Colletotrichum camelliae, and the inhibitory mechanism may attribute to the fungus’ high efficient chitinase and protease (Rabha et al., 2014). However, these few studies mainly focused on the functions of endophytic strains based on traditional isolation, which would extremely limit our comprehensive understanding of the distribution pattern of endophytes in tea plant.

In this study, two tea plant varieties under the same environmental conditions and planting management measures were selected as materials, and the characteristics of endophytic populations in roots, stems, old leaves and new leaves were systematically compared and analyzed through 16S and high-throughput sequencing technology. The purpose is to explore the population distribution characteristics of the quality endophytes, the functional activity of dominant populations and their interaction with environmental microorganisms and to clarify the characteristics of the distribution of the endophytic bacterial population in tea plants. Therefore, exploring the population distribution characteristics and functions of tea tree endophytes can lay a foundation for the evaluation of the influence of endophytes on the formation of tea quality and provide a basis for further research and development of tea tree endophytic resources.



Materials and methods


Sampling of tea plant tissue

The experiment was carried out in the Chang’an station of Hunan Agricultural University. The type of soil was red soil. The physical and chemical properties of the soil were as follows: organic carbon 0.95 g·kg−1, total nitrogen 0.97 g·kg−1, and total phosphorus 0.35 g·kg−1. Total potassium 1.52 g kg−1, available potassium 92 mg kg−1, available phosphorus 26.6 mg kg−1, alkaline hydrolysis nitrogen 112 mg kg−1, available iron 138 mg kg−1, available manganese 15.4 mg kg−1, available copper 1.14 mg kg−1, available zinc 1.57 mg kg−1, pH 3.87. Two typical cultivars of tea plants (BXZ and MF) with 5 years planting history under the same management practices (such as fertilization) were selected in 2017. For each cultivar., 15 healthy tea plants with the uniform growth were selected, and for each plant, the third and sixth leaves of each plant were sampled as new and old leaves, respectively. Roots and stems were simultaneously collected and washed off soil particles with water. All the tissues were surface-sterilized by successively submersing in 75% ethyl alcohol for 3 min, 1.2% sodium hypochlorite for 3 min, and then 75% ethyl alcohol for 1 min, followed by five rinses with sterilized deionized water. The final rinse water was used to verify the sterility of root surfaces by both PCR amplification of 16S rRNA gene and plate cultivation method (Seghers et al., 2004). The verified tissue samples were immediately frozen in liquid nitrogen and stored at-80°C for molecular analysis.



DNA extraction and endophytic bacterial sequencing

A Fast DNA Spin Kit (Fast DNA Spin Kit for Soil, MP) was used for DNA extraction from tea plants. The concentration and purity of DNA were determined using a NanodropND-1,000 (NanoDrop Technologies, Delaware, United States). After DNA concentration was diluted to 30 ng uL-1 with nuclease-free water, all the samples were performed first PCR to amplify bacterial 16S rRNA (V5-V7) with 799F/1492R primers (Bulgarelli et al., 2012). The reaction solution consisted 1 μl (10 μmol L − 1) of each forward and reverse primer, 2 μl of template DNA, 25 μl 2 × Power Taq Master Mix (Tiangen, Beijing, China), and 21μLnuclease-free water. PCR reaction was performed with a Mastercycler pro gradient PCR Cycler (Eppendorf AG, Hamburg, German) as follows: 94°C for 2 min, 35 cycles of 94°C for 30 s, 55°C for 30 s,72°C for 45 s, and with a final extension of 72°C for 6 min. The amplification of genes was checked using gel electrophoresis (1.5% agarose) and the band of approximately 700 bp was excised and purified using an AxyPrep DNA kit (Axygen, California, United States). The purified PCR product from the first PCR reaction was used as templates for the second PCR amplification (using same conditions) with the primer set 799F/1193R (Lundberg et al., 2012) that comprised an eight-base barcoded at the 5′ end. For the endophytic fungi, primer set of ITS1F/ITS2R was used to amplify ITS genes according to Arnold et al. (2003). The PCR amplicons were gel purified as described above and quantified using a NanodropND-1,000 spectrophotometer. These purified products were pooled in equimolar aliquots and sent for paired-end sequencing on an Illumina Miseq PE300 platform (Shanghai MajorbioBioPharm Technology Co., Ltd., Shanghai, China).



Bioinformatics and statistical analysis

The obtained raw 16S rRNA gene sequences were quality filtered, assembled, de-multiplexed and assigned to individual samples using Quantitative Insights into Microbial Ecology (QIIME) pipeline (version 1.9.0). Briefly, sequences were discarded if they contained any ambiguous base, had more than two mismatches to the primers, one mismatch to the barcode sequence, or a minimum sequence length of 200 bp or average quality score of 20. After filtering and chimera removal, the operational taxonomic units (OTUs) picking was performed using USEARCH at 97% sequence identity. The singletons were filtered, and subsequently, taxonomic annotation of the representative 16S rRNA and ITS sequences was assigned based on the Greengenes database (version 13.5) and unite database (version 7.0) using RDP classifier Bayes algorithm with a confidence threshold of 70% (Goyer et al., 2022). After removing the sequences related to chloroplast or mitochondria, number of OTUs, Shannon, and Chao1 indexes were calculated based on the OTU table that was unified to 9,146 and 36,037 sequences (the minimum number of sample sequences) per sample for 16S rRNA and ITS genes, respectively. Hierarchical cluster diagram and principal coordinates analysis (PCoA) were performed to display the similarities or differences in the community compositions between samples. In order to further identify endophytic bacterial/fungal taxa detected in tea trees that are omnipresent across all cultivar and tissue types or locally resident in specific cultivar or tissue types, a Venn diagram was used to split the overall community into two general categories: “common” - OTUs detected in all samples, “specific”—OTUs found only in the specific tissue samples from a specific cultivar. One-way analysis of variance (ANOVA) was used to detect the significant difference between the properties of soil and plant with SPSS software (SPSS Inc., Chicago, United States). The Duncan’s multiple range was used for detecting significant difference among treatments, and the statistical significance was determined at p < 0.05 and highly significant difference at p < 0.01.

The correlation between the endophyte populations in the sample was analyzed on the online tool of Majorbio Cloud Platform with default parameters.1




Results


Community diversity of endophytic bacteria and fungi in tea trees

After quality control and chloroplast or mitochondrial sequences removal, a total of 530,608 bacterial sequences and 2,442,189 fungal sequences were obtained from 24 samples. These sequences were assigned to 636 bacterial OTUs and 718 fungal OTUs, respectively. In comparison, the OTU numbers and Chao index of endophytic bacteria in roots and stems were significantly higher than that in leaves for both BXZ and MF (p < 0.05), while no significant differences (p > 0.05) were detected between roots and stems, and old and new leaves. But for the shannon index, although similar pattern were observed, only MF-root and BXZ-stem samples appeared significantly higher values than new leaves, while other tissues showed no significant differences (Figure 1A).However, no significant differences in bacterial diversity were detected between two cultivars for specific tissue (Figure 1A). Unlike bacteria, for the endophytic fungi, it was detected that the new leaves generally showed the lowest OTU numbers and Shannon index for both BXZ and MF, while similar fungal diversity was detected in root, stem and old leaves, except for the old leaves showed higher OTU numbers (Figure 1B). Furthermore, significant differences in fungal diversity were also detected between two cultivars for specific tissues, e.g., OTU numbers in stem, Chao1 in root (p < 0.05).
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FIGURE 1
 Diversity of endophytic bacteria (A) and fungi (B) in tea trees. BXZ_R, BXZ_S, BXZ_OL 556 and BXZ_NL represented root, stem, old leave and new leave samples of BXZ cultivar, while MF_R, 557 MF_S, MF_OL and MF_NL represented root, stem, old leave and new leave samples for MF cultivar. Different letter indicates (a) BXZ tea tree α diversity and (b) MF tea tree α diversity.




