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Disruption of susceptibility (S) genes in crops is an attractive breeding strategy for
conferring disease resistance'?. However, S genes are implicated in many essential
biological functions and deletion of these genes typically results in undesired
pleiotropic effects’. 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 species*. However, mlo-associated resistance is also accompanied by
growth penalties and yield losses®*, thereby limiting its widespread use in agriculture.
Here we describe Tamlo-R32,a mutant with a304-kilobase pair targeted deletionin
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
chromatinlandscape, leading to the ectopic activation of Tonoplast monosaccharide
transporter3(TaTMT3B), and that this activation alleviates growth and yield penalties

associated with MLO disruption. Notably, the function of TMT3is 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, whichis critical for developing
high-yielding crop varieties with robust and durable disease resistance.

Plant diseases cause losses of 11-30% in crop production per year
worldwide, threatening global food security®. Molecular breeding is
an effective and sustainable strategy to improve plant disease resist-
ance®. Dominant resistance (R) genes are frequently adopted for breed-
ing resistance against a specific pathogen’®. Most R genes encode
nucleotide-binding site-leucine-rich-repeat proteins that directly or
indirectly recognize pathogenic effector proteins and trigger immu-
nity'®", R gene-mediated resistance is race-specific, and pathogens
canreadily overcome theresistance by introducing escape mutations
in their respective effector genes™. Disruption of S genes is thus an
attractive alternative for resistance breeding in crops">".

Sgenes are plant genes that are leveraged by pathogens to achieve
successful infection'. Disease resistance conferred by S gene muta-
tions is genetically recessive and non-race-specific">'. MLO is a
well-characterized S gene*”'8, There are more than 650 species
of powdery mildew fungi that infect about 10,000 plant species®.
Loss-of-function mutations in MLOresultindurable and broad-spectrum
resistance to powdery mildew? “***, However, mlo mutations gener-
ally lead to substantial growth penalties. In barley and Arabidopsis,
loss-of-function mlo mutants are associated with spontaneous callose
deposition, cell death and early senescence®****, Therefore, only weak

mlo alleles with balanced resistance and growth phenotypes, such as
mlo-11inbarley, have been used to breed elite varieties®**. Although mio
resistance is conserved across plant species®?, the growth trade-offs
have prevented its wide deployment in agriculture.

Wheat (Triticum aestivum) is a major staple crop around the world.
Powdery mildew disease seriously threatens wheat yields, which must
increase to meet the demands of an expanding global population®.
We previously generated a wheat mlo mutant, Tamlo-aabbdd, using
genome editing to simultaneously knock out all three homeologues
of TaMLO1 in Kenong 199 wheat®. Although this wheat mutant exhib-
ited robust and broad-spectrumresistance to powdery mildew, itwas
affected by undesired pleiotropic effects such as accelerated senes-
cence”. Here we describe Tamlo-R32,awheat mlo mutant that confers
robust disease resistance without undesirable pleiotropic effects.

Tamlo-R32is resistant with no growth defect

Although the Tamlo-aabbdd mutant wheat plants were highly resistant
to powdery mildew (Blumeriagraminisf. sp. tritici, Bgt) (Fig.1a,b), they
exhibited defects in both plant height and grain yield compared with
wild-type plants (Fig. 1c-e).
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Fig.1| Tamlo-R32 wheat exhibits immunity to powdery mildew without
growthandyield penalties. a, Macroscopicinfection phenotype of
representative detached wheat leaves of the indicated genotypesinthe
Bobwhite background (BW) with Bgtisolate E09.Scale bar,1cm. b, Percentages
of microcolonies formed from the total number of Bgt germinated spores on
theleaves of theindicated plants. Dataare mean ts.d. (n = 3). Two-tailed
Student’s t-tests. ¢, Morphology of the indicated wheat plantsgrownina
growthroom.d, e, Plant height (d) and grainyield per plant (e) of the indicated
plants. Plants were grownin field conditionsin Beijing. nrepresents the sample
size. Two-tailed Mann-Whitney tests or two-tailed Student’s t-tests. In box

When generating additional wheat mlo mutants using the TALEN
vector?®?®, we identified the Tamlo-R32 mutant in the Bobwhite back-
groundinaT, population. We first evaluated the resistance phenotype
of this mutant after establishing that it was transgene-free (Extended
DataFig.1a). Similar to the Tamlo-aabbdd mutant, Tamlo-R32 exhibited
robust resistance to powdery mildew (Fig.1a). Microscopic examination
revealed amarked reductionin the number of microcolonies formed on
Tamlo-R32leaves (Fig.1b). Notably, the Tamlo-R32 mutant displayed no
growth penalties in terms of plant height and grain yield when grown
inthe field (Fig. 1c-e, Extended Data Fig. 2a-d).

