

[image: image1]
Soybean Hypocotyls Prevent Calonectria ilicicola Invasion by Multi-Layered Defenses
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In plants, many pathogens infect a specific set of host organs to cause disease, yet the underlying mechanisms remain unclear. Here, we show that inoculation of soybean plants with Calonectria ilicicola, the soil-borne causal agent of soybean red crown rot, caused typical disease symptoms of root rot and leaf chlorosis and necrosis. However, the pathogen DNA was only detected in the roots and stem (hypocotyl) base but not other aerial parts of the plants. As we observed vigorous fungal growth in all culture media made of extracts from roots, stems, and leaves, differences in key components including available nutrients did not determine organ-specific infection and reproduction by C. ilicicola. Furthermore, inoculation of stems both with and without a surface wound showed that the stems resisted C. ilicicola infection via both the pre- and post-invasion defense layers. Transcriptomic comparison of roots and stems using RNA-seq analysis further revealed that upon C. ilicicola inoculation, a greater expression of genes involved in stress response was induced in the plant stems, including receptor-like kinase, AP2/ERF, MYB, and WRKY. In addition, pathways related to amino acid metabolism were also more upregulated in the stems in response to C. ilicicola infection. These results suggest that soybean stems provide C. ilicicola resistance, at least in part, by activating an organ-specific defense response.
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INTRODUCTION

It is estimated that a plant is exposed to an average of 100 or more potential pathogens in the natural environment (Agrios, 1997). Some of these pathogens can infect all or most organs of their host plants, while others are more limited and cause disease in only one or a few specific organs or tissues, a phenomenon known as organ-specific or structural specific infection (Lacaze and Joly, 2020). For example, Sclerotinia sclerotiorum can infect most organs such as roots, leaves, stems, and the reproductive organs of sunflowers (Bolton et al., 2006). The blast fungus Magnaporthe oryzae, which generally infects foliar tissues, can also invade the roots of cereals (Dufresne and Osbourn, 2001; Marcel et al., 2010). In contrast, pathogens of powdery mildew disease only infect the epidermis of leaves and green shoots (Lynne, 2016). It remains largely unknown why some pathogens can infect the entire plant while others are restricted to specific organs.

It has been suggested that organ-specific infection is determined by organ-specific resistance in the host plant, such as differences in surface structure, accumulation of secondary metabolites and pathogenesis-related (PR) proteins, and induced resistance, as well as differences in the adaptability of phytopathogens to grow (Balmer and Mauch-Mani, 2013; Lacaze and Joly, 2020). In Arabidopsis, Hyaloperonospora arabidopsidis, which induces R-gene-mediated defense responses in leaves, can only infect roots (Hermanns et al., 2003). Interestingly, the R gene is expressed in both leaves and roots, indicating that different resistance systems operate downstream of the R gene in roots and leaves (Hermanns et al., 2003). In potato plants, quantitative trait locus (QTL) markers confirmed in foliar resistance to Phytophthora infestans are not correlated with tuber resistance (Mayton et al., 2010). In maize, Ustilago maydis, the fungal causal agent of smut disease, infects all aerial parts of the plant and locally induces tumor formation (Skibbe et al., 2010). Interestingly, U. maydis infection has been shown to induce organ-specific transcriptional changes in both the pathogen and the host (Skibbe et al., 2010). The repertoire of effector genes expressed in different tissues also varies, suggesting that these effectors may be involved in organ-specific infection (Skibbe et al., 2010). Schilling et al. (2014) analyzed 20 presumptive organ-specific U. maydis effector genes and showed that nine of them affected virulence only in one of the tested plant organs. Organ-specific infections have also been reported in non-host resistance. For example, Arabidopsis is generally a non-host for the rice blast fungus M. oryzae; however, two M. oryzae isolates (KJ201 and 70–15) were found to be able to infect the roots but not the leaves and stems of Arabidopsis with a pathogenic mechanism distinct from that in rice (Park et al., 2009). Interestingly, the fungal hyphae that grew toward the hypocotyl failed to cross the border between the root and hypocotyl tissue (Schreiber et al., 2011).

