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            Abstract
For more than a century, fungal pathogens and symbionts have been known to orient hyphal growth towards chemical stimuli from the host plant1,2. However, the nature of the plant signals as well as the mechanisms underlying the chemotropic response have remained elusive3. Here we show that directed growth of the soil-inhabiting plant pathogen Fusarium oxysporum towards the roots of the host tomato (Solanum lycopersicum) is triggered by the catalytic activity of secreted class III peroxidases, a family of haem-containing enzymes present in all land plants4. The chemotropic response requires conserved elements of the fungal cell integrity mitogen-activated protein kinase (MAPK) cascade5 and the seven-pass transmembrane protein Ste2, a functional homologue of the Saccharomyces cerevisiae sex pheromone α receptor6. We further show that directed hyphal growth of F. oxysporum towards nutrient sources such as sugars and amino acids is governed by a functionally distinct MAPK cascade. These results reveal a potentially conserved chemotropic mechanism in root-colonizing fungi, and suggest a new function for the fungal pheromone-sensing machinery in locating plant hosts in a complex environment such as the soil.
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                    Figure 1: F. oxysporum exhibits chemotropic growth towards different compounds.[image: ]


Figure 2: Secreted tomato root peroxidases elicit fungal chemotropism.[image: ]


Figure 3: Chemotropism towards nutrients and α-pheromone is governed by distinct MAPK cascades.[image: ]


Figure 4: The 7TM domain receptor Ste2 is required for chemotropic sensing of α-pheromone and root peroxidases.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Plate assay for quantitative determination of directed hyphal growth and identification of a F. oxysporum orthologue of the S. cerevisiae α-pheromone precursor.
a, Schematic representation of the plate chemotropism assay. Test compound and solvent control are applied to opposite sides of a Petri dish containing a layer of water agar with 2.5 × 106ml−1 F. oxysporum microconidia, at a distance of 0.5 cm from the central scoring line. Chemotropic index was calculated as ((Htest − Hsolv)/Htotal × 100), where Htest is the number of hyphae growing towards the test compound, Hsolv is the number of hyphae growing towards the solvent control, and Htotal is the total number of hyphae counted. b, Visualization of compound diffusion and gradient establishment. The dye Congo red (1% w/v in water) was loaded into the application well on the right side of the scoring line. Diffusion was recorded photographically after the indicated time intervals. c, Dye intensity in experiment b was measured at the indicated distances from the application well after different time intervals, using the Kodak Image Analyzer software. The blue dashed line represents the relative position of the scoring line. Mean values were calculated from measurements of five individual spots per distance. d, Direction of germ tube emergence after 2 h exposure to a gradient of Glu or the solvent (H2O) was quantitatively determined by lectin–FITC staining and expressed as chemotropic index (versus H2O, *P < 0.0001). Data are presented as the mean from two experiments. n = 200 germ tube emergence sites. e, Lengths of germ tubes exposed for 13 h to a gradient of 1% (w/v) cellulose (Cel), 55 mM glucose (Gluc), 295 mM Glu or the solvent (H2O) were measured using the ImageJ software. The mean length of germ tubes growing towards the nutrient chemoattractants is not significantly different from that of germ tubes growing towards the solvent. Data are presented as the mean from two experiments. n = 100 germ tubes. Error bars show s.d. f. The predicted product of the F. oxysporum α-pheromone precursor gene (Fusarium Comparative Database accession FOXG_08636) was aligned with predicted α-pheromone precursors from F. graminearum (FGSG_05061) and F. verticillioides (FVEG_06038). Conserved residues are indicated with an asterisk. Predicted KR and RR cleavage signals for KEX2-like endopeptidases are highlighted in red. Predicted maturation signals characterized by the presence of XA or XP dipeptide repeats are highlighted in yellow. Predicted mature α-pheromone decapeptide repeats are highlighted in grey. Coloured arrowheads indicate differences between the decapeptide repeats at the third amino acid residue. g, Amino acid alignment of predicted mature α-pheromone of F. oxysporum with orthologues from ascomycete fungi. Absolutely and highly conserved residues are shaded in black and in grey, respectively. Residues replaced with alanines in the (Ala1,2) or (Ala6,7) analogues (see Fig. 1c) are indicated with asterisks.