Community structures of endophytic bacteria and fungi in tea trees

From the PCoA plots (Figure 2), it was detected that although cultivar also induced some changes in their community structure for specific tissue types, all the samples separately clustered according to tissue types, suggesting that the tissue type may play a more important role in shaping endophytic bacterial community structure than did cultivar (Figure 2A). Among the four tissue types, the bacterial community in root and stem samples clustered closer while that in old and new leaves was clearly apart. These results suggested that the root and stem may share relative similar community structure of endophytic bacteria and fungi, while old or new leaves may harbor distinct endophytic community structures (p < 0.01; Figure 2A). Generally, the distribution pattern of the fungal community in tea trees were quite similar with that of bacteria (Figure 2B), which were also characterized by separately clustered according to tissue types with some modification induced by cultivar.
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FIGURE 2
 PCoA analysis of community structures of endophytic bacteria (A) and fungi (B) in tea trees. BXZ_R, BXZ_S, BXZ_OL and BXZ_NL represented root, stem, old leave and new leave samples of BXZ cultivar., while MF_R, MF_S, MF_OL and MF_NL represented root, stem, old leave and new leave samples for MF cultivar.


The taxonomic analysis further revealed that the endophytic bacteria and fungi differed markedly among the tissue types and cultivars (Figure 3). It was observed that, on average, more than 90% of observed endophytic bacteria were affiliated to six bacterial classes, including Alpha-, Beta-and Gamma-proteobacteria, Actinobacteria, Flavobacteriia and Bacilli (Figure 3A). However, the relative abundance of these taxa varied among different tissue types as well as cultivars (Figure 3A). For example, new leaves in both BXZ and MF were predominated by Alphaproteobacteria and Flavobacteriia, which totally account for 84.8 and 79.2% of the total endophytic bacterial population, respectively. However, the relative abundances of these two dominant bacterial groups were decreased to 10.2 and 9.8% in old leaves of BXZ and MF, respectively. Instead, the minor groups Actinobacteria and Gammaproteobacteria in new leaves (average total proportion 3.2–3.6%), were significantly increased to be predominant endophytic bacterial groups (averagely 24.7–32.0%) in old leaves for both BXZ and MF. The root and stem samples generally shared similar community structure of endophytic bacteria for both cultivars, and the relative abundance of the dominant groups described above were generally in between new and old leaves. Finer taxonomic division at genus level (Supplementary Figure S1A) showed that members of Morganella, Acidovorax, and Rhizobium were dominant populations in roots and stems. But in new leaves, approximately 70% of the bacteria belonged to the four major bacterial genera Chryseobacterium, Sphingomonas, Rhizobium and Methylobacterium. The population composition of old leaves was more complex than that of new leaves. Arsenophonus, Corynebacterium, Actinomyces, Pseudomonas and other taxa were dominant populations in old leaves, but the amounts in other tissues were relatively low or even undetectable.
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FIGURE 3
 Taxonomic analysis of the endophytic bacterial (A) and fungal (B) communities at class level. BXZ_R, BXZ_S, BXZ_OL and BXZ_NL represented root, stem, old leave and new leave samples of BXZ cultivar., while MF_R, MF_S, MF_OL and MF_NL represented root, stem, old leave and new leave samples for MF cultivar.


Likewise, most of the dominant endophytic fungal taxa also appeared tissue preference(Figure 3B). For example, the roots and stems were dominated by fungal classes of Dothideomycetes, Sordariomycetes and Leotiomycetes, which totally took account 87.0–93.5% of the overall community of endophytic fungi. Dothideomycetes and Sordariomycetes were still dominant fungal group in old leaves, but the relative abundance of Leotiomycetes were significantly decreased by 26.7–34.8%, which only represented 0.3 and 0.5% of the total fungal population in the old leaves of BXZ and MF, respectively. With regards to new leaves, it was interestingly found that approximately 76.0 and 81.6% of the endophytic fungal community belonged to Dothideomycetes, while other taxa only took account minor proportion. When analysis at genus level (Supplementary Figure S1B), it was found that approximately 38.0–90.3% were unclassified taxa. Of the classified taxa, Colletotrichum (4.8–9.7%), Scleropezicula (2.2–17.2%) and Devriesia (1.1–2.7%) were dominant fungal groups in roots and stems across two cultivars with proportion > 1%. With respected to old leaves, the proportion of Colletotrichum, Cladosporium and Aspergillus were significantly increased to 36.2–41.4%, 4.6–6.0% and 1.9–2.1%, respectively. Instead, the dominant group in root and stems, such as Scleropezicula and Devriesia, were decreased to be minor groups with relative abundance less than 0.1%. Compared to old leaves, the proportion of Colletotrichum was sharply decreased to 0.05–0.16% in new leaves, while Uwebraunia remarkably increased to be the predominant taxa with relative abundance 8.2–49.6%.



Partitioning of endophytic bacterial and fungal community

The distribution of endophytic bacterial and fungal OTUs among samples could be visualized in the Venn diagrams (Figure 4). It was detected that 45 bacterial OTUs were shared by all tissue samples across two cultivars; these OTUs formed 25.0% on average (12.9–40.5%) of the total OTU numbers from a given tissue type. By comparison, the factions of common OTUs in leaves were higher than that in roots and stems across two cultivars (Figure 4A). However, when examining the relative abundance of the common OTUs in a specific tissue sample, they represented, on average, 72.6% of the total bacterial sequence reads, with the highest proportion of 95.9% in new leaves, followed by stems (81.2%), and the lower in old leaves and root samples at 56.0 and 54.3%, respectively (Table 1).
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FIGURE 4
 Common, tissue/cultivar-specific bacterial (A) and fungal (B) OTUs in tea tree. BXZ_R, BXZ_S, BXZ_OL and BXZ_NL represented root, stem, old leave and new leave samples of BXZ cultivar., while MF_R, MF_S, MF_OL and MF_NL represented root, stem, old leave and new leave samples for MF cultivar.




TABLE 1 Proportions of common and specific taxa in total OTU numbers and population sizes of endophytic bacteria and fungi in tea trees.
[image: Table1]

For the endophytic fungal communities, it was detected that 35 OTUs were assigned as common community (Figure 4B). On average, these common OTUs represented 15.0% (10.9–20.8%) of the total OTU numbers in fungal community in a specific tissue sample, with the highest proportion of 15.3 and 20.8% in new leaves of BXZ and MF, respectively, and the lowest in old leaves at 11.8 and 10.9%, respectively. However, the relative abundance of these common communities in the total fungal population of a specific sample varied among tissue types. The average relative abundance of common groups was approximately 94.1–97.3% in new leaves, and 84.4–85.1% in old leaves, which were significantly higher than that in root and stem samples (32.8 and 31.9% on average).

When concerning the bacterial and fungal OTUs occurred in only specific tissue and cultivar., it was revealed that the proportions of the specific bacterial OTUs were generally lower than the common communities, which took account 13.3% of the total OTU numbers in individual sample, on average. The lowest number of OTUs assigned to the specific category was observed for new leaves in both BXZ and MF, representing 6.62 and 6.31% of their total OTU numbers, respectively. However, their proportions in old leaves were significantly increased to 17.05 and 13.20%, respectively. The proportion of specific OTUs in roots varied significantly with cultivar., with 7.91% in BXZ but 38.79% in MF. Unlike endophytic bacteria, the lowest specific fungal OTU number proportion were observed in stems, the percentage in BXZ and MF were 7.66 and 4.10%, respectively. The highest proportion in BXZ occurred in old leaves (29.39%), but in MF, it was changed to roots (20.45%). However, although the specific bacterial or fungal endophytic taxa averagely represented 13.34–14.90% in the total OTU pools, their relative abundance within the endophytic population were very low, on average, only 1.96 and 1.37% of the total bacterial and fungal reads in a specific sample, respectively.



Taxonomy analysis of common and tissue/cultivar specific community of endophytic bacteria and fungi

Taxonomy analysis showed that the common bacterial OTUs were mainly affiliated to 7 bacterial classes of Alpha-, Beta-and Gamma-proteobacteria, Actinobacteria, Flavobacteriia, Bacilli (Figure 5A), and 31 bacterial genera, such as Chryseobacterium, Sphingomonas, Rhizobium, Morganella, Methylobacterium and Comamonadaceae (Figure 5A). The common fungal taxa were mainly distributed in 4 fungal classes (Dothideomycetes, Eurotiomycetes, Sordariomycetes, Agaricomycetes, etc.), 12 fungal orders (Capnodiales, Pleosporales, Eurotiales, etc.), and 15 fungal genera (Colletotrichum, Uwebraunia, Cladosporium, etc.; Figure 5B). However, although these common taxa diversely distributed in various tissue types across cultivar., their relative abundance varied significantly among samples. For example, new leaves harbored the highest proportion of common communities affiliated to bacterial genera of Chryseobacterium and Devosia, followed by stems and roots, and the old leaves possessed the lowest proportion. The relative abundance of Curtobacterium in root and stem samples were significantly higher than that in old and new leaves (p < 0.05; Figure 5A). For the fungal community, old leaves had between 2.7–6.0 times higher proportion of Colletotrichum than root and stem samples, and the proportion of this taxa sharply decreased from 33.3–41.0% in old leaves to 0.05–0.13% in new leaves. In contrast, the new leaves possessed the highest proportion of Uwebraunia (46.3% in BXZ and 6.5% in MF), followed by old leaves (0.3 and 0.5%), and the proportion in roots and stems was very low (less than 0.02%; Figure 5B).
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FIGURE 5
 Common bacterial (A) and fungal (B) endophytic communities that shared by all tissues across two cultivars (genus level). BXZ_R, BXZ_S, BXZ_OL and BXZ_NL represented root, stem, old leave and new leave samples of BXZ cultivar., while MF_R, MF_S, MF_OL and MF_NL represented root, stem, old leave and new leave samples for MF cultivar.