Red crown rot (RCR) in soybean is caused by the soil-borne pathogenic fungus Calonectria ilicicola (anamorph: Cylindrocladium parasiticum). C. ilicicola was first reported as Cylindrocladium black rot on peanuts in the United States in 1965 (Bell and Sobers, 1966), and was found to cause soybean RCR in Japan in 1968 (Krigsvold et al., 1977; Nishi, 1989). RCR causes defoliation and early plant maturity, resulting in yield loss and quality reduction (Roy et al., 1989; Akamatsu et al., 2020). The disease is more severe under clayey or flooding conditions. Yield losses were estimated at 25–30% in Mississippi (Roy et al., 1989), and losses of more than 50% were estimated when the susceptible cultivars were cultivated under humid conditions (Bell et al., 1973; Pataky et al., 1983; Berner et al., 1988; Padgett et al., 2015). Although some differences in RCR resistance have been observed among cultivars (Kim et al., 1998; Win and Jiang, 2021), no true resistance to RCR has been reported.

It has been found that some basal defense responses, such as periderm formation and vessel occlusion, are induced at the site of infection by C. ilicicola (Yamamoto et al., 2017), but the detailed infection mechanism remains unclear. C. ilicicola-infected soybean plants display typical symptoms of root rot from the early stages of seedling growth, leaf chlorosis (yellowing), and necrosis at the reproductive stages (Roy et al., 1989; Akamatsu et al., 2020). Leaf chlorosis can also be produced by applying culture filtrates of C. ilicicola (Kim et al., 2001) and PF1070A, a cyclic peptide consisting of four amino acids identified as a phytotoxin of the C. ilicicola fungus (Ochi et al., 2011). However, it is still unclear whether the disease symptoms in leaves are caused by C. ilicicola infection or by the transmission of the C. ilicicola-produced phytotoxin from roots to the aboveground parts of plants.

This study aimed to elucidate the organ-specificity of C. ilicicola infection and the underlying mechanisms in soybean plants. We show that C. ilicicola exclusively infects roots, whereas stems prevent infection by activating distinct defense mechanisms. Our findings have important implications for understanding pathogenic mechanisms of red crown rot and the immune system of soybean.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Seeds of the soybean cultivar Enrei were pre-conditioned in a moisture-saturated plastic box for 24–48 h at 25°C. The seeds were then sown in commercially available pre-fertilized and granulated soil (Nippi No. 1, Nippon Hiryo, Tokyo, Japan) in 65-mm2 plastic pots with a depth of 50 mm (180 ml) and a drainage hole. Five seeds were sown per pot, and the top of the pot was covered with a 2-mm layer of pre-fertilized peaty soil Supermix-A (Sakata Seed Corporation, Yokohama, Japan). Plants were then grown in a climate-controlled plant growth chamber (Nippon Light Metal Company, Ltd., Tokyo, Japan) under 16-h light conditions at 25°C and 50% relative humidity (RH). All the soils used in this study were autoclaved one day before seed-sowing to eliminate any effects from other soil pathogens.



Pathogen Culture and Inoculation

Calonectria ilicicola (isolate UH2-1) was kindly provided by Dr. Sunao Ochi (Research Center for Agricultural Information Technology, NARO, Japan), which was isolated from RCR-diseased soybean roots from Sasayama, Hyogo (Jiang et al., 2020). Fungal mycelia were grown on potato dextrose agar (PDA) plates at 25°C for 1–2 weeks or until fungal mycelial growth reached the edges of the Petri plates.