Extended Data Figure 2 Purification of chemoattractant compounds from tomato root exudate reveals secreted peroxidases.
a, Chemotropic growth of germ tubes towards a gradient of tomato root exudate (RE) either untreated (no treat); treated with 1 mg ml−1 proteinase K for 30 min at 37 °C (PK); extracted to obtain an ethyl acetate fraction (EAF) and a water fraction (WF); or the WF subjected to centrifugal ultrafiltration with membranes of 10, 30 or 50 kDa molecular weight cut-off to obtain fractions < 10, 10–30, 30–50 and >50, respectively (*P = 0.006; **P < 0.0001, versus untreated). b, Anion exchange chromatography profile of fraction 30–50 from a. Obtained fractions F1–F5 are indicated. c, Directed growth of F. oxysporum germ tubes towards fractions F1–F5 from b (*P < 0.0001, versus H2O). d, SDS–PAGE of biologically active fraction F1 and inactive fraction F5, followed by staining with Coomassie blue. Protein bands present in the active and absent from the inactive fraction (named B1–B5) are indicated by arrowheads. Relative positions of molecular weight markers are indicated on the right. e, Directed growth of germ tubes towards the proteins eluted from bands B1–B5. f, Peroxidase activity of root exudates obtained from 18 individual tomato plants, indicated as units ml−1 per mg fresh root weight. Data are presented as the mean of three technical replicates. Error bars show s.d. g, Relationship between peroxidase enzymatic activity of root exudates and elicited chemotropic response. Each empty circle represents a root exudate sample from an individual tomato plant (n = 18). Linear regression (solid line) and 95% mean prediction interval (dashed lines) indicate linear correlation of the two variables (P < 0.001). h, Specific inhibitors and oxygen radical scavengers abolish peroxidase enzymatic activity. Activity of 2.5 nM commercial HRP or 100 μl root exudate was measured in the absence (C) or presence of 75 μM of the specific inhibitors thiourea (TU) or SHAM, or 250 μM of the scavenger (+)-sodium l-ascorbate (Asc), and indicated as units ml−1. Data are presented as the mean of three experiments, each with two technical replicates (*P < 0.0002, versus C). i, Peroxidase inhibitors and scavengers do not affect chemotropism towards glucose and α-pheromone. Chemotropic growth of germ tubes towards a gradient of glucose or α-pheromone, in the absence (C) or presence of 60 mM SHAM or 160 mM Asc. No significant differences were observed between treated and untreated samples. a, c, e, g, i, Data represent the mean from two experiments (a, c, g, i) or one representative experiment performed twice (e). n = 500 germ tubes. Error bars show s.d.


Extended Data Figure 3 Identification of chemoattractant proteins from tomato root exudate.
a, Peptide sequences obtained from protein bands B2 and B3 after in-gel tryptic digestion followed by LC-ESI-MS/MS. Masses were calculated by using monoisotopic masses of the occurring amino acid residues and giving peptide masses as [MH] +. b, Amino acid sequence alignment of class III tomato peroxidases TMP1 (P15003), TMP2 (P15004) and CEVI-1 (Q9LWA2), and HRP isoenzyme C (HRP_C1A) (K7ZWW6). Peptides identified in the chemotropically active fraction of tomato root exudate by LC-ESI-MS/MS are underlined in red. Predicted signal peptides are indicated by green boxes. Residues conserved in at least three of the four proteins are shaded in black. Conserved catalytic residues are indicated by orange boxes. Residues Arg 38 and His 42, which were replaced by Ser and Glu, respectively, in the catalytically inactive recombinant TMP2(R38S,H42E) protein (see Fig. 2g, h) are marked with blue asterisks.