In comparison with the common community, the specific communities of endophytic bacteria and fungi were diversely distributed in 31 bacterial and 11 fungal classes, and 96 bacterial and 81 fungal genera, respectively. Furthermore, the taxonomy categories of both bacterial and fungal OTUs identified as specific were also closely related to tissue and cultivar types (Figure 6). For example, of the total specific bacterial OTUs identified in old leaves of BXZ, about 61.09% of the community related to the class Bacilli (e.g., genera Alicyclobacillus) and other specific OTUs belonging to Alpha-and Gamma-proteobacteria (Cardiobacterium, Nevskia), Flavobacteriia (Flavobacterium, Candidatus_Uzinura), were observed in lower proportions (> 0.2%). In old leaves of MF, bacterial classes of Alpha-and Beta-proteobacteria, Clostridia, and Bacilli, and bacterial genera of Prevotella, Paenibacillus, Eubacterium, Corynebacterium, and Alloprevotella were the abundant specific groups with relative abundance ranged from 0.14 to 0.51%. Whereas in the root samples of MF, Alpha-proteobacteria (e.g., Roseomonas, Sphingobium, Inquilinus), Actinobacteria (Catenulispora, Actinospica, Acidothermus, Nocardia, etc.), and Acidobacteria (Bryobacter, Candidatus_Solibacter) were predominant groups with relative abundance >0.5%, which totally accounted 75.72% of the total specific community. For the specific fungal community (Figure 6B), it was detected that the old leaves in BXZ were dominated by fungal classes of Sordariomycetes (45.86% of the total specific fungal community), Eurotiomycetes (29.97%), and fungal genera of Acremonium, Talaromyces, Rachicladosporium, Knufia, and Verticillium. While approximately 86.71% of the specific fungal community in MF old leaves were affiliated to Sordariomycetes, including fungal genera of Lecanicillium, Myrmecridium, and Rosellinia.
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FIGURE 6
 Specific bacterial (A) and fungal (B) endophytic communities that only occurred in specific tissue/cultivar (class level). BXZ_R, BXZ_S, BXZ_OL and BXZ_NL represented root, stem, old leave and new leave samples of BXZ cultivar. while MF_R, MF_S, MF_OL and MF_NL represented root, stem, old leave and new leave samples for MF cultivar.




Analysis of the interaction between endophytic bacterial and fungal populations

The relationship between the endophytic bacteria and fungi in the different tissues of BXZ and MF was analyzed through the species correlation network.

There were significant interactions between different species of endophytic bacteria and fungi among different tissues. The degree of correlation was significantly different, which was represented by root > stem > old leaves > new leaves (Figure 7). The number of bacterial and fungal populations (a positive correlation) in the new leaves was much higher than that in the old leaves. Compared with new leaves, the number of populations with a negative correlation in old leaves increased significantly. The correlation between bacterial populations in roots and stems was more complex, mainly manifested in the existence of positive and negative correlations between species.
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FIGURE 7
 Network analysis showing the correlations between bacterial and fungal endophytic communities. (The figure shows the species with Spearman coefficient > 0.8 and p < 0.01 by default; the size of the node in the figure indicates the species abundance, and different colors indicate different species; the color of the line indicates a positive and negative correlation, and red indicates a positive correlation. Green indicates a negative correlation; the thickness of the line indicates the size of the Pearson correlation coefficient. The thicker the line, the higher the correlation between species; the more lines, the closer the relationship between the species and other species.) (A) Network analysis of correlation between BXZ and endophytic bacteria. (B) Network analysis of correlation between MF and endophytic bacteria. (a) BXZ new leaf; (b) BXZ old leaf; (c) BXZ stem; (d) BXZ root system; (A) MF new leaf; (B) MF old leaves; (C) MF stem; (D) MF root system.





Discussion

In this study, 16S rRNA and ITS high-throughput sequencing analysis were performed on the endophytes of BXZ and MF under the same cultivation management, and the difference and contrast analysis of the endophyte population composition and diversity in different tissues were carried out. These findings indicate that the endophytes in different tissues of different varieties are significantly different and are represented by roots > stems > old leaves > new leaves.

The endophyte community structure within the plant is dynamic and is influenced by abiotic and biotic factors such as soil conditions, biogeography, plant species, microbe-microbe interactions and plant-microbe interactions, both at local and larger scales (García-Guzmán and Heil, 2014). There is a long-term coevolution relationship between endophytes and tea. We found 636 species of endophytic bacteria of tea plants in this study, belonging to 20 bacterial phyla, 35 bacterial classes, 81 bacterial orders, 169 bacterial families, and 308 bacterial genera.

Endophytes are rich in plant tissues and play important roles in plant-microbial interactions and plant-growth regulation (Hardoim et al., 2008; Hacquard and Schadt, 2015; Wani et al., 2015). The bacterial groups of different tea plant species under the same cultivation conditions may be determined by different root exudates, different signaling molecules, etc. (Shyam et al., 2010; Frank et al., 2017). The root system was in direct contact with the soil, and the bacteria in the soil had more opportunities to infect the root system. Therefore, the diversity of endophytes in the roots was much higher than that in other tissues. Generally, host plants and rhizosphere endophytes are mostly symbiotic relationships. Previous studies have found that Azoarcus, Burkholderia, Gluconobacter, Herbaspirillum, Klebsiella, Plantoea and Rahnella and other bacterial genera can be detected in many plants (Dudeja et al., 2021). These bacteria can help host plants relieve nutrient stress by fixing nitrogen and secreting growth hormone under relatively infertile conditions (Dudeja et al., 2021). Some endophytic bacterial populations in plants, such as Bacillus, Enterobacter, Pseudomonas, Streptomyces, etc., can help host plants resist pathogenic bacteria and drought, salinity and other biological and abiotic stresses (Ali et al., 2014; Mukherjee, 2014; Naveed et al., 2014). We found that some bacterial genera, such as Chryseobacterium, Sphingomonas, Rhizobium, Morganella, Methylobacterium Propionibacterium, etc. were dominant bacterial populations coexisting in different tissues of BXZ and MF. It has been proven that bacterial populations such as Chryseobacterium have strong environmental tolerance and can adapt to oligotrophic and hypoxic environments (Kampfer et al., 2003; Liu et al., 2010).

The distribution of endophytic bacteria in tea trees showed an obvious alternating pattern during the maturation of tea leaves (Arnold et al., 2003; Suryanarayanan and Thennarasan, 2004). The types and numbers of endophytic bacteria gradually increased as the leaves matured. For example, the contents of Arsenophonus, Corynebacterium, Actinomyces, Pseudomonas, etc. in old leaves had significantly increased when compared with new leaves. Is the genetic background or growth characteristics of the tea plant itself or the external environmental conditions responsible for the differences in the distribution of endophytic bacteria populations? The answers to these questions need to be further explored and studied. The endophytic bacteria in the new leaves had a positive correlation, and they participated in the formation of tea metabolites together and jointly promoted the growth of the new leaves. However, the endophytic bacteria in the old leaves mainly showed a competitive relationship. To satisfy their own growth, the endophytic bacterial populations had a competitive relationship for nutrients.