Tamlo-R32harbours a 304-kb deletion

The Tamlo-R32 mutant was generated using a TALEN vector that tar-
gets all three wheat MLOI genes. We initiated mutant genotyping by
selectively amplifying targeted fragments of TaMLO-A1, TaMLO-BI and
TaMLO-D1 using gene-specific primer pairs (Extended Data Fig. 1b).
Although we successfully amplified all three genes from the wild-type
plant, we could not amplify TaMLO-BI from Tamlo-R32 (Extended Data
Fig.1c). This suggested that there was a substantial perturbationin the
B genome of Tamlo-R32.

We performed genetic crosses to pinpoint the mutations involved
in Tamlo-R32resistance. We used the Tamlo-R32 mutant as the mater-
nal line and crossed it with two different paternal lines. One of these,
Tamlo-aaBBdd, was susceptible to powdery mildew, whereas the
other, Tamlo-aabbdd, was resistant. We subsequently evaluated
theF,progenies of these crosses for resistance to powdery mildew. Inthe
Tamlo-R32 x Tamlo-aaBBddF, population, 116 plants were susceptible and
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plots, the box limitsindicate the 25th and 75th percentiles, the whiskers
indicate the fullrange of the data, and the centreline indicates the median.
Individual data points are plotted. f, Genetic crosses to pinpoint the Tamlo-R32
mutation. The genotype of the Tamlo-R32 mutantisassumed to be aab’b'dd.

g, Next-generationsequencing uncovers a304,374 bp deletion on
chromosome 4B of Tamlo-R32.Red dotted rectanglesindicate the ends of the
deletion. Black arrows denote the position and orientation of the F2-R2 and
F4-R4 primer pairsused in Extended DataFig.1d. h, Genotype of Tamlo-R32.
Underlinesindicate the TALEN targeting sequences. Detailed sequence
informationisavailablein Extended DataFig. le.

42 plants were resistant, fitting a segregation ratio of 3:1. All 27 F, plants
from the Tamlo-R32 x Tamlo-aabbdd cross were resistant to powdery mil-
dewdisease. Theseresultsindicate that the resistanceallelein Tamlo-R32
is tightly linked to the TaMLO-BI locus (Fig. 1f, Extended Data Fig. 3a, b).
We next performed whole-genome sequencing to precisely geno-
type Tamlo-R32. After aligning the sequencing reads with the Chinese
Spring wheat reference genome (IWGSC, Refseq v1.1), we identi-
fied a 304-kilobase pair large deletion (from position 612856038 to
613160412) on chromosome 4B of Tamlo-R32. The right boundary of
the deletion was located in the second exon of TaMLO-B1, and the left
boundary terminated in an MLO-like gene (hereafter referred to as
TaMLOX) (Fig. 1g). Targeted PCR amplification and sequencing of
genomic DNA confirmed this large deletion in Tamlo-R32 (Fig. 1h,
Extended Data Fig.1d, e).