Extended Data Figure 4 Conserved elements of the invasive growth MAPK cascade are required for chemotropism towards glucose.
a, b, Identification of ste7Δ (a) and ste11Δ (b) deletion mutants. Genomic DNA of the wild-type strain (WT) and several independent transformants was used as a template for polymerase chain reaction (PCR) with the primer pairs ste7PF + Hyg-G (P) and ste7TR + Hyg-Y (T) and ste11PF + Hyg-G (P) and ste11TR + Hyg-Y (T), respectively. Presence of an amplification product is consistent with homologous replacement of the target gene. c, d, Identification of complemented strains obtained from ste7Δ and ste11Δ mutants. Genomic DNA of independent transformants obtained upon transformation of the indicated mutants with the wild-type ste7 (c) or ste11 gene (d) was used as a template for PCR with primer pairs ste7PFN + ste7GR and ste11PFN + ste11GR, respectively. Presence of an amplification product is consistent with integration of an intact gene copy. e, Elements of the Fmk1 MAPK pathway are required for invasive growth through cellophane membranes. Colonies were grown on PDA plates covered with a cellophane membrane for 2 days at 28 °C (before). The cellophane with the fungal colony was removed and plates were incubated for an additional day (after). The experiment was performed twice, each with three plates. Results shown are from one representative experiment. Scale bar, 2 cm. f, g, Directed growth of germ tubes of the indicated F. oxysporum strains towards a gradient of glucose (Gluc) (f), α-pheromone or tomato root exudate (g) (versus wild type for a given compound, *P < 0.0001). f, g, Data are presented as the mean from two experiments. n = 500 germ tubes. Error bars show s.d.


Extended Data Figure 5 Conserved elements of the CWI MAPK cascade are required for chemotropism towards α-pheromone, root exudate and peroxidase.
a, Directed growth of germ tubes of the wild type or the fmk1Δ mutant towards a gradient of α-pheromone, in the absence or presence of PD98059 (selective p42/44 (ERK-type) MAPK inhibitor) or SB202190 (selective p38/Hog1 MAPK inhibitor) (versus wild type, *P < 0.0001). b, Identification of mpk1Δ and fmk1Δ mpk1Δ deletion mutants by Southern blot analysis. Genomic DNA of the wild-type and 11 independent transformants was treated with EcoRI, separated on a 0.7% agarose gel, transferred to a nylon membrane and hybridized with a DNA probe corresponding to the 3′ flanking region of the mpk1 gene. Transformants #1, #4, #7 (wild-type background) and #1, #2, #4, #7 (fmk1Δ background) show a banding pattern consistent with targeted deletion of the mpk1 gene. c, d, Identification of mkk2Δ (c) and bck1Δ (d) deletion mutants. Genomic DNA of independent transformants was used as template for PCR with the primer pairs mkk2PF + Hyg-G (P) and mkk2TR + Hyg-Y (T), or bck1PF + Hyg-G (P) and bck1TR + Hyg-Y (T), respectively. Presence of an amplification product is consistent with homologous replacement of the target gene. e, f, Identification of complemented strains obtained from mkk2Δ and bck1Δ mutants. Genomic DNA of independent transformants obtained after transformation of the indicated mutants with the wild-type mkk2 (c) or bck1 allele (d) was used as a template for PCR with the primer pairs mkk2PFN + mkk2GR, or bck1PFN + bck1GR, respectively. Presence of an amplification product is consistent with integration of an intact gene copy. g, Elements of the Mpk1 MAPK pathway are required for the cell wall stress response. Colony phenotypes of the indicated strains grown on yeast peptone dextrose medium (YPD) in the absence or presence of the cell-wall-perturbing compounds Calcofluor white (20 μg ml−1) or Congo red (100 μg ml−1). Plates were spot-inoculated with the indicated amount of microconidia, incubated for 4 days at 28 °C and scanned. The experiment was performed twice, each with three plates. Results shown are from one representative experiment. h, i, Directed growth of germ tubes of the indicated F. oxysporum strains towards a gradient of glucose (Gluc) (h), α-pheromone, tomato root exudate or HRP (i) (versus wild type for a given compound, *P < 0.0001). a, h, i, Data are presented as the mean from two experiments. n = 500 germ tubes. Error bars show s.d.


