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            Abstract
High humidity has a strong influence on the development of numerous diseases affecting the above-ground parts of plants (the phyllosphere) in crop fields and natural ecosystems, but the molecular basis of this humidity effect is not understood. Previous studies have emphasized immune suppression as a key step in bacterial pathogenesis. Here we show that humidity-dependent, pathogen-driven establishment of an aqueous intercellular space (apoplast) is another important step in bacterial infection of the phyllosphere. Bacterial effectors, such as Pseudomonas syringae HopM1, induce establishment of the aqueous apoplast and are sufficient to transform non-pathogenic P. syringae strains into virulent pathogens in immunodeficient Arabidopsis thaliana under high humidity. Arabidopsis quadruple mutants simultaneously defective in a host target (AtMIN7) of HopM1 and in pattern-triggered immunity could not only be used to reconstitute the basic features of bacterial infection, but also exhibited humidity-dependent dyshomeostasis of the endophytic commensal bacterial community in the phyllosphere. These results highlight a new conceptual framework for understanding diverse phyllosphere–bacterial interactions.
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                    Figure 1: Full-scale Pst-DC3000 infection requires high humidity and is tightly associated with apoplast ‘water soaking’[image: ]


Figure 2: Type III effectors AvrE1 and HopM1 are necessary and sufficient to cause water soaking.[image: ]


Figure 3: Effects of AtMIN7 and effector-triggered immunity on water soaking.[image: ]


Figure 4: hopM1/shcM transform the non-pathogenic DC3000Δ28E mutant into a highly virulent pathogen in PTI-deficient mutant plants in a humidity-dependent manner.[image: ]


Figure 5: Disease reconstitution experiments.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Water soaking does not affect luminescence signal.
Col-0 plants were dip-inoculated with bacteria at 2 × 108 cfu ml−1 and kept under high humidity (approximately 95%) for 2 days. Imaging was performed in the same way as in Fig. 1g. Water-soaked leaves were air-dried for about 2 h and imaged again (right panel). Images are representative of leaves from more than four plants.


Extended Data Figure 2 Humidity dependence of HopM1/AvrE1 function and restoration of the virulence of the avrE1−/hopM1− mutant in 6×His:HopM1 transgenic plants.
a, b, The virulence of the avrE1−/hopM1− mutant is insensitive to humidity settings. a, Col-0 plants were syringe-infiltrated with indicated bacteria at 2 × 105 cfu ml−1. Inoculated plants were kept under high (approximately 95%) humidity, and images were taken 24 h after infiltration. b, Col-0 plants were syringe-infiltrated with Pst-DC3000, the avrE1− mutant, the hopM1− mutant or the avrE1−/hopM1− mutant at 2 × 105 cfu ml−1. Inoculated plants were kept under high (approximately 95%) or low (20–40%) humidity. Images were taken 3 days after inoculation. Images are representative of leaves from more than four plants. c, d, The 6×His:HopM1 transgenic plants22 were infiltrated with 0.1 nM dexamesathone (DEX), the avrE1−/hopM1− mutant (at 1 × 105 cfu ml−1) or both. H2O was infiltrated as control. Infiltrated plants were kept at high humidity (approximately 95%). Leaf images were taken 24 h after infiltration (c) and bacterial populations were determined 3 days after infiltration (d). Significant difference was determined by Student’s t-test; (two-tailed); ***P = 1.03 × 10−5. n = 6 technical replicates from three independent experiments (n = 2 in each experiment); data are shown as mean ± s.d.


Extended Data Figure 3 Bacterial multiplication and water soaking in Col-0 and the atmin7 mutant.
a, The Col-0 and atmin7 plants were dip-inoculated with Pst-DC3000, the avrE1/hopM1− mutant or the hrcC− mutant at 1 × 108 cfu ml−1. Bacterial populations were determined 4 days after inoculation. Significant difference between Col-0 and atmin7 plants was determined by Student’s t-test (two-tailed); *P = 1.61 × 10−2 and 3.12 × 10−2 for DC3000 and hrcC−, respectively; ***P = 1.41 × 10−4 for avrE1−/hopM1−. n = 4 technical replicates; data are shown as mean ± s.d. Experiments were repeated three times. b, c, The Col-0 and atmin7 plants were syringe-infiltrated with Pst-DC3000, the avrE1−/hopM1− mutant or the hrcC− mutant at 1 × 106 cfu ml−1. Bacterial populations were determined 3 days after inoculation (b) and leaf images were taken 38 h after infiltration with the averE−/hopM1− mutant strain to show water soaking in atmin7 leaves (c). Significant difference between Col-0 and atmin7 plants was determined by Student’s t-test (two-tailed); **P = 1.63 × 10−3 for avrE1−/hopM1−; NS, not significant (P = 0.72 and 0.14 for DC3000 and hrcC−, respectively). n = 3 technical replicates; data are shown as mean ± s.d. Experiments were repeated three times. Images are representative of leaves from more than four plants.