TaTMT3Bis upregulated in Tamlo-R32

To investigate the effect of this large deletion, we performed RNA
sequencing (RNA-seq) using 7-day-old leaf tissues of Tamlo-R32 and
wild-type Bobwhite and examined the expression of genes within an
8-Mb region upstream and downstream of the deletion. As expected,
expression of genes located within the deleted region was either
undetectable or downregulated. These genes are either functionally
dispensable, as suggested by the overall expression levels in different
tissues, or functionally redundant with homeologues on the Aand D
genomes owingto similar expression patterns, abundance and protein
products® (Extended Data Fig. 4a-c). Of note, TraesCS4B02G322000,
agene located immediately upstream of the deletion, was markedly
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Fig.2|Chromosomal rearrangementin Tamlo-R32leads to activation of
TaTMT3Binleaves. a, Differentially expressed genes around the TaMLO-BI
locusin Tamlo-R32.Each circle represents one gene, with size indicating
statistical significance (adjusted Pvalue (P,4)) and colour representing
different expression categories, asindicated. Differentially expressed genes
were called by the R package edgeR with a threshold absolute value of log,(fold
change) >1and adjusted Pvalue (false discovery rate method) <0.05. RNA-seq
was performed on 7-day-old plantleaves. b, Expression levels of TaTMT3A,
TaTMT3B, TaTMT3D and total TaTMT3in leaves of Bobwhite and Tamlo-R32
plants. Dataare normalized to the TaPARG gene. Dataare mean +s.d. (TaTMT3A,
TaTMT3Band TaTMT3in Bobwhite and Tamlo-R32: n=4; TaTMT3D in Bobwhite

upregulated in Tamlo-R32 relative to wild-type Bobwhite (Fig. 2a).
This gene (hereafter referred to as TaTMT3B) is an orthologue® of
Arabidopsis AtTMT3. Upregulation of TaTMT3B was further validated
by quantitative PCR with reverse transcription (RT-PCR), whereas the
expression of a further 19 nearby genes was unchanged (Extended
DataFig.5a,b). There are three homeologues of TaTMT3—namely TaT-
MT3A, TaTMT3B and TaTMT3D—and only TaTMT3Bwas upregulatedin
the Tamlo-R32 mutant, leading to increased total levels of TaTMT3
(Fig.2b). TaTMT3genes aresilenced in all tissues evaluated in wild-type
wheat except in the spike? (Extended Data Fig. 4a, d).

and Tamlo-R32: n=3).c, Detection of chromatinloops between the TaTMT3B
promoter and intergenic regions within TaMLOX and TaMLO-B1.4C-seq was
used forinitial screening of loops linked to the TaTMT3B promoter (top); 3C
with quantitative PCR was used for validation and quantification ofthea-band
a-cloops (bottom). Rel., relative. d, Chromatin accessibility, H3K27me3,
H3K27acand transcription profiles inthe TaTMT3B-MLO-BI region of Bobwhite
and Tamlo-R32, visualized by Integrative Genomics Viewer. Red dotted
rectanglesindicate thelargeregiondeletionin Tamlo-R32inc,d.

e, Transcriptional activity in the TaTMT3B-MLO-BI regionin Bobwhite and
Tamlo-R32plants. The locations of individual PCR amplicons are shown by
arrowsind.Dataaremeanzs.d. (n=3).ND, notdetected.

To explore mechanisms regulating TaTMT3B expression, we
examined histone modifications and chromatin accessibility in the
TaTMT3B-MLO-B1 region by performing cleavage under targets and
tagmentation (CUT&Tag) and assay for transposase-accessible chro-
matin sequencing (ATAC-seq) using leaf tissues. In wild-type wheat,
H3K27me3—whichisinvolvedin the formation of long-range chromatin
loops leading to gene silencing®—marks genes that are expressed at low
levels, including TaTMT3B, TaMLOX and other distal genes (Extended
DataFig. 4e). We next performed chromosome conformation cap-
ture sequencing (3C-seq) and circular 3C-seq (4C-seq) and found that
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Fig.3|Increased TMT3 expressionrescues growth phenotypesinmlo
mutants of wheat and Arabidopsis. a-c,Knockout of TaTMT3Bin Tamlo-R32
worsens growth phenotypes (a), plant height (b) and grainyield per plant (c).
Wheat plantsina-cwere allBobwhite. d-h, Overexpression of TaTMT3B (OE) in
the Tamlo-aabbdd mutant rescues growth phenotypes (d). e, Relative Soil Plant
Analysis Development (SPAD) chlorophyll unitsin flag, 1st,2nd and 3rd leaves
of KN199 (n=14,16,14 and 6, respectively), Tamlo-aabbdd (n=13,11,10 and 6,
respectively), TaTMT3B-OE-25/Tamlo-aabbdd (n=22,18,18 and 19,
respectively) and of TaTMT3B-OE-3/Tamlo-aabbdd (n=15,13,18 and 11,
respectively).f, Relative expression levels of TaSAG8in wheat leaves. Results
arenormalized to TaACTIN, and the TaSAG8 expression level in KN199 was set to
1(n=3).Samples were collected at the heading stage from the second leaf
belowthe flagleaf.g, h, Plant height (g) and grainyield per plant (h) of wheat

the H3K27me3-marked promoter of TaTMT3B in wild-type Bobwhite
was indeed looped with distal loci marked by H3K27me3 within the
TaTMT3B-MLO-B1regions (Fig.2c). By contrast, H3K27me3 levels were
lowinthe highly expressed TaMLO-BIlocus, whichwasinan accessible
chromatin region (Extended Data Fig. 4e).