For soil inoculation, five to eight pieces (∼5-mm cubes) of PDA with vigorously growing C. ilicicola mycelia were placed in a 500-ml flask containing 200 g of wheat bran-vermiculite medium (wheat bran/vermiculite/water 1:1:3, w/w/v) and incubated at 26°C for 10–14 days until the fungal mycelia fully covered the medium (Ochi and Nakagawa, 2010). This culture was used as inoculum, and an inoculum-soil mixture was prepared by mixing the inoculum with Nippi No. 1 soil to generate a concentration of 1% (w/v). The soil mixture was then filled into large plastic pots (12 × 12 × 20 cm, 1,500 ml) into which five seeds were sown per pot as described above (Jiang et al., 2020). After 5 weeks of inoculation, three diseased plants were removed from the plant pots, and the following parts of each plant were sampled and measurement for relative fungal growth (Figure 1A): roots, stem base, stem (lower, middle, and upper portions), and leaves (first, second, and third trifoliate leaves).
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FIGURE 1. (A) Typical disease symptoms of red crown rot in a diseased soybean plant. The photograph was taken 5 weeks after inoculation with Calonectria ilicicola (isolate UH2-1). Eight different parts (1–8) of from three diseased plants were sampled for measurement of relative fungal growth: (1) roots, (2) roots and stem base (Roots/stem-B), (3–5) lower (Stem-L), middle (Stem-M), and upper (Stem-U) portions of stem, and (6–8) first, second, and third trifoliate leaves. (B) Relative fungal growth in different parts of diseased soybean plants. Values are means ± SD, n = 3 plants. Different letters indicate significant differences (Turkey’s multiple comparison test, p < 0.01).


For direct inoculation of the roots and stems, 4-week-old soybean seedlings were removed from the pots and the roots were washed gently with running tap water to remove adhering soil. The seedlings were then placed in a moisture-saturated plastic box. C. ilicicola mycelia from the PDA plates were homogenized by passage through a syringe three times (agar inoculum), and then applied to a 5-mm-diameter spot on seven different plant parts: radical root, stem (lower, middle, and upper portions) and leaves (unifoliate, first and second trifoliate leaves) (Figure 2A).


[image: image]

FIGURE 2. Relative fungal growth in different parts of soybean plants. (A) Calonectria ilicicola was inoculated to a 5-mm-diameter spot on (1) radical root, (2–4) lower (Stem-L), middle (Stem-M), and upper (Stem-U) portions of stem, and (5–7) unifoliate (Uni. leaf), first and second trifoliate leaves (1st and 2nd leaf) of 4-week-old soybean plants. (B) Images of inoculated spots (white dotted circles) 6 days after inoculation. (C) Relative fungal growth (Ci-rDNA/Gm-b-Act1) in the inoculated parts of soybean plants. Values are means ± SD, n = 5 plants. Different letters indicate significant differences (Turkey’s multiple comparison test, p < 0.05).


For the inoculation of wounded organs, the surfaces of hypocotyls and radicle roots of 4-day-old soybean seedlings were cut longitudinally (5-mm length, 0.5-mm depth) with a needle, and the agar inoculum was then applied to the cut sites (Figure 4A). The inoculated seedlings (in the plastic box) were placed in a plant-growth chamber under 16-h light conditions for several days as indicated in the corresponding figures.


[image: image]

FIGURE 3. Growth of Calonectria ilicicola in culture media containing extracts from roots, stems, and leaves. Representative images (upper panel) and average mycelial growth (lower panel) were taken after 2 weeks of culturing. Different letters indicate significant differences (Turkey’s multiple comparison test, p < 0.05).
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FIGURE 4. Relative fungal growth in roots and stems of soybean seedlings. (A) Illustration of method for direct inoculation of Calonectria ilicicola to the roots and stems. Agar inoculum was applied to a 5-mm diameter spot on the radical roots and stems (hypocotyl) of 4-day-old seedlings with or without wounding. (B,C) Relative fungal growth (Ci-rDNA/Gm-β-Actin) in non-wounded (B) and wounded (C) roots and stems. Asterisks indicate significant differences (non-parametric t-test, *, p < 0.05; **, p < 0.01).


The agar inoculum was removed from the plant tissue surfaces by brushing under running tap water, and 10-mm long/diameter sections of the plants, including the inoculated spots, were sampled for measuring relative fungal growth. Homogenized PDA without mycelium was used for mock inoculation, and three replicates of four seedlings were used for each inoculation.