Some endophytic bacterial populations could be parasitic in different tissues or varieties (Wei et al., 2018). Our results indicated that these endophytic bacterial populations, including Chryseobacterium, Sphingomonas, Rhizobium, Morganella, Methylobacterium and Comamonadaceae, that exist in different varieties and under different cultivation conditions may be common endophytic bacterial populations in tea varieties. The abundance, distribution and diversity of endophytes may be influenced by the genotypes and tissue types of tea plants and the length of plant growth. In this study, among the 636 different species of bacteria obtained from BXZ and MF planted in the same cultivation environment, only 45 species were shared. The microenvironment in different species or tissues affects endophytic bacterial survival. Some endophytic bacteria preferred the microenvironment in the leaf, and the abundance in the leaf was higher than that in other tissues. Previous studies have shown that environmental requirements, such as nutrient status, pH, oxygen concentration, etc. had a great influence on the growth of tea microorganisms. The difference in habitat conditions can directly affect their living conditions and functional activity (Horner-Devine et al., 2007; Fierer and Ladau, 2012; Hazard et al., 2013). Factors such as genetic background and growth characteristics will lead to certain differences in the physical structure, chemical composition and nutritional components of different tissues, which will cause changes in the composition and structure of the tea plant bacterial population. The differences in the endophytic bacterial population structure of BXZ and MF may be related to the genetic characteristics of tea plants.

There was also a long-term coevolutionary relationship between endophytic fungi and plants. Some endophytic fungi have developed into an inseparable part of the plant (Osono and Mori, 2003). The distribution of endophytic fungi in tea plants had obvious specificity among different tissues. We found an obvious trend of old leaves > new leaves > roots > stems according to the types and quantity of endophytic fungi. Different tissues had different chances of contacting fungal spores floating in the air and fungi in the soil during the growth process. These endophytic fungi could produce metabolites with the same or similar chemical structure as the host (Zeng et al., 2000). Tea plants might recruit and colonize specific endophytic fungal groups based on their genetic and biochemical characteristics to maintain their own healthy growth (Su et al., 2010). However, which endophytic fungal groups are closely related to the genetics of tea trees and whether these endophytic fungal groups have a certain internal connection between the healthy growth of tea trees and tea quality are still unclear.

In addition to a large number of bacterial populations, there are also a large number of fungi in the soil, which greatly enriches the diversity of endophytic fungi in the root system. Hu et al. (2013) isolated 7 genera and 12 species of endophytic fungi from the tea roots of 10-year-old “Longjing long leaves.” The 35 strains of endophytic fungi isolated by Agusta et al. (2005) belonged to Fusarium, Penicillium, Schizophyllum and Diaporthe. Studies have also found that the infection of tea plant endophytic fungi may be related to the number of stomata on the leaves. As the leaves mature, the number of stomata gradually increases (Xie et al., 2006; Xie, 2007). The composition of endophytic fungi in leaves at different developmental stages may be related to the internal and external structure and chemical factors of the leaves. How tea biochemistry affects the succession of endophytic fungi and whether endophytes have an impact on tea biochemistry require further research.

Endophytic fungi can survive in different endophytic microenvironments of tea plants. Taxonomic analysis found that most of the dominant fungal populations coexisting in different parts of different tea plant species belong to the genera of Colletotrichum, Uwebraunia, Cladosporium, and Devriesia. These ubiquitous endophytic fungi could live widely in plants; they changed in the microenvironment and affected their survival status. Most fungi had specific habitat requirements, including nutrient status, pH, oxygen concentration, etc. The differences in habitat conditions could directly affect their survival status and functional activity. The different varieties of tea plants used in this study had certain differences in the physical structure, chemical composition, and nutrient conditions of their roots, stems and leaves due to the genetic background and growth characteristics. The composition and structure of the fungal population in the organ would be different.

The endophytic fungal populations had a similar bacterial trend, the new leaves were more in the form of a positive correlation, and they participated in the material metabolism of tea through mutual help. The nutrients in the old leaves were reduced, and the endophytic fungal populations competed for nutrients to satisfy self-growth, which led to a significant reduction in the cooperative relationship between the endophytic fungal populations.



Conclusion

Tea plant harbored high diversity of endophytic bacteria and fungi. Tissue type played a more important role in shaping community structure and diversity of endophytic bacteria and fungi than did cultivar. Roots harbored the most diverse endophytic bacteria while the new leaves possessed the lowest diversity. Whereas for endophytic fungi, old leave displayed higher diversity than did root and stem tissues. Most of the dominant endophytes showed obvious cultivar and tissue preferences. Nevertheless, some core endophytic groups with high abundance, such as bacterial general of Chryseobacterium, Sphingomonas, Rhizobium, Morganella, Methylobacterium and Comamonadaceae, and fungal groups of Colletotrichum, Uwebraunia, Cladosporium, and Devriesia, could parasitize different tissues. At the same time, the distinctive characters of individual tissue/cultivar resulted in highly diverse specific communities that appear to be restricted to specific environments.
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Swainsonine positive Location References Average seed Swainsonine

mass (mg) concentration (%)
Ipomoea albivenia Africa 1.5 1.07
Ipomoea arborescens Mexico 52:5 0.23
Ipomoea brasiliana’ S. America Dantas et al., 2007; 108 0.5
Mendonga et al., 2012, 2018
Ipomoea calobral Australia Molyneux et al., 1995 N/A 0.11
Ipomoea carnea' Pantropical de Balogh et al., 1999; 66.15 0.07
Haraguchi et al., 2003

Ipomoea cavalcantei S. America 20 0.06
Ipomoea chilopsidis Mexico N/A N/A
Ipomoea costata’ Australia Cook et al., 2019 114 0.09
Ipomoea cuneifolia S. America 10 0.12
Ipomoea descolei S. America 58 0.4

Ipomoea haenkeana S. America 8 0.07
Ipomoea hieronymi' S. America Cholich et al., 2021 33 0.25
Ipomoea intrapilosa Mexico 79 0.04
Ipomoea lapidosa Africa 123 0.79
Ipomoea longifolia C. America 1175 0.1

Ipomoea malvaeoides S. America 30 0.08
Ipomoea marcellia S. America N/A N/A
Ipomoea marmorata Africa 213 0.45
Ipomoea megapotamica’ S. America Barbosa et al., 2006 N/A N/A
Ipomoea murucoides C. America 1564.29 0.14
Ipomoea opulifolia S. America 56 N/A
Ipomoea paucifiora C. & S. America 73.6 0.14
Ipomoea polpha1 Australia Molyneux et al., 1995 99 N/A
Ipomoea populina C. America 65 N/A
Ipomoea prismatosyphon Africa 71 N/A
Ipomoea pterocaulis’ S. America Barbosa et al., 2006 20 0.74
Ipomoea rosea® S. America Mendonga et al., 2018 N/A N/A
Ipomoea saopaulista S. America 4.25 0.03
Ipomoea sericosepala® S. America Mendonga et al., 2018 44.33 N/A
Ipomoea sumatrana Asia N/A N/A
Ipomoea valenzuelensis S. America N/A N/A
Ipomoea verbascoidea Africa 56.17 0.67
Ipomoea wolcottiana C. & S. America 34.5 0.32
Ipomoea yardiensis Australia N/A N/A
Jacquemontia corymbulosa® S. America Mendonga et al., 2018 N/A N/A

Bolded species were previously reported to contain swainsonine; non-bolded reported here for the first time. All species were analyzed in this study unless noted
otherwise. N = North, C = Central, S = South.

1Species confirmed to contain swainsonine in this survey.

2Species was confirmed to be negative through this survey.