We reasoned that the 304-kb deletion in Tamlo-R32 mightalter local
chromatin states and in turn affect gene expression. In agreement, the
large deletion abolished chromatin looping between the TaTMT3B
promoter and a region within the deletion (a-c loop) (Fig. 2c, d).
Consistently, we also detected a substantial loss of H3K27me3 signal
and a marked increase in both ATAC-seq and H3K27ac signals at the
TaTMT3B and TaMLOX regions in Tamlo-R32, along with an increased
abundance of transcripts (Fig. 2d). Moreover, active RNA polymerase
11 (Pol Il CTD-S5p) deposition wasincreased inthe TaTMT3Blocus and
TaMLOXregion in the Tamlo-R32 mutant (Fig. 2e). Meanwhile, strong
Pol Il CTD-S5p deposition was observed at the TaMLO-BI promoter in
both wild-type and Tamlo-R32plants (Fig. 2e). These datasuggest that
transcription of TaTMT3Bis repressed by the presence of the repressive
histone mark H3K27me3 and inhibitory chromatin loops in wild-type
Bobwhite, whereas the large deletion in Tamlo-R32 abolishes the epi-
genetic repression and creates a permissive chromatin environment
around TaTMT3B (Extended Data Fig. 4f).

TaTMT3B overexpression rescues penalties

To confirm that the phenotypes observed in the Tamlo-R32 mutant
were a result of TaTMT3B upregulation, we used CRISPR-Cas9 to
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plants measured at the mature stage. Wheat plantsin d-h were all KN199.
Wheatina-hweregrowninagrowthroom.i,Senescence phenotypesin
Arabidopsisplants of indicated genotypes. Plants were grown for 8 weeks
under short-day conditions. j, Relative expression levels of AtSAGI3in
Arabidopsisleaves of the indicated genotypes. Results are normalized to
Arabidopsis AtACTINS, and the AtSAGI3 expression levelinWT wassetto1
(n=3).Plants were grown under short-day conditions for seven weeks after
sowing, androsette leaf seven of each plant was sampled.Inboxplotsinb,c, g,
h, thebox limitsindicate the 25th and 75th percentiles, whiskersindicate the
fullrange of the data, and the centre line indicates the median. Individual data
pointsare plotted. nrepresents samplessize. All dataare mean +s.d. Two-tailed
Mann-Whitney tests or two-tailed Student’s t-tests.

knock out TaTMT3Bin Tamlo-R32 (Extended Data Fig. 6a). The result-
ing Tatmt3b/Tamlo-R32 plants resumed undesirable phenotypes of
reduced plant height and yield losses (Fig. 3a-c). Therefore, TaTMT3B
was critical for rescuing the growth defects caused by TaMLOI knock-
out.

To further validate its function, TaTMT3B was overexpressed in a
Tamlo-aabbdd mutant of Kenong 199 (KN199). Whereas the KN199
Tamlo-aabbdd mutant exhibited accelerated leaf senescence at the
heading stage” (Fig. 3d), the TaTMT3B-overexpressing derivatives
maintained normal phenotypes (Fig. 3d, Extended Data Fig. 6b). Con-
sistent with this, relative chlorophyll content was significantly reduced
intheleaves of the Tamlo-aabbdd mutant, but was recovered in the two
TaTMT3B-overexpressing lines (Fig. 3e). Since leaf senescenceis often
accompanied by an increased expression of senescence-associated
genes (SAGs), we measured the expression of TaSAGS (ref.*?). TaSAG8
transcript levels were increased in Tamlo-aabbdd mutant leaves, but
normalized following TaTMT3B overexpression (Fig. 3f). Notably, the
reduced plant height and grain yield losses caused by the mlo triple
knockout were also rescued by TaTMT3B overexpression without
compromising powdery mildew resistance (Fig. 3g, h, Extended Data
Fig. 6¢c-e).