Preparation of Soybean Extract Culture Media

Three-week-old soybean seedlings were removed from the plant pots, and their roots, stems, and leaves were cut off. The roots were washed gently with running tap water to remove adhering soil. Two grams of each sample were frozen and ground to powder in liquid nitrogen with a pestle and mortar, and suspended in 100 ml of distilled water (2% extract) in a 300-ml flask. After adding Bacto-Agar (1.5 g) (Difco Laboratories, Detroit, MI, United States), the flask was autoclaved and the soybean extract culture media poured into sterile Petri dishes and allowed to set at room temperature. Five plates of each medium were inoculated with a small mycelial plug on the plate center, and then incubated at 25°C for 2 weeks. The fungal growth rate was represented as the colony diameter (cm).



Measurement of Calonectria ilicicola Accumulation by Quantitative Real-Time Polymerase Chain Reaction

Relative fungal growth was measured by quantitative real-time polymerase chain reaction (qPCR). All measurements were performed with three biological replicates, and each replicate consisted of five plants. Genomic DNA was extracted from plant tissues using MagExtractor (Toyobo, Osaka, Japan) following the manufacturer’s instructions. Real-time PCR was run on a Thermal Cycler Dice TP800 system (Takara Bio Inc., Otsu, Japan) using SYBR premix Ex Taq mixture (Takara) with cycles of 95°C for 5 s, 55°C for 20 s, and 72°C for 20 s. Three technical replicates were used for each biological replicate sample. The PCR primers used were as follows: (1) primers targeting the intergenic spacer region of the C. ilicicola rDNA, CiIGSF (forward) = 5′-TCCATTGCCTCTATTTATCCTGC-3′, and CiIGSR (reverse) = 5′-GCGTAAAGATTTTCCAACCCG-3′ (Ochi and Kuroda, 2021); (2) primers for soybean β-Actin gene (Gm-β-Actin; Glyma.15G050200), Gm-β-ActinF (forward) = 5′-GAGCTATGAATTGCCTGATGG-3′, and Gm-β-ActinR (reverse) = 5′-CGTTTCATGAATTCCAGTAGC-3′ (Sugano et al., 2013). Relative fungal growth was expressed as C. ilicicola rDNA amplification folds relative to the host actin gene amplification (Jiang et al., 2020).



RNA-Seq Analysis

Total RNA from mock and C. ilicicola-infected radicle roots and stems (non-wounded) was extracted using the RNeasy Plant Mini Kit (Qiagen) following the manufacturer’s instructions. The Illumina NovaSeq platform was used for RNA-Seq. cDNA library construction and sequencing were performed by Takara Bio Inc. (Japan).

Differential expression analysis was performed using the HISAT2-featureCounts-edgeR pipeline. HISAT2 (Kim et al., 2015) was used to align the generated reads to the Phytozome13 Glycine max Wm82.a2.v1 reference genome (Schmutz et al., 2010). We then used featureCounts (Liao et al., 2014) for quantification and edgeR (Robinson et al., 2009) for differential analysis (FDR < 0.05). The consistency among replicate samples was analyzed by multidimensional scaling (MDS) plot using edgeR (Supplementary Figure 1). Gene ontology (GO) enrichment analysis was performed using agriGO v2.0 (Tian et al., 20171) with the Plant GO Slim option (FDR < 0.05). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was performed using DAVID functional annotation tool (Huang et al., 20092).

The raw data of RNA-Seq has been deposited to NCBI BioProject database with the accession no PRJNA781415.



Gene Expression Analysis

A 500 ng of total RNA was reverse transcribed to cDNA using ReverTra Ace (Toyobo, Osaka, Japan) according to the manufacturer’s instructions. Quatitative reverse trascription-PCR (qRT-PCR) was performed using soybean β-Actin gene (Gm-β-Actin; Glyma.15G050200) as an internal reference for normalization (Sugano et al., 2013). The primer sequences used for qRT-PCR are listed in Supplementary Table 1.