3This species was not investigated in this survey.
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Phyla

Bacteria
Proteobacteria

Actinobacteria

Bacteroidetes

Firmicutes

Other taxa

Unidentified taxa

Fungi
Zygomycota

Chytridiomycota

Basidiomycota

Ascomycota

Other taxa

Occurrence (%)

Min

9.4 (Watrous,
Canada; NS)

5.0 (Watrous,
Canada; NS)

1.9 (Watrous,
Canada; NS)
3.4 (Saskatoon,
Canada; b)

55.4 (Watrous,
Canada; NS)
60.6 (Saskatoon,
Canada; a)

5.9 (Utrecht, The
Netherlands; NS)
3.7 (Utrecht, The
Netherlands; NS)
32.8 (Utrecht,
The Netherlands;
NS)

54.6 (Utrecht,
The Netherlands;
NS)

3.7 (Utrecht, The
Netherlands; NS)

Max

77.0 (Kawatabi,
Japan; d)

88.9 (Kawatabi,
Japan; d)

283.0 (Kawatabi,
Japan; d)

28.3 (Watrous,
Canada; NS)
55.4 (Watrous,
Canada; NS)
70.0 (Saskatoon,
Canada; ¢)

5.9 (Utrecht, The
Netherlands; NS)
6.7 (Utrecht, The
Netherlands; NS)
32.8 (Utrecht,
The Netherlands;
NS)

54.6 (Utrecht,
The Netherlands;
NS)

6.7 (Utrecht, The
Netherlands; NS)

Mean

23.7

24.0

5.9

10.0

7.9

28.5

5.9

3.7

32.8

54.6

3.7

Number (and list?) of
T. aestivum genotypes

6(a, b, c, d,f, NS)

6(a, b, c, d,f, NS)

5(a, b, ¢, d,NS)

1(NS)

References

Sato and Jiang, 1996b; Germida et al., 1998;
Germida and Siciliano, 2001; Rascovan et al.,
2016

Juhnke et al., 1987; Sato and Jiang, 1996a;
Germida et al., 1998; Germida and Siciliano,
2001

Sato and Jiang, 1996b; Germida et al., 1998;
Germida and Siciliano, 2001

Sato and Jiang, 1996a,b; Germida et al., 1998;
Germida and Siciliano, 2001
Germida et al., 1998

Germida and Siciliano, 2001

Smit et al., 1999

Smit et al., 1999

Smit et al., 1999

Smit et al., 1999

Smit et al., 1999

Min and Max correspond to minimum and maximum occurrences observed for each phylum in the specified references, after combining data from all replicate plants of
one genotype (indicated between parentheses), at one growth stage, for one treatment in one soil of one geographic location (indicated between parentheses). For each
phylum, the mean is calculated from all the values obtained from the different geographic locations and T. aestivum genotypes.

aGenotypes were cultivars Pl167549 (a), Red Fife (b), CDC Teal (c), Aoba (d), GSTR 11562 (g), Pondera (f), or not specified (NS).
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Phyla Occurrence (%)? Number (and list?) of Number of References
T. aestivum genotypes countries
Min Max Mean

Culture-independent methods

Bacteria

Proteobacteria 16.1 (Bawburgh, UK; a) 51.1 (Bawburgh, UK; a) 33.6 1(q) 1 Tkacz et al., 2020;
Prudence et al., 2021

Acidobacteria 1.2 (Bawburgh, UK; a) 12.4 (Bawburgh, UK; a) 6.8 1(a) 1 Tkacz et al., 2020;
Prudence et al., 2021

Actinobacteria 14.9 (Bawburgh, UK; a) 60.1 (Bawburgh, UK; a) 375 1(a) 1 Tkacz et al., 2020;
Prudence et al., 2021

Bacteroidetes 5.1 (Bawburgh, UK; a) 11.1 (Bawburgh, UK; a) 8.1 1(@) 1 Tkacz et al., 2020;
Prudence et al., 2021

Chloroflexi 1.0 (Bawburgh, UK; a) 5.2 (Bawburgh, UK; a) 3.1 1(q) 1 Tkacz et al., 2020;
Prudence et al., 2021

Cyanobacteria 4.3 (Bawburgh, UK; a) 4.3 (Bawburgh, UK; a) 2.2 1(q) 1 Tkacz et al., 2020

Firmicutes 3.5 (Bawburgh, UK; a) 3.5 (Bawburgh, UK; a) 1.6 1(q) 1 Prudence et al., 2021

Verrucomicrobia  7.17 (Bawburgh, UK; a) 7.17 (Bawburgh, UK; a) 3.6 1(q) 1 Tkacz et al., 2020

Other taxa 7.0 (Bawburgh, UK; a) 7.0 (Bawburgh, UK; a) 3.5 1(q) 1 Prudence et al., 2021

Archaea

Euryarchaeota 28.0 (Bawburgh, UK; a) 28.0 (Bawburgh, UK; a) 28.0 1(q) 1 Prudence et al., 2021

Thaumarchaeota 62.0 (Bawburgh, UK; a) 62.0 (Bawburgh, UK; a) 62.0 1(a) 1 Prudence et al., 2021

Other taxa 7.9 (Bawburgh, UK; a) 7.9 (Bawburgh, UK; a) 7.9 1(q) 1 Prudence et al., 2021

Unidentified taxa 2.1 (Bawburgh, UK; a) 2.1 (Bawburgh, UK; a) 2.4 1(q) 1 Prudence et al., 2021

Fungi

Ascomycota 66.0 (Kirksville, MO; b) 99.3 (Northern Germany; NS)  82.7 1 (b, NS) 1 Bokati et al., 2016

Basidiomycota 0.7 (Northern Germany; NS) 0.7 (Northern Germany; NS) 0.7 1(NS) 1 Ozkurt et al., 2020

Other taxa 34.0 (Kirksville, MO; b) 34.0 (Kirksville, MO; b) 17.0 1 (b) 1 Bokati et al., 2016

Culture-dependent methods

Bacteria

Proteobacteria 17.8 (Saskatoon, Canada; ¢)  24.3 (Saskatoon, Canada; )  21.0 3(c,d, e 1 Germida and Siciliano,
2001

Actinobacteria 4.7 (Saskatoon, Canada; c) 11.8 (Saskatoon, Canada; e) 8.0 3(c,d,e) 1 Germida and Siciliano,
2001

Bacteroidetes 1.0 (Saskatoon, Canada; d) 4.1 (Saskatoon, Canada; c) 2.5 3(c,d, e 1 Germida and Siciliano,
2001

Firmicutes 0.8 (Saskatoon, Canada; €) 1.6 (Saskatoon, Canada; c) 1.1 3(c,d, e 1 Germida and Siciliano,
2001

Unidentified taxa  59.0 (Saskatoon, Canada; )  73.6 (Saskatoon, Canada; c)  67.3 3(c,d, e 1 Germida and Siciliano,
2001

Fungi

Ascomycota 75.0 (Kirksville, MO; b) 75.0 (Kirksville, MO; b) 75.0 1(b) 1 Bokati et al., 2016

Unidentified taxa  15.0 (Kirksville, MO; b) 15.0 (Kirsville, MO; b) 15.0 1 (b) 1 Bokati et al., 2016

Min and Max correspond to minimum and maximum occurrences observed for each phylum in the specified references, after combining data from all replicate plants of
one genotype (indicated between parentheses), at one growth stage, for one treatment in one soil of one geographic location (indicated between parentheses). For each
phylum, the mean is calculated from all the values obtained from the different geographic locations and T. aestivum genotypes.

aAbbrevations are used to designate Missouri (MO) and United Kingdom (UK).

b Genotypes were cultivars Paragon (a), GSTR 11562 (b), PI167549 (c), Red Fife (d), CDC Teal (e) or not specified (NS).
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Microorganism (i) Wheat (i) Genotype
studied evolution/ categories
domestication within wheat
species
Biotic interactions
DAPG Pseudomonas
synthesis brassicacearum
Q8r1-96
Pseudomonas
fluorescens Q2-87
Pseudomonas Valente et al.,
ogarae F113 2020
Phenazine Pseudomonas
synthesis chlororaphis
Synthesis of
antimicrobial
compound(s)
Fungal
inhibition
Rhizoctonia
inhibition
Induction of Pseudomonas
root defense brassicacearum
Q8r1-96
Pseudomonas
putida
Rhizophagus
irregularis
Pseudomonas
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Q8r1-96
IAA synthesis Azotobacter
chroococcum
ACC
deaminase
activity
Yield promotion  Azospirillum Pagnani et al.,
brasilense Cd 2020

Gluconacetobacter
diazotrophicus Pal5
Herbaspirillum
seropedicae Z67

(iii) Wheat
cultivars

Okubara and
Bonsall, 2008;
Yang et al.,
2018

Valente et al.,
2020

Mahmoudi
etal., 2019

Maketon et al.,

2012

Pérez-de-
Luque et al.,
2017

Okubara et al.,

2010

Narula et al.,
2000

Methodology
used
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sequence
analysis of
Pseudomonas
isolates

in silico prediction
from rrs
metabarcodes
PCR-RFLP of
Pseudomonas
isolates

Agar plate assays
of Pseudomonas
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Salkowski
method and
sequence
analysis
Absorbance
quantification of
a-ketobutyrate
product

(i) Wheat
evolution/
domestication

(ii) Genotype
categories
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(iii) Wheat
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Mazzola
et al., 2004