TMT3functionis conserved in A. thaliana

Since mlo-associated resistance to powdery mildew is evolutionar-
ily conserved across plant species'®®, we set out to test whether
the function of TMT3 is also conserved in other plant species.
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Fig.4|Introduction of the Tamlo-R32alleleinto elite wheat varieties.

a, Scheme for developing new wheat germplasms harboring the Tamlo-R32
allele by marker-assisted backcrossing. b, i, Macroscopicinfection phenotypes
of the novel wheat germplasms using marker-assisted backcrossing (b) or
CRISPR-Cas9 RNP (i) seven days after inoculation with Bgtisolate GHS (b) or
EO9 (i). Scalebar,1cm. ¢, j, Percentage of microcolonies formed from the total
number of germinated spores of Bgt on leaves of the new wheat germplasms
using marker-assisted backcrossing (c) or CRISPR-Cas9 RNP (j). Dataare

mean £s.d. (n=3). Two-tailed Mann-Whitney tests or two-tailed Student’s
t-tests.d, Growth phenotype of indicated wheat plants grown under field
conditions. e, f, Plant height and grainyield per plant of LX99 and LX99%*? (e) or

Wefirst overexpressed AtTMT3in an A. thaliana Atmlo2/6/12 mutant®.
AtTMT3overexpression largely rescued premature leaf senescencein
anAtmlo2/6/12 mutant (Fig. 3i, Extended Data Fig. 6f-h). Accordingly,
the transcriptlevel of the senescence marker gene® AtSAGI3was greatly
reduced in the Atmlo2/6/12 mutant overexpressing AtTMT3 (Fig. 3j).
Resistance to powdery mildew in the Atmlo2/6/12 mutant was not com-
promised by overexpressing AtTMT3 (Extended Data Fig. 6i-k). These
results indicate a conserved function of TMT3in A. thaliana.

Programmed genome editing in elite wheat

There is a global need for elite wheat varieties with robust powdery
mildew resistance and no yield loss. We first attempted to introgress
the superior Tamlo-R32alleles from the Bobwhite backgroundinto two
elite Chinese wheat varieties, Liangxing99 (LX99) and Jimai22 (JM22)
(Fig.4a). We obtained both LX99 and JM22 with these Tamlo-R32alleles
(LX99%2 and JM22%*, respectively) from the BC,F, population, and
found thatboth variants exhibited strong resistance to powdery mildew

GCTGTAGGTGACATGGATAGACGG +1 bp

Ty-39 (KN199, CRISPR RNP)

JM22 andJM22"%%*(f). Plants were growninagreenhouse. nrepresents the
samplesize.Inbox plotsine, f,the box limitsindicate the 25th and 75th
percentiles, whiskersindicate the full range of the data, and the centreline
indicates the median. Individual data points are plotted. Two-tailed Mann-
Whitney tests or two-tailed Student’s t-tests. g, Schematic of rapid
introduction of the Tamlo-R32allele into elite wheat varieties using CRISPR-
Cas9 DNA or RNP with only two sgRNAs. PM, powdery mildew. h, Genotypes of
two of the mutants generated by CRISPR-Cas9 DNA and RNP technologies.
sgRNA1ltargetsallthree MLOI homeologues; sgRNA2 targets the Bgenome
MLOX specifically. k, Micrographs of microcolony formation by Bgt on wheat
leaves of theindicated genotypes. Scale bars, 100 pm.