Experimental Design and Statistical Analysis

All experiments were conducted with three replicates, each consisting of five plants per pot. Analysis of variance (ANOVA) was performed for all measurements using the Statistical Tool for Agriculture Research (STAR) Version 2.0.1 (International Rice Research Institute, Philippines).




RESULTS


Calonectria ilicicola Was Detected Exclusively in the Roots

Calonectria ilicicola inoculation at seed sowing resulted in severe root rot during the early growth stages of soybean plants, followed by the appearance of brown necrosis on the lower leaves and yellow chlorosis in the upper leaves (Figure 1). Real-time PCR analysis of ribosomal DNA (rDNA) of C. ilicicola in eight different parts of the diseased soybean plants detected the pathogen DNA only in the roots and stem base but not in the stem (lower, middle, and upper portions) or leaves (first, second, and third trifoliate leaves) (Figure 1).

We questioned whether the absence of C. ilicicola in non-root organs was simply due to their physical isolation from the inoculum or, alternatively, the non-root organs could actively protect themselves from infection. To clarify this, we inoculated seven different parts of soybean plants by directly applying the agar inoculum of C. ilicicola culture: (1) radical root, (2–4) lower (Stem-L), middle (Stem-M) and upper (Stem-U) portions of stem, and (5–7) unifoliate (Uni. leaf), first and second trifoliate leaves (1st and 2nd leaf) of 4-week-old soybean plants (Figure 2A). Six days after inoculation (dpi), a reddish infectious lesion on the roots and some small black lesions on unifoliate leaves were observed (Figure 2B). The qPCR measurement detected C. ilicicola mainly in the roots and a small amount in the unifoliate leaves (Figure 2C). No appreciable C. ilicicola growth was detected in stem and trifoliate leaves (Figure 2C).



Calonectria ilicicola Showed a Vigorous Growth in Culture Media Containing Different Organ Extracts

To test the possibility that organs other than roots are nutritionally unfavorable for fungal growth, C. ilicicola was grown in culture media containing extracts from roots, stems, and leaves. As shown in Figure 3, the fungus showed vigorous growth in all the extract media, although approximately 6 and 10% reductions in growth were observed in stem and leaf extracts, respectively, compared to the root extract. The C. ilicicola mycelia fully covered the extract media in 2 weeks, which was comparable to that in PDA.



Stems Resisted Calonectria ilicicola Infection at Both Pre- and Post-invasion Defense Layers

To get some insights into the mechanisms of resistance to C. ilicicola in stems (Figures 1, 2), we applied the agar inoculum to the radicle roots and stems (hypocotyls) of 4-day-old soybean seedlings (Figure 4A). As a result, a significant fungal growth was observed in the roots from 1 dpi and increased at 2–3 dpi (Figure 4B). In contrast, in the stems, fungal growth was detected only in trace amounts at 1–3 dpi (Figure 4B). These results indicate that the stems were capable of repelling C. ilicicola infection at pre-invasion levels.

Plants have evolved multiple layers of defense to protect themselves from various pathogen attacks, and the physical and chemical barriers on their surfaces are considered the first layer of defense. To address whether soybean stems can self-protect beyond this surface defense layer, the surfaces of the roots and stems of the seedlings were experimentally wounded and then inoculated with the agar paste of the C. ilicicola culture (Figure 4A). C. ilicicola growth was subsequently observed in both the roots and stems at 1 dpi and then increased until the end of the experiment at 7 dpi (Figure 4C). More fungal growth was detected at 1–3 dpi in the wounded seedlings than under the non-wounded inoculation conditions (Figure 4B). There was no significant difference in fungal growth between roots and stems at 2 dpi; however, it became evident that the fungal growth in roots was significantly greater than that in stems from 3 dpi onward (Figure 4C). These results suggest that soybean stems can also combat C. ilicicola infection at the post-invasion level.