Mahoney
etal., 2017

Gu and
Mazzola,
2003
Mazzola and
Gu, 2002
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etal., 2011
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etal., 2017
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These comparisons were carried out at the level of individual microorganisms (whereby one or several microorganisms was/were inoculated on wheat) or entire functional
groups (i.e., taking into account most or all microorganisms potentially contributing to a given microbial function). RFLE, Restriction Fragment Length Polymorphism. List
of references is available in Supplementary Material 1.
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Phyla Occurrence (%)? Number (and list®) of Number of References
T. aestivum genotypes countries

Min Max Mean
Bacteria
Proteobacteria 16.5 (Bawburgh,  52.0 (Villa 38.6 14 (a,b,c,d, e f, g h,i, 5 Turner et al., 2013; Donn et al., 2015; Rascovan et al.,
UK; a) Saboya, j, k, I, NS) 2016; Mahoney et al., 2017; Fan et al., 2018; Tkacz et al.,
Argentina; 1) 2020; Prudence et al., 2021
Acidobacteria 0.5 (Gundibinyal,  23.4 (Bawburgh, 11.5 14 (a,b,c,d, e f, g h,i, 5 Turner et al., 2013; Donn et al., 2015; Rascovan et al.,
Australia; k) UK; a) j, k, I, NS) 2016; Mahoney et al., 2017; Fan et al., 2018; Tkacz et al.,
2020; Prudence et al., 2021
Actinobacteria 1.0 (Villa Saboya, 26.0 12.9 14 (a,b,c,d, e f, g h,i, 5 Turner et al., 2013; Donn et al., 2015; Rascovan et al.,
Argentina; 1) (Gundibinyal, j, k, I, NS) 2016; Mahoney et al., 2017; Fan et al., 2018; Tkacz et al.,
Australia; k) 2020; Prudence et al., 2021
Bacteroidetes 0.9 (Villa Saboya, 28.0 (Pullman, 14.6 14 (a,b,c,d, e f, g h,i, 5 Turner et al., 2013; Donn et al., 2015; Rascovan et al.,
Argentina; 1) WA; g) j, k, I, NS) 2016; Mahoney et al., 2017; Fan et al., 2018; Tkacz et al.,
2020; Prudence et al., 2021
Chloroflexi 0.5 (Northern 6.3 (Bawburgh, 0.9 7 (& k, 1, NS) 4 Donn et al., 2015; Fan et al., 2018; Tkacz et al., 2020;
China; NS) UK; a) Prudence et al., 2021
Cyanobacteria 0.5 (Norwich, 3.0 (Bawburgh, 0.2 1(a) 2 Turner et al., 2013; Tkacz et al., 2020
UK; a) UK; a)
Firmicutes 9.6 (Norwich, 20.9 (Bawburgh, 29 2 (a, NS) 3 Turner et al., 2013; Rascovan et al., 2016; Prudence et al.,
UK; a) UK; a) 2021
Armatimonadetes 1.0 (Pullman, 4.6 (Pullman, 1.2 9(b,cdefghij 1 Mahoney et al., 2017
WA; d) WA; €)
Planctomycetes 0.2 (Northern 8.9 (Villa Saboya, 1.0 4 (a, h, 1, NS) 3 Turner et al., 2013; Rascovan et al., 2016; Mahoney et al.,
China; NS) Argentina; 1) 2017; Fan et al., 2018
Saccharibacteria 2.0 (Pullman, 4.0 (Pullman, 2.0 9(b,cdefghij 1 Mahoney et al., 2017
WA i) WA b)
Gemmatimonadetes 0.5 (Northern 7.0 (Pullman, 2.3 10(,c,d e f,ghij 2 Fan et al., 2018; Naz et al., 2018
China; NS) WA; b) NS)
Verrucomicrobia 0.7 (Northern 10.2 (Villa 2.7 12(@,b,c,d e f g h,i 4 Turner et al., 2013; Rascovan et al., 2016; Mahoney et al.,
China; NS) Saboya, j, I, NS) 2017; Tkacz et al., 2020; Prudence et al., 2021
Argentina; )
Other taxa 2.0 (Villa Saboya, 23.5 (Bawburgh, 2.2 2@, 3 Turner et al., 2013; Rascovan et al., 2016; Prudence et al.,
Argentina; 1) UK; a) 2021
Unidentified taxa 1.0 (Pullman, 71.6 (Northern 712 11 (b, c,de f,ghij 2 Donn et al., 2015; Mahoney et al., 2017
WA; €) China; NS) k)
Archaea
Euryarchaeota 24.5 (Bawburgh,  24.5 (Bawburgh, 6.1 1(@) 1 Prudence et al., 2021
UK; a) UK; a)
Thaumarchaeota 22.2 (Northern 100.0 74.3 3 (a, NS) 3 Fan et al., 2018; Szoboszlay et al., 2019; Tkacz et al., 2020;
China; NS) (Bawburgh, UK; Prudence et al., 2021
a)
Other taxa 0.2 (Bawburgh, 0.2 (Bawburgh, 0.05 1(@) 1 Prudence et al., 2021
UK; a) UK; a)
Unidentified taxa 0.4 (Bawburgh, 77.8 (Northern 19.6 2 (a, NS) 2 Fan et al., 2018; Prudence et al., 2021
UK; a) China; NS)
Fungi
Zygomycota 16.0 (Bawburgh,  16.0 (Bawburgh, 2.7 1(@) 1 Tkacz et al., 2020
UK; a) UK; a)
Glomeromycota 0.5 (Bethlehem, 1.5 (Bawburgh, 0.8 4 (@, m,n, o) 2 Gqgozo et al., 2020; Tkacz et al., 2020
South Africa; 0) UK; a)
Chytridiomycota 0.9 (Bawburgh, 22.3 (Pretoria, 5.4 4 (m,n,o,p) 2 Gqozo et al., 2020; Tkacz et al., 2020
UK; a) South Africa; n)
Basidiomycota 0.5 (Hangzhou, 24.3 (Bethlehem, 12.6 5 (@, m, n, o, NS) 3 Smit et al., 1999; Lu et al., 2018; Tkacz et al., 2020
China; NS) South Africa; o)
Ascomycota 28.3 (Bawburgh,  60.6 (Napier, 45.4 6 (@&, m, n, o, NS) 3 Fan et al., 2018; Lu et al., 2018; Gqozo et al., 2020; Tkacz
UK; a) South Africa; m) et al., 2020
Other taxa 12.6 (Bethlehem, 39.5 (Bawburgh, 14.2 4 (a, m, n, NS) 2 Gqozo et al., 2020; Tkacz et al., 2020
South Africa; 0) UK; a)
Unidentified taxa 51.0 (Northern 63.5 (Hangzhou, 19.1 2 (NS) 1 Luetal, 2018
China; NS) China; NS)

Min and Max correspond to minimum and maximum occurrences observed for each phylum in the specified references, after combining data from all replicate plants of
one genotype (indicated between parentheses), at one growth stage, for one treatment in one soil of one geographic location (indicated between parentheses). For each
phylum, the mean is calculated from all the values obtained from the different geographic locations and T. aestivum genotypes.

aAbbrevations are used to designate United Kingdom (UK) and Washington State (WA).

bGenotypes were cultivars Paragon (a), Madsen (b), PI561725 (c), Eltan (d), Finch (e), Hill81 (f), Lewjain (g), PI561722 (h), PI561726 (i, PI561725 (), Janz (k), Cadenza (),
SST88 (m), Kariega (n), Eland (o) or were not specified (NS).
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IC5p (ng/mL)
Crude extract