(Fig.4b, c). As expected, they also had normal growth phenotypes and
grainyields similar to the wild-type recurrent parent (Fig.4d-f). How-
ever, the process of introgression is laborious and time consuming.
Genome editing is rapidly revolutionizing plant breeding**
We applied CRISPR-Cas9 to develop new wheat germplasms har-
bouring the Tamlo-R32 allele. We used only one pair of single guide
RNAs (sgRNAs) to achieve simultaneous editing of all three TaMLO1
genes and the desired large deletion in the wheat B genome (Fig. 4g).
We targeted sgRNA1 to a site conserved in all three TaMLOI homeo-
logues, and targeted sgRNA2 to TaMLOX specifically in the Bgenome.
Constructs expressing the two sgRNAs and Streptococcus pyogenes Cas9
were co-delivered by particle bombardment into immature embryos
of KN199, Xinong511 (XN511), Shi4185 (S4185) and Xiaoyan60 (XY60),
four elite winter wheat varieties grown in China. Under selection-free
condition, werecovered a total of 15 (KN199),12 (XN511), 2 (54185) and
2 (XY60) T, mutants containing the programmed large deletionin the
Bgenome, with efficiencies 0f 0.9%, 0.9%, 0.4% and 0.3%, respectively
(Extended Data Table 1). Among these mutants, 5 KN199 (33.3%), 7 XN511
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(58.3%) and 2 S4185 (100%) mutants also contained site-specific indels
inatleastonealleleinboth MLO-A1and MLO-DI (Fig.4h, Extended Data
Tables1,2).Since transient expression of CRISPR-Cas9 DNA followed
by selection-free regeneration can greatly reduce transgene integra-
tion®, we found that more than one-third of the mutants we obtained
in the T, generation displayed no transgene integration (Extended
DataFig. 7, Extended Data Table 2).

We next performed targeted editing using CRISPR-Cas9 ribonucleo-
proteins (RNPs) to completely eliminate transgene integration and
small DNA insertions in the generated mutants®®. RNP was delivered
into immature embryos of KN199, S4185 and XY60 by particle bom-
bardment. The desired 304-kb deletion mutants were obtained at fre-
quenciesof 0.7% (KN199), 0.4% (S4185) and 0.2% (XY60), respectively.
Two (50%) of the mutants in KN199 also contained indelsin atleast one
alleleinboth MLO-A1and MLO-DI (Fig. 4g, Extended Data Tables1, 3).
The T,-39 mutant was challenged with powdery mildew, and exhibited
resistance similar to Tamlo-R32 (Fig. 4i-k). These findings highlight
genome editing as a powerful strategy to introduce the Tamlo-R32
allelesinto elite wheat varieties.

Discussion

In this study, we found that the wheat Tamlo-R32 mutant harbours a
chromosomal rearrangement in the wheat B genome, and through
epigenetic changes, results in a significant upregulation of TaTMT3B
expression. We demonstrated that this alteration counteracts the nega-
tive penalties associated with mlo mutations while maintaining robust
disease resistance. Therefore, the Tamlo-R32 variant is an attractive
starting point for breeding powdery mildew-resistant wheat without
growth and yield penalties. We also demonstrated that genome edit-
ing can facilitate the engineering of Tamlo-R32alleles into elite wheat
varieties.

Although further work is needed to elucidate TMT73 function, it
is beneficial to engage this Tamlo-R32 mutant in wheat breeding.
We also describe the use of CRISPR-Cas9 to precisely edit the MLO
locus in four elite winter wheat varieties. The function of TMT3
appears to be conserved across different plant species, suggesting
wide applicability among crop species. In sum, our work represents
an important step towards the expansion of mlo-associated resist-
ance across agriculture.

S gene-mediated recessive disease resistance is frequently accom-
panied by growth defects and yield losses in crops, preventing its
deployment in food production. Previous attempts have been inef-
fective atalleviating these undesired pleiotropic effects****. This Arti-
cle describes a host gain-of-function mutation that overcomes the
growth defects caused by recessive resistance alleles. We anticipate
that similar mutations will be identified in other S genes that confer
S gene-mediated disease resistance without undesired pleiotropic
effects. The application of sophisticated genome-editing technologies
promises to support the development of sustainable disease-resistant
crops that satisfy future needs.
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Methods

Plant materials and growth conditions

Wheat (T. aestivum) used in this study was Bobwhite (spring wheat)
unless otherwise stated, including Kenong199 (KN199, winter wheat),
Tamlo-aabbdd (KN199) (TaMLOI knockout mutant in a KN199 back-
ground®). A. thaliana wild type (Col-0) and the mutant Atmlo2/6/12
(ref. *) were also used.

Wheat was growninagrowthroomunder a16 hlight:8 h dark cycle
with light intensity 1,000 pumol m™s™, and temperature 15-