Extended Data Figure 4 A working model showing the function of HopM1 and AvrE1 in creating aqueous apoplasts.
Pst-DC3000 delivers a total of 36 effectors into the plant cell. Many effectors, including AvrPto, appear to suppress pattern-triggered immunity (PTI). AvrPto inhibits pattern recognition receptor (PRR) function8. Two conserved effectors, HopM1 and AvrE1, create an aqueous apoplast in the presence of bacterial infection in a humidity-dependent manner. AvrE1 is localized to the host plasma membrane23. HopM1 targets AtMIN7 (an ARF–GEF protein) in the TGN/EE, which is involved in recycling of plasma membrane proteins26.


Extended Data Figure 5 Water-soaking is blocked during ETI.
a, Col-0 leaves were syringe-infiltrated with Pst-DC3000 (1 × 106 cfu ml−1) or Pst-DC3000(avrRpt2) (1 × 107 cfu ml−1). Plants were kept under high humidity (approximately 95%) for 24 h to observe water soaking and then shifted to low humidity (approximately 25%) for 2 h to observe ETI-associated tissue collapse. Images were taken before and after low humidity exposure (a) and bacterial populations were determined 24 h after infiltration to show similar population levels (b). Significant difference in bacterial population was determined by Student’s t-test (two-tailed); *P = 0.033. n = 3 technical replicates; data are shown as mean ± s.d. Experiments were repeated three times. This is an experimental replicate of Fig. 3b, c (without rps2 mutant plants).


Extended Data Figure 6 Characterization of the npr1-6 mutant.
a, A diagram showing the T-DNA insertion site in the npr1-6 mutant. Blue boxes indicate exons in the NPR1 gene. b, RT–PCR results showing that the npr1-6 line cannot produce the full-length NPR1 transcript. Primers used (NPR1 sequence is underlined): NPR1-F: agaattcATGGACACCACCATTGATGGA; NPR1-R: agtcgacCCGACGACGATGAGAGARTTTAC; UBC21-F: TCAAATGGACCGCTCTTATC; UBC21-R: TCAAATGGACCGCTCTTATC. Uncropped gel images are shown in Supplementary Fig. 1. c, The npr1-6 line, similar to npr1-1, is greatly compromised in benzothiadiazole (BTH)-mediated resistance to Pst-DC3000 infection. The Col-0, npr1-1 and npr1-6 plants were sprayed with 100 μM BTH and dip-inoculated with Pst-DC3000 at 1 × 108 cfu ml−1 24 h later. Bacterial populations were determined 3 days after inoculation. Significant difference between mock and BTH treatment was determined by Student’s t-test (two-tailed); *P = 0.027; ***P = 1.6 × 10−4; NS, not significant (P = 0.19). n = 3 technical replicates; data are shown as mean ± s.d. Experiments were repeated three times.