Extended Data Figure 6 Hyphal tip projection angle assay reveals differential roles of Fmk1 and Mpk1 MAPKs in chemotropism towards glutamate and α-pheromone.
a, Schematic representation of the chemotropism plate assay based on measurement of hyphal tip projection angles. b, Average cosine of hyphal tip projection angles of the F. oxysporum wild-type, fmk1Δ or mpk1Δ strains towards a gradient of Glu, α-pheromone or the water control. Data are presented as the mean from three experiments. n = 100 germ tubes. Bars indicate upper and lower 95% significance limits for cosine means according to a t-test. A cosine of 1 means perfect orientation while 0 means random orientation. Chemotropism was considered significant when the lower confidence limit was >0.


Extended Data Figure 7 Loss of Ste2 negatively affects virulence of F. oxysporum on tomato plants.
a, Phylogram of Ste2 orthologues from ascomycete fungi. The analysis was conducted using the MEGA5 program. Distances were inferred using the unweighted pair group method with arithmetic mean (UPGMA). b. Two-dimensional model of the transmembrane topology of F. oxysporum Ste2. The model was generated using the SOSUI software23. Amino acid residues in the primary and secondary transmembrane helix are indicated in dark and light green, respectively. Hydrophobic, positively, and negatively charged residues are marked in black, blue, and red, respectively. c, d, Southern blot analysis to identify ste2Δ (c) and fmk1Δ ste2Δ (d) deletion mutants. Genomic DNA of wild type and the indicated transformants was treated with EcoRI, separated on a 0.7% agarose gel, transferred to a nylon membrane and hybridized with a DNA probe corresponding to the 5′ flanking sequence of the ste2 gene. Transformants #1 and #8 in c and #4, #5 and #9 in d show a banding pattern consistent with targeted deletion of the ste2 gene by homologous integration of a single construct. e, Loss of Ste2 negatively affects virulence of F. oxysporum on tomato seedlings. Surface-sterilized tomato seeds (cultivar Monika) were germinated in glass tubes with 4 ml 0.5% water agar containing 2.5 × 106ml−1 microconidia of the indicated F. oxysporum strains and incubated at 28 °C under a daily cycle of 15 h light and 9 h dark. Plant survival was recorded for 32 days. Plants inoculated with the ste2Δ mutant showed significantly lower mortality than those inoculated with the wild-type and the complemented strain (P = 0.02, log-rank test). n = 40 plants. Results shown are from one representative experiment. Experiments were performed twice with similar results.


Extended Data Figure 8 Mechanism of chemotropic signalling in Fusarium oxysporum.
Chemotropic sensing of nutrients such as glucose or Glu is mediated by the Fmk1 MAPK pathway. Chemotropic sensing of α-pheromone and plant peroxidase-derived signals requires the 7TM-domain receptor Ste2 and the Mpk1 MAPK pathway. Dotted arrows between components denote unknown mechanistic links.


Extended Data Table 1 Fusarium oxysporum strains used in this studyFull size table


Extended Data Table 2 Oligonucleotides used in this studyFull size table
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        Editorial Summary
Plant sex hormome attracts fungal pathogen
Fungal pathogens reorient hyphal growth towards their plant hosts in response to chemical signals, but the mechanisms involved have been unknown. In this study, Antonio di Pietro and colleagues show that directed growth of the plant pathogen Fusarium oxysporum towards the roots of the tomato plant (Solanum lycopersicum) is triggered by class III peroxidases that are secreted by the plant, and the fungal response requires the transmembrane protein Ste2, a homologue of the yeast sex pheromone α receptor. They go on to show that signalling through MAPK cascades is responsible for directing the growth of F. oxysporum, with functionally distinct cascades responding to different chemical signals. These results suggest a possible role for the fungal pheromone-sensing machinery in locating plant hosts in a complex environment such as the soil.
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