Stems Showed a Stronger Immune Response to Calonectria ilicicola Infection

Total RNA-seq analysis was performed to analyze the transcriptome in the roots and stems. Multidimensional scaling (MDS) plot of RNA-seq data showed a clear separation into four subgroups (the roots and stem with or without C. ilicicola inoculation) (Supplementary Figure 1), indicating significant differences in the global gene expression profiles between the roots and stems in response to C. ilicicola infection. Furthermore, the transcriptome data from RNA-seq was validated by qRT-PCR expression analysis of 10 selected DEGs (Supplementary Table 1). Based on the log2 fold-change of these genes, the RNA-seq data showed a significant linear correlation with the qRT-PCR results (Pearson coefficient R2 = 9667, P < 0.01) (Supplementary Figures 2, 3), indicating a good accordance between the two measurements.

RNA-seq analysis identified 3,681 and 3,763 differentially expressed genes (DEGs) in stems and roots, respectively, whose expression changed more than twofold in response to C. ilicicola infection. A comparison of these DEGs between stems and roots showed that 1,825 and 1,186 DEGs were upregulated, and 1,856 and 2,577 DEGs were downregulated, in stems and roots, respectively (Figure 5A and Supplementary Table 2). In addition, 456 and 612 DEGs were upregulated and downregulated in the stems and roots, respectively (Figure 5A). GO enrichment analysis by Plant GO Slim showed that 22 terms were enriched in the genes upregulated in the stems, which contrasted with six terms in the roots. Among the downregulated genes, seven terms were enriched in the stems and 16 terms were enriched in the roots (Figure 5B).
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FIGURE 5. Differentially expressed genes (DEGs) in stems and roots inoculated with Calonectria ilicicola at 24 h post-inoculation (hpi). (A) Venn diagram showing the number of significant DEGs (FDR < 0.05, >twofold) and shared genes in stems and roots. (B) GO term enrichment analysis of identified DEGs. The horizontal axis shows the number of genes classified into each GO term. (C) KEGG pathway enrichment analysis of identified DEGs.


Among the GO terms enriched in upregulated genes in the stems, many genes overlapped in the categories of “multi-organism process,” “reproduction,” “pollination,” “reproductive process,” “pollen-pistil interaction,” and “multicellular organismal process”; and 21 genes for receptor-like kinases annotated to receptor kinase or S-locus protein kinase were common to all of these categories (Supplementary Tables 3, 4). In addition, many genes overlapped in the categories “protein modification process,” “macromolecule modification,” and “kinase activity”; and 133 genes were common to all of these categories. Many of these genes encode proteins that are annotated to receptors, such as receptor-like kinases and LRR kinases (Supplementary Tables 3, 5). Notably, the number of upregulated genes annotated as receptor-like proteins (Supplementary Table 2) was higher in stems than in roots (Figure 6A).
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FIGURE 6. Number genes of receptor-like proteins (A) and AP2/ERF, GRAS, MYB, and WRKY transcription factors (B) up- and (C) downregulated in response to Calonectria ilicicola infection in stems and roots.


Gene ontology terms related to transcription regulation, such as “transcription regulator activity” and “transcription factor activity,” were enriched for both up- and downregulated genes in the stems in contrast to only downregulated genes in the roots (Figures 6B,C). Of particular interest was that more genes involved in stress response, such as AP2/ERF, GRAS, MYB, and WRKY, were upregulated in the stems (Figure 6B and Supplementary Table 2) while downregulated in the roots (Figure 6C and Supplementary Table 2).

Kyoto Encyclopedia of Genes and Genomes pathway analysis indicated that the most abundant DEGs were enriched in “Metabolic pathway” and “Biosynthesis secondary metabolites” in both the roots and stems (Figure 5C and Supplementary Table 6). Of particular interest, the upregulated DEGs were also enriched in pathways related to amino acid metabolism: four items in stems, including “cysteine and methionine metabolism,” “alanine, aspartate, and glutamate,” “glycine, serine, and threonine metabolism,” and “arginine biosynthesis” DESs; and two items in the roots, including “phenylalanine metabolism” and “tyrosine metabolism” (Figure 5C and Supplementary Table 6).