AS_1
AS_2
AS_3
AS_4
AS_5
Auranofin

Hela

52.8
262
700.7
>1,000
>1,000
>1,000

Hek293

523.8
262.2
169.4
>1,000
18.3
500.06

A549

190.9
380.6
753.3
>1,000
165.4
>1,000

AS_1, Lysinibacillus sp. strain AS_1; AS_2, Peribacillus sp. AS_2; AS_3, Bacillus
sp. strain AS_3; AS_4, Bacillus sp. strain AS_4; AS_5, Bacillus sp. strain AS_5.
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Compound Molecular RT (min) Area% ion m/z Biological activity Bacterial endophyte References

formula
1-Undecanol C11H240 11,62 0,03 155.0726 Antimicrobial AS_1 Mukherjee et al., 2013
Tridecane Cq3Hog 7,25 0,07 127.0543 Antibacterial, antioxidant and AS_1,AS_2, AS_3, AS_5 Barupal et al., 2019
anti-inflammatory activity
2,4-Di-tert-butylphenol C14H220 12,31 0,02 206,116  Antioxidant and anti-infammatory AS_1,AS_3,AS_5 Vahdati et al., 2022
activity
Undecanoic acid Cq11H2005 13 0,04 169,0761 Insecticidal and antioxidant activity AS_1,AS_3 Lodyato et al., 2003;
Farag et al., 2021
7-Hexadecene, (2)- CygHa2 13,55 0,06 153,127 Insecticidal activity AS_1,AS_3,AS_5 Ekalu, 2021
2-Dodecanone C1oH240 13,62 0,04 134,14 Antimicrobial AS_1,AS_3,AS 4,AS 5 Mukherjee et al., 2013
Hexadecane CigHaa 12,04 0,06 113.1323 Insecticidal activity AS_1,AS 2, AS_3,AS _4,AS 5 Ekalu, 2021
4-Mercaptophenol CgHgOS 16,25 0,02 126,0423 Anticancer, antibacterial, and AS_1 Kumar and Mishra,
antiseptic activity 2018
Pentadecane CqsH3o 16,31 0,025 204,2481 Antibacterial, antioxidant and AS_1 Barupal et al., 2019
anti-inflammatory activity
Pyrrolo[1,2-a]pyrazine-  C11H1gN202 16,73 2,03 197,127 Antibiotic, antifungal drugs, AS_1,AS_3,AS 4,AS 5 Rao and Lakshmi, 2018
1,4-dione, cholesterol, and antitumor agents
hexahydro-3-(2-
methylpropyl)-
Eicosane CooHaz 16,25 1,28 254,965 Antibacterial, antioxidant and AS_1,AS_3,AS 4,AS 5 Barupal et al., 2019
anti-inflammatory activity
n-Hexadecanoic acid C16H3202 18,14 0,06 213.1846 Antifungal and antibacterial activity AS_1, AS_2 Hsou et al., 2011
Tetracosane Co4Hs0 20,52 0,43 225,2578 Antibacterial, antioxidant and AS_1,AS_2,AS_3,AS_4,AS_5 Barupaletal, 2019
anti-inflammatory activity
2-Coumaranone CgHgO2 ;87 0,06 134.0360 Anticancer activity and Anti-HIV AS_2 Cole et al., 2016; Ma
agents et al., 2016
Phenal, 2,5-bis(1,1- C14H200 12,3 0,08 206,1662 Anticancer, antibacterial and AS_2,AS_4 Kumar and Mishra,
dimethylethyl)- antiseptic activity 2018
Octacosane CogHsg 22,18 0,14 196,1204 Insecticidal activity AS_2,AS 3,AS 4,AS 5 Ponsankar et al., 2016
1,2- C14H1804 18,2056 0,03 150,0265 Antifungal and antibacterial activity AS_3, AS_4, AS_5 Hsou et al., 2011
Benzenedicarboxylic
acid, dipropyl ester
Tetracosanol-1 CogHz00 19,35 0,04 139,8193 Antimutagenic activity AS_5 Makhafola et al., 2017

RT (m), retention time (minutes); m/z, mass-to-charge ratio; AS_1, Lysinibacillus sp. strain AS_1; AS_2, Peribacillus sp. AS_2; AS_3, Bacillus sp. strain AS_3; AS_4,
Bacillus sp. strain AS_4; AS_5, Bacillus sp. strain AS_5.
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Bacterial sample code

AS_1
AS_2
AS_3
AS_4
AS_5

Assigned isolate name

Lysinibacillus sp. strain AS_1
Peribacillus sp. strain AS_2
Bacillus sp. strain AS_3
Bacillus sp. strain AS_4
Bacillus sp. strain AS_5

Assigned accession number

MZ976846
Mz976847
MZz976848
MZz976849
MZz976850

Phylum

Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes

Gram stain reaction

+ve
+ve
+ve
+ve

+ve

Cell shape

Rods
Rods
Rods
Rods
Rods

+ve positive: Gram-positive.
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Test strain Crude extracts mg/mL Positive
control

AS 1 AS2 AS 3 AS4 ASS5 Streptomycin

1 mg/mL
B. cereus 8 2 - - - 0.25
E. coli 8 - - - - 0.25
E. faecium 8 - - - - 0.25
K. oxytoca 4 - - - - 0.25
K. pneumoniae 8 - - 0.25 - 0.125
M. smegmatis 8 - - - - 0.25
S. aureus 8 16 - - - 0.25
S. epidermidis 4 — — — — 0.25
S. saprophyticus 8 2 — — — 0.25
P, aeruginosa — — — — — 0.25
V. parvula 8 - - - - 0.25

—, No inhibition; AS_1, Lysinibacillus sp. strain AS_1; AS_2, Peribacillus sp. AS_2;
AS_3, Bacillus sp. strain AS_3; AS_4, Bacillus sp. strain AS_4, AS_5, Bacillus
sp. strain AS_5.
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= only ARD soil

No. of isolates

Genus Species bp %identity ARD  Grass Origin
= onIy grass soil 37 Pseudomonas poae 1385 99 2 1 B
= both soils Pseudomonas trivialis 1391 99 1 H
Pseudomonas salomonii 1380 99 1 1 H
Pseudomonas lurida 1400 99 1 H
Pseudomonas marginalis 1390 99 1 1 B
[— Pseudomonas fluorescens/veronii 1399 99 1 E
79 L— pseudomonas veronii 1386 99 il E
- Pseudomonas fluorescens 1402 99 7 5 H
Pseudomonas fluorescens/marginalis 1406 99 1 2 B
46 79 Pseudomonas marginalis/fluorescens/grimontii 1394 99 1 H
Pseudomonas fragi 1403 99 1 E
Pseudomonas migulae 1386 99 2 B
4i - LE Pseudomonas arsenicoxydans 1381 99 il E
22 Pseudomonas fluorescens/arsenicoxydans 1389 99 il 1 E
51 — Pseudomonas brassicacearum 1379 99 2 3 B
78 L Pseudomonas corrugata 1419 99 il H
Pseudomonas putida 1402 99 1 1 E
Pseudomonas helmanticensis 1395 99 2 2 B
1(2 * o5 Pseudomonas koreensis 1406 99 3 E
84 Pseudomonas reinekei 1398 99 3 B
62 Pseudomonas koreensi/Kribbensis 1404 99 1 E
I_ Pseudomonas mandelii 1394 99 1 H
- Pseudomonas frederiksbergensis 1390 99 2 H
9l 60 Pseudomonas protegens 1400 100 1 E
69 Pseudomonas syringae 1389 99 il E
99 Enterobacter sp. 1406 99 1 E
4 Lelliottia amnigena 1394 99 1 E
> Pantoea agglomerans 1390 99 il 1 B
Erwinia billingiae 1402 99 1 3 B
100 Serratia plymuthica 1405 99 5 7 B
99 94 Rahnella aquatilis 1395 99 6 9 B
86 Serratia proteamaculans 1398 99 1 H
70 Serratia liquefaciens 1398 99 1 1 B
63 Serratia quinivorans 1411 99 1 E
99 Dyella Koreensis / japonica 1416 99 1 E
o2 Dyella marensis/koreensis 1409 99 2 E
X Dyella japonica 1407 99 1 E
‘i Luteibacter jiangsuensis 1405 99 1 E
89 Paraburkholderia phenazinium 1394 99 1 E
Herbaspirillum rhizosphaerae 1402 99 il E
. v Variovorax paradoxus 1400 99 4 1 E
o8 Mitsuaria/Roseateles sp./depolymerans 1378 99 1 E
95 Rhizobacter bergeniae 1398 100 8 E
Hyphomicrobium facile 1348 99 il E
100 Rhizobium rhizogenes/radiobacter 1346 100 l 1 E
100 Rhizobium smilacinae 1341 99 1 E
100 Brevundimonas vesicularis 1320 100 1 E
* Caulobacter henricii 1352 99 1 E
88 Sphingobium sufflavum 1352 99 1 H
100 Sphingobium yanoikuyae 1346 97 1 1 E
100 = Bacillus megaterium / aryabhattai 1408 100 1 E
L Paenibacillus chitinolyticus 1376 99 1 E
Streptomyces pulveraceus 1365 99 1 E
71 92 Nocardia lijiangensis 1377 99 il E
L 100 Nocardia nova 1382 99 2 E
100 Mycobacterium aichiense 1379 99 4 E
99 Mycobacterium arabiense 1383 99 1 E
97 100 Micromonospora chalcea 1382 89 il E
Micromonospora matsumotoense 1349 99 1 E
79 Kribbella karoonensis 1357 97 2 E
55 Kineosporia sp. 1369 99 1 E
60 Actinomadura nitritigenes 1356 99 1 E

Flavobacterium

oryzae
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Chemical

Condensed tannins
Catechin
Phenylalanine
Tryptophan
Glucose

Maltose

Chi-square, df =3

5.73
25.46
31.45
42.04

4.86
21.30

p-value

0.1255
1.239e-05
6.81e-07
3.928e-09
0.1817
9.122e-05

Significance

n.s.