Extended Data Figure 7 Construction and characterization of the mfec and mbbc quadruple mutants.
a, CRISPR–Cas9-mediated mutations in the 4th exon of the AtMIN7 gene (exons indicated by blue boxes) in the quadruple mutant lines used in this study. The underlined sequence in the wild type (WT) indicates the region targeted by sgRNA. The number 399 indicates the nucleotide position in the AtMIN7 coding sequence. +1 and −1 indicate frame shifts in the mutant lines. b, Col-0 and various mutants used in this study have similar growth, development and morphology. Four-week-old plants are shown. c, The mfec and mbbc plants show a tendency to develop sporadic water soaking under high humidity. Five-week-old regularly-grown (around 60% relative humidity) Col-0, mfec and mbbc plants were shifted to high humidity (approximately 95%) overnight and images of mature leaves were taken after the high humidity incubation. d, Even leaves of mfec and mbbc plants that do not have sporadic water soaking have a tendency to develop some water soaking after hrcC− inoculation. Five-week-old Col-0, mfec and mbbc plants were dip-inoculated with hrcC− at 1 × 108 cfu ml−1, and kept under high humidity (approximately 95%). Leaf images were taken 2 days after inoculation. Images are representative of leaves from at least four plants. e, The non-pathogenic hrcC− mutant causes significant necrosis and chlorosis in the quadruple mutant plants. Col-0, mfec and mbbc plants were dip-inoculated with the hrcC− strain at 1 × 108 cfu ml−1. Images were taken 9 days after inoculation. This is one of the four independent experimental replications of the results presented in Fig. 5b.


Extended Data Figure 8 Multiplication of endophytic phyllosphere bacterial community.
a, An increase in the endophytic bacterial community in mfec and mbbc plants depends on high humidity. Col-0, mfec and mbbc plants were either sprayed with H2O and kept under high humidity (approximately 95%) or low humidity (around 50%). On day 5, total populations of the endophytic bacterial community were quantified. Statistical analysis was performed by one-way ANOVA with Tukey’s test (significance set at P ≤ 0.05). Bacterial populations indicated by different letters (a and b) are significantly different. n = 4 technical replicates; data are shown as mean ± s.d. Experiments were repeated three times. b, Mild chlorosis and necrosis in leaves is associated with increased endophytic bacterial community level in the mfec and mbbc quadruple mutant plants. Plants were sprayed with H2O and kept under high (approximately 95%) humidity. Images were taken 10 days after spraying. Individual leaves are enlarged and shown in the lower panel, showing mild chlorosis and necrosis in some of the mfec and mbbc leaves.


Extended Data Figure 9 Validation of 1 min as an effective surface sterilization time.
Five-week-old Col-0 plants were sprayed with H2O and kept under high humidity (approximately 95%) for 5 days. Leaves were detached, surface sterilized in 75% ethanol for 20 s, 40 s, 1 min or 2 min and then rinsed in sterile water twice. No sterilization (0 s) was used as control. Leaves were ground in sterile water and bacterial numbers were determined by serial dilutions and counting of colony-forming units on R2A plates. Statistical analysis was performed by one-way ANOVA with a Tukey’s test (significance set at P ≤ 0.05). Bacterial populations indicated by different letters (that is, a and b) are significantly different. n = 4 technical replicates; data are shown as mean ± s.d. Experiments were repeated twice with similar results.


Extended Data Table 1 Endophytic bacterial taxa in Col-0, mfec and mbbc plantsFull size table
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Supplementary Figure 1
This file contains uncropped gel/blot images. The red boxes indicate cropped sections that are used in the Figures and Extended Data Figures. Diagram in a indicates how the two gel blots in b and c were generated. (PDF 102 kb)


The process of Pst DC3000 infection of Arabidopsis plants.
Five-week-old Col-0 plants were dip-inoculated with Pst DC3000 at 1x108 cfu/ml. Plants were kept under high humidity (~95%) and the disease symptoms were recorded over 4 days. The process was sped up by 8,640-fold (24 h to 10 seconds). The recording started 7 h after inoculation and the red arrow indicates one leaf, as an example, that showed the transient appearance of water soaking. (MOV 7863 kb)
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        Editorial Summary
Bacterial pathogenesis in plants
High humidity has a profound influence on the development of numerous plant diseases in crop fields and natural ecosystems, but the molecular basis of this humidity effect is not understood. Sheng Yang He and colleagues show that plant pathogens such as Pseudomonas syringae actively establish an aqueous leaf apoplast—that is, a space between the cells and the cell walls—in a humidity-dependent manner through the secretion of conserved bacterial effectors. The effectors also cause alterations in the leaf-associated microbiota. This is a crucial step in plant infection by bacteria and the effectors involved are sufficient to transform non-pathogenic strains into virulent pathogens only under high humidity. Through elegant genetics work, the authors define immune suppression and aqueous apoplast formation as the minimal set of host processes required for bacterial pathogenesis in plant leaves.
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