DISCUSSION

We showed that C. ilicicola mainly colonized the roots and not the other aerial parts of soybean plants (Figure 1). This observation demonstrates a strong natural tendency of this pathogen to infect specific organs. The root-colonized fungal hyphae likely invaded the hypocotyl tissue to some extent, but it was strictly restricted within the stem base (Figure 1). Direct inoculation of C. ilicicola to different parts of soybean plants confirmed that C. ilicicola mainly infects the roots (Figure 2). A small amount of C. ilicicola was also detected in the old unifoliate leaves, which may be associated with programmed cell death during leaf aging and senescence. Cell death can cause tissue damage and nutrient leakage and thus benefit pathogen growth (Zhang et al., 2020). Taken together, these results suggest that the stem (hypocotyl) and other aboveground organs are equipped with strong defense mechanisms against C. ilicicola. Furthermore, our results revealed that the stems provide both pre- and post-invasion defense layers (Figure 4) involving defense mechanisms that are distinct from the roots (Figures 5, 6).

The infection of soybean seedlings by C. ilicicola caused typical symptoms of chlorosis and necrosis in leaves in addition to root rot (Figure 1). However, no pathogen DNA was detected in diseased leaves. This result indicates that leaf symptoms are caused by factors other than the direct infection and proliferation of C. ilicicola. One possible explanation may come from the previous studies of Kim et al. (2001) and Ochi et al. (2011), who showed that the disease symptoms in leaves can be reproduced by the application of phytotoxic compounds from the culture filtrate of C. ilicicola. These results, together with ours, suggest that the symptoms observed in aboveground organs may be ascribed to the distal transmission of C. ilicicola phytotoxins from the infected roots, causing chlorotic and necrotic cell death. In contrast, the fungal pathogen Fusarium oxysporum, the root-infecting causal agent of wilt disease in several plant species, first colonizes the roots and then spreads to the leaves, where it causes disease symptoms (Lyons et al., 2015).

It has been reported that there are significant differences in nutrients and antimicrobial compounds between different plant organs, which may correlate with organ-specific infections. Analysis of soluble aromatic compounds in extracts from Arabidopsis roots and leaves revealed that flavanol glycosides and sinapoyl esters—the most abundant soluble phenylpropanoids in leaves—were absent in roots, whereas roots contained three prominent phenylpropanoids (coniferin, syringing, and scopolin) not found in leaves (Bednarek et al., 2005). Constitutive accumulation of antimicrobial compounds is a type of preformed defense system in plants, and their distribution, is often tissue-specific (Osbourn, 1996). In our study, we observed some differences in fungal growth among the extracts, with the highest growth rate in the root extract, which may account for the differential infection between the roots and other organs. However, this minor difference is unlikely to explain the exclusive organ-specific infection and proliferation in the roots.

In contrast to vigorous fungal growth in the roots, direct inoculation of C. ilicicola to the radicle root and stem resulted in almost no fungal growth in stems (Figure 4B). On the other hand, the wounded stems allowed fungal growth to some extent but were suppressed to a significantly lower level compared to the radicle roots (Figure 4C). This suggests that stems protect themselves from fungal invasion at both the pre- and post-invasion levels. It is plausible that the cuticular layers of stems serve as the first physical barrier to pre-invasion by C. ilicicola. The cuticular layer is formed only in the aboveground parts of plants and at the root tips (Berhin et al., 2019). It has been reported that the fungal pathogen Nectria haematococca (anamorph: Fusarium solani f. sp. pisi) typically infects the roots of peas and not the leaves, but can infect leaves when plants are wounded (Schäfer and Yoder, 1994). Similarly, in the interaction between Phytophthora palmivora and barley, leaves can be infected when they are wounded (le Fevre et al., 2016). Our observation of C. ilicicola resistance in the wounded stems of soybean suggests a strong defense response even after penetration of the fungus into the stem tissues.