The non-parametric test was chosen for all comparisons to standardize between
compounds with and without normally distributed residuals. The individual
chemicals were chosen from the metabolomics data to provide examples of
chemical responses to treatment that generally agreed with the compound group:
phenolic compounds (as exemplified in condensed tannins and their precursor
catechin), the amino acids (phenylalanine and tryptophan), and the sugars (glucose
and maltose, with maltose responses varying when compared to the other sugars).

P < 0.0001.
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Morphotype Identity Treatment
C N H NH

Total nr of isolates 543 520 268 311
MT1 Ramularia sp. 8.83 6.88 514 433
MT2 471 513 1.48 329
MT5 483 392 271 295
MT13 Cladosporium sp. 1 1.08 129 0.71 0.76
MT18 0.88 0.83 0.38 043
MT12 Penicillium olssonii 0.42 067 0.57 0.81
MT22 Arthrinium sp. 1 0.54 075 052 0.2
MT15 Penicillium 1 0.54 054 010 0.52
MT26 029 029 043 0.71
MT17 Penicillium brevicompactum ~ 0.00 0.46 0.19 0.00
MT23 Arthrinium sp. 2 0.08 025 0.05 0.05
MT3 Fusarium oxysporum 0.04 0.04 0.00 0.05
MT4 0.00 0.04 0.06 0.00
MT6 0.17 0.08 0.056 0.05
MT7 0.04 0.00 0.00 0.00
MT8 Dothideomycetes 1 0.00 0.08 0.00 0.00
MT9 Dothideomycetes 2 0.04 0.00 0.00 0.00
MT10 0.00 0.00 0.05 0.05
MT11 0.00 0.00 0.05 0.00
MT14 Cladosporium sp. 2 0.04 0.00 0.00 0.00
MT16 0.00 0.04 0.00 0.00
MT19 0.04 0.04 0.05 0.00
MT20 Penicillium sp. 2 0.00 0.00 0.00 0.05
MT21 Penicilium sp. 3 0.04 0.08 0.00 0.00
MT24 Arthrinium sp. 3 0.00 0.00 0.056 0.00
MT25 Rhodotorula sp. 0.00 021 0.14 0.00
MT27 Aureobasidium microstictum ~ 0.00 0.00 0.00 0.14
MT28 Aureobasidium pullulans 0.00 0.00 0.05 0.05
MT29 0.00 0.00 0.00 0.05
MT30 Physalospora scirpi 0.00 0.04 0.00 0.00
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Subnetwork 1 Subnetwork 2

Number of nodes 30 2
Number of edges 61 9%
Average number of 4067 7.538
neighbours

The subnetworks refer to Figure 6 where subnetwork 1 is made up of fungal genera
with high abundances in samples with Leptocybe invasa infestation levels 0 and 1 and
subnetwork 2 is made up of fungal genera with high abundances in samples with

L eptocybe invasa infestation levels 2 and 3.
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Site Soil n Observed ASVs Chao1 Shannon Simpson

Ellerhoop TO 3 244 + 26 253 + 30 46 +£0.12 0.98 + 0.00
Heidgraben ARD 3 260 + 39 266 + 41 5.0 £0.19 0.99 + 0.00
(Summer 16)

Grass 4 210+ 78 222 + 85 419 +£0.47 0.96 + 0.02*
Heidgraben ARD 4 291 + 96 301 + 104 4.82 +£0.43 0.98 £ 0.01
(Autumn 16)

Grass 4 240 + 95 248 + 100 4.48 + 0.59 0.97 +£0.02
Heidgraben ARD 4 251 £ 41 264 + 39 4.85 + 0.31 0.99 =+ 0.01
(Spring 17)

Grass 4 236 + 21 243 £ 19 4.76 +£0.24 0.98 £ 0.01
Ellerhoop ARD 4 236 £ 72 245 £ 77 4.42 + 0.61 0.97 +£0.02
(Summer 17)

Grass 3 166 + 43 1756+ 43 3.89 + 0.49 0.96 + 0.02
Ellerhoop ARD 2 160 + 21 162 £ 22 4.05+0.012 0.96 + 0.01
(Autumn 17)

Grass 3 171+ 41 176 £ 37 4.04 +£0.96 0.94 + 0.06
Ellerhoop ARD 3 253+ 77 263 + 83 472 £0.147° 0.98 + 0.00
(Spring 18)

Grass 4 159 + 28 161 £ 29 4.06 +£0.73 0.92 +£0.10

Additionally, TO plants before planting at Ellerhoop are shown. Different letters indicate significant differences within the sites between the sampling times (Tukey'’s test at
p < 0.05). No letters indicate no significant differences. Significant differences between ARD and grass are shown in bold (t-test at *p < 0.05). Given are mean =+ standard
deviation of n replicates.
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ARD Grass

Heidgraben 36.88 + 15.65 52.61 + 25.34
Ellerhoop 21.64 £10.912 78.21 4 33.49°

Different letters indicate significant differences between ARD and grass variants
within a site (Welch Two Sample t-test p < 0.05, n = 12).
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Proportion of OTU numbers (%) Proportion of sequence reads (%)

Bacteria Fungi Bacteria Fungi
Common Specific Common Specific Common Specific Common Specific

BXZ-R 2093 791 1515 952 7264 075 3992

BXZ-S 1793 9.16 1489 7.6 8229 068 2007

BXZ-OL 3488 17.05 1182 2939 57.58

BXZ-NL 3309 662 1528 2052 9405

ME-R 1293 3879 13.26 2045 35.90 683

ME-S 1648 769 1795 410 80.07 046 001

ME-OL 284 13.20 1090 16.82 6038 196 038

ME-NL 4054 631 2083 1071 97.68 024 007

BXZ_R, BXZ_S, BXZ_OL and BXZ_NL represented root, stem, old leave and new leave samples of BXZ cultivar, while MF_R, MF_S, MF_OL and MF_NL represented root, stem, old
leave and new leave samples for MF cultivar.
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Treatments  Total carbon Total Organic Soil pH Ammonium Nitrate
(9/kg) nitrogen carbon nitrogen (mg/kg) nitrogen
(9/kg) (9/kg) (mg/kg)
CK 8.84 + 2.49¢ 0.59+0.14P 5.00 +0.93° 8.63+0.192 1.61+0.252 16.15 + 4.46°
H1 8.28 +0.169 0.59 + 0.05° 3.84 +£0.19° 8.43+0.162 1.20 £ 0.4220 21.75+7.62°
H2 10.87 4 0.140%d 0.55+0.07° 4.1940.14° 8.53+0.242 1.03 £ 0.34% 19.63 + 6.50°
H3 10.18 4+ 0.16%¢ 0.56 + 0.03° 4,26 +0.24° 8.51+0.192 1.07 £ 0.38% 19.45+6.77°
H4 13.31 £ 0.7220 0.51+0.07° 5.06 + 1.140 8.414+0.052 0.95 + 0.32%° 28.95 + 4.24°
T1 15.07 + 0.522 1.19 + 0.052 10.70 4+ 1.09% 8.22 +0.10% 0.54 +0.15° 65.98 + 25.272
T2 10.34 + 0.29% 0.55+0.04° 4,77 £0.87° 8.59 +0.252 0.58 +0.20° 13.26 + 2.60°
T3 10.21 £ 0.14°d 0.64 + 0.06° 5.13+0.27° 8.53+0.072 0.49 +0.05° 13.66 + 1.68°
T4 12.62 + 0.45%° 1.17 £0.052 10.37 £0.532 8.27 £0.222 0.81+0.20% 24.37 + 5.36°

Statistical significance was set at a level of p < 0.05 using Tukey’s HSD tests. The same letter in the table represents no significant difference.
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(mg/l
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