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            Abstract
Disruption of susceptibility (S) genes in crops is an attractive breeding strategy for conferring disease resistance1,2. However, S genes are implicated in many essential biological functions and deletion of these genes typically results in undesired pleiotropic effects1. Loss-of-function mutations in one such S gene, Mildew resistance locus O (MLO), confers durable and broad-spectrum resistance to powdery mildew in various plant species2,3. However, mlo-associated resistance is also accompanied by growth penalties and yield losses3,4, thereby limiting its widespread use in agriculture. Here we describe Tamlo-R32, a mutant with a 304-kilobase pair targeted deletion in the MLO-B1 locus of wheat that retains crop growth and yields while conferring robust powdery mildew resistance. We show that this deletion results in an altered local chromatin landscape, leading to the ectopic activation of Tonoplast monosaccharide transporter 3 (TaTMT3B), and that this activation alleviates growth and yield penalties associated with MLO disruption. Notably, the function of TMT3 is conserved in other plant species such as Arabidopsis thaliana. Moreover, precision genome editing facilitates the rapid introduction of this mlo resistance allele (Tamlo-R32) into elite wheat varieties. This work demonstrates the ability to stack genetic changes to rescue growth defects caused by recessive alleles, which is critical for developing high-yielding crop varieties with robust and durable disease resistance.
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                    Fig. 1: Tamlo-R32 wheat exhibits immunity to powdery mildew without growth and yield penalties.[image: ]


Fig. 2: Chromosomal rearrangement in Tamlo-R32 leads to activation of TaTMT3B in leaves.[image: ]


Fig. 3: Increased TMT3 expression rescues growth phenotypes in mlo mutants of wheat and Arabidopsis.[image: ]


Fig. 4: Introduction of the Tamlo-R32 allele into elite wheat varieties.[image: ]
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              The sequencing data obtained in this study have been deposited in the Genome Sequence Archive (GSA) database in the BIG Data Center (https://ngdc.cncb.ac.cn/) under accession number PRJCA005687. Chinese Spring wheat reference genome RefSeq v1.1 is available on IWGSC (http://www.wheatgenome.org/). Transcriptome data from different wheat tissues are from ref. 29.Â Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Genotyping by agarose gel electrophoresis and Sanger sequencing.
a, Detection of the transgene in the Tamlo-R32 mutants by PCR using five independent primer sets. Plasmid DNA of the TALEN vector was used as a positive control. b, Schematic diagram of the structure of the wheat TaMLO1 gene. Green rectangles and solid black lines represent exons and introns, respectively. The conserved TALEN target site within TaMLO1 is indicated by the red vertical line. Black arrows denote the positions and orientations of the three pairs of gene-specific primers (F1/R1, F2/R2, F3/R3) for amplifying TaMLO-A1, TaMLO-B1 and TaMLO-D1, respectively. c, Agarose gel electrophoresis of TaMLO1 amplicons from genomic DNA of the BW wild-type (upper) and Tamlo-R32 mutant (lower) using gene-specific primers. d, Agarose gel electrophoresis of the PCR products amplified by the primer pairs F2/R2 (upper) and F4/R4 (lower) from genomic DNA of the wild type and Tamlo-R32 mutants. The positions and orientations of the F4/R4 primer pairs are denoted by black arrows in Fig. 1g. e, DNA sequence of the edited sites in Tamlo-R32. Blue letters indicate inserted sequences. Red letters indicate the original sequence. Black vertical lines indicate the target site. The black dotted line indicates the deleted region. For a, c, d, experiments were repeated 3 times with the same results.


Extended Data Fig. 2 The Tamlo-R32 mutant displays no yield penalties when grown in the field.
aâ€“d, The agronomic traits, including grain yield per plant (a), thousand kernel weight (b), tiller number per plant (c) and grain number per spike (d) were evaluated in field conditions in two wheat-growing areas in the North China Plain, Beijing and Zhaoxian in Hebei Province in 2019 and 2020. For box plots, the box limits indicate the twenty-fifth and seventy-fifth percentiles, the whiskers indicate the full range of the data, and the center line indicates the median. Individual data points are plotted. n represents the sample size. Statistical significance was determined by two-tailed Mann-Whitney tests or two-tailed Studentâ€™s t-tests. P values are indicated
Source data


Extended Data Fig. 3 Macroscopic powdery mildew infection phenotypes of F2 plants from various crosses.
a, b, Representative detached leaves of the F2 generations of Tamlo-R32Ã—Tamlo-aaBBdd (a) and Tamlo-R32Ã—Tamlo-aabbdd (b) are shown seven days after inoculation of Bgt isolate E09. Red triangles indicate resistant plants. Scale bar, 1â€‰cm.