It has been reported that different organs have different responses to defense signals. Badri et al. (2008) reported that treatment of Arabidopsis roots with defense-related plant hormones, such as salicylic acid and methyl jasmonate, induced a different set of genes compared to the leaves. In rice roots inoculated with M. oryzae, defense-related genes involved in leaves were transiently induced by infection, but their expression was subsequently suppressed (Marcel et al., 2010). In our study, the soybean stems exhibited a transcription profile apparently distinct from the roots in response to C. ilicicola infection, which may make a crucial contribution to the stem defense (Figure 5). Notably, the expression of genes involved in stress response, such as receptor-like genes and transcription factors including AP2/ERF, GRAS, MYB, and WRKY, was highly increased in the stems compared to the roots (Figure 6). AP2/ERF is a transcription factor involved in ethylene signaling. By activating defense responses, it has been reported that pre-treatment of soybean with ethephon, which is metabolized into ethylene in plants, enhances resistance to root and stem rot caused by Phytophthora sojae (Sugano et al., 2013) as well as sudden death syndrome caused by soil-borne Fusarium virguliforme (Abdelsamad et al., 2019). The GRAS family encodes plant-specific transcription factors, and CIGR1 and GIGR2, the GRAS genes from rice, are rapidly induced by the N-acetylchitooligosaccharide elicitor (Day et al., 2003). Overexpression of the poplar GRAS gene, PeSCL7, which is induced by high salt and drought stress, results in drought and salt tolerance in Arabidopsis (Ma et al., 2010). Some MYB transcription factors have also been shown to positively (Yi et al., 2010; Chu et al., 2017) or negatively (Liu et al., 2013; Yan et al., 2015) regulate isoflavonoid biosynthesis in soybean. WRKY is a superfamily of transcription factors that play multiple roles in plant physiological processes, including biotic (Eulgem et al., 2000) and abiotic (Zhou et al., 2008; Dong et al., 2019) stress responses in soybean. Induction of defense responses is triggered by the sensing of pathogen invasion by receptors such as pattern-recognition receptors (PRRs) and nucleotide-binding domain leucine-rich repeat proteins (NLRs). Organ-specific expression has been reported in both PRRs (Bartels et al., 2013; Ahmadi et al., 2016) and NLRs (Park et al., 2005; Gao and Bradeen, 2016). In the case of the soybean–C. ilicicola interaction, it is tempting to speculate that fungal invasion is perceived by these receptors in the stem, which in turn activates defense responses that include ethylene signaling pathways.

The KEGG pathway analysis revealed an enrichment of upregulated DEGs in pathways related to amino acid metabolism: four items for nine amino acids (cysteine, methionine, alanine, aspartate, glutamate, glycine, serine, threonine, and arginine) in stems, and two items for two amino acids (phenylalanine and tyrosine) in the roots, respectively (Figure 5C). These results suggest that amino acid metabolism may play important roles in response to C. ilicicola in soybean plants. Amino acids are in fact precursors of many defense-related phytoalexins, so their metabolism has a profound impact on the plant immune system (Zeier, 2013; Qiu et al., 2020; Sun et al., 2020). In support, recent studies have shown that exogenous applications of glutamate (Kadotani et al., 2016; Yang et al., 2020), histidine (Seo et al., 2016; Yariyama et al., 2019), and lysine (Liu et al., 2021) enhanced disease resistance in various plant species. In soybean, it has been reported that foliar application of cysteine, glutamate, and threonine significantly reduced the disease severity of bacterial pustule caused by Xanthomonas citri pv. glycines (Pluemjit et al., 2020).



CONCLUSION

We have reported the organ-specific infection and reproduction of C. ilicicola on soybean roots. The fungus grew well on media made from roots, stems, or leaves, indicating that differences in key components among organs, such as nutrients, are not the cause of organ-specific infection. Transcriptome analysis revealed a high expression of stress-response and amino acid metabolism genes in the plant stems upon C. ilicicola infection. Thus, our results suggest that stems prevent C. ilicicola infection by activating an organ-specific defense response. It remains to be elucidated how stems sense and exploit specific defense mechanisms to prevent C. ilicicola invasion, on which further research is important not only to better understand pathogenetic mechanisms but also for the development of novel genes for disease resistance.
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