Extended Data Fig. 4 Expression patterns and chromatin landscapes of genes around the large deletion.
a, Expression of TaTMT3B and 11 other nearby genes in different tissues; data are from a previous publication30. Genes within the deleted region are indicated. b, c, Amino acid sequence alignment between homeologs on the A, B and D genomes of downregulated genes in the deletion region. d, Expression levels of TaTMT3B in different tissues of Tamlo-R32 and WT plants measured by quantitative RT-PCR. Results are normalized to TaPAGE gene. n.d., not detected. Data are means Â± s.d., of three independent RNA preparations from biological replicates. e, Chromatin accessibility, and histone modification profiles in the TaTMT3B-MLO-B1 region in leaf tissue of Chinese Spring wheat. The Integrative Genomics Viewer (IGV) views show the various chromatin status profiles near TaTMT3B. The y-axis represents signal enrichment computed from reads at each position normalized to the total number of reads (RPKM). The dark shading indicates regions with either repressive (H3K27me3) or active (H3K4me3, H3K36me3, H3K27ac) histone modifications (a-f). f, Schematic illustration of a possible model for regulation of the activation of TaTMT3B expression in Tamlo-R32
Source data


Extended Data Fig. 5 Expression levels of twenty genes around the large deletion measured by quantitative RT-PCR.
a, Schematic diagram of the gene distribution around the large B-genome deletion identified in Tamlo-R32. b, Expression levels of twenty genes of the B genome were measured by quantitative RT-PCR in both wild-type Bobwhite and Tamlo-R32 mutant leaves. Results are normalized to TaPARG gene and the expression level of gene in wild-type BW plants was set at one except TaTMT3B. n.d., not detected. Data are means Â± s.d. of three independent RNA preparations from biological replicates
Source data


Extended Data Fig. 6 Wheat and Arabidopsis mlo mutants overexpressing TMT3 maintain powdery mildew resistance.
a, Targeted knockout of TaTMT3B by CRISPR-Cas9 in the Tamlo-R32 background. Blue letters indicate TaTMT3B sgRNA. The PAM sequence is highlighted in red. The numbers on the right show the type of mutation and how many nucleotides are involved, with â€œ-â€� indicating deletion of the given number of nucleotides. b, Expression levels of TaTMT3 in TaTMT3B-overexpressors in the Tamlo-aabbdd mutant background, assessed by quantitative RT-PCR. The primers were designed to detect complete TaTMT3 transcripts. The results are normalized to TaACTIN, and expression of the gene in KN199 (wild type) is set at one. Data are means Â± s.d., of three independent RNA preparations from biological replicates. c, Macroscopic infection phenotypes of representative detached leaves of the indicated wheat plants seven days after inoculation with Bgt isolate E09. Scale bar, 1 cm. d, Micrographs of microcolony formation by Bgt on wheat leaves of the indicated genotypes three days postinoculation. Powdery mildew spores and colonies were stained with Coomassie blue. Scale bars, 100 Î¼m. e, Percentages of microcolonies formed from the total number of germinated spores of Bgt on the leaves of the indicated wheat plants. f, Expression levels of AtTMT3 in TMT3-overexpressors in the Atmlo2/6/12 background measured by quantitative RT-PCR. The primers were designed to detect both transgenic and endogenous AtTMT3 transcripts. The results are normalized to Arabidopsis AtACTIN8, and the expression level of the gene in WT was set at one. Data are means Â± s.d. of three independent RNA preparations from biological replicates. g, Detached rosette leaves of the indicated 7-week-old Arabidopsis plants grown under long-day condition were laid out. Scale bar, 1 cm. h, Chlorophyll content of 6th rosette leaves of 7-week-old Arabidopsis plants grown under long-day conditions. The Tamlo-aabbdd mutants in bâ€“e is in the KN199 background. Data are means of three biological replicates. Error bars represent means Â± s.d. P values are indicated. i, Macroscopic infection phenotypes of representative detached leaves of the indicated Arabidopsis plants seven days after inoculation with G. orontii Scale bar, 1â€‰cm. j, Micrographs of microcolony formation by G. orontii on Arabidopsis leaves of the indicated genotypes three days post-inoculation. Powdery mildew spores and colonies were stained with Coomassie blue. Scale bars, 100â€‰Î¼m. k, Percentages of microcolonies formed from the total number of germinated spores of G. orontii on leaves of indicated Arabidopsis plants. More than 1000 germinated spores per genotype per experiment were examined 72â€‰h after inoculation in e and k. Data are means of three independent experiments. Error bars represent means Â± s.d. Statistical significance in e, h, k was determined by two-tailed Mann-Whitney tests or two-tailed Studentâ€™s t-tests
Source data


Extended Data Fig. 7 Detection of transgene-free mutants.
Outcome of tests for transgene-free mutants using five primer sets in 31 mutant plants in Extended Data Table 2. Lanes labelled WT and plasmid show the PCR fragments amplified from a WT plant and plasmid constructs pJIT163-Ubi-Cas9 and pU6-gRNA vector respectively. KN-WT, XN-WT, XY-WT and S-WT indicate elite wheat varieties KN199, XN511, XY60 and S4185. Experiments were repeated 3 times with the same results.


Extended Data Table 1 Frequencies of mutations generated by genome editing with CRISPR-Cas9 DNA/RNP in the T0 generation of four elite wheat varietiesFull size table


Extended Data Table 2 Genotypes of the mutants generated by CRISPR-Cas9 DNA in terms of mutations in TaMLO-A1, TaMLO-D1 and the large deletion in the B genomeFull size table


Extended Data Table 3 Genotypes of the mutants generated by CRISPR-Cas9 RNP with respect to mutations in TaMLO-A1, TaMLO-D1 and the large deletion in the B genomeFull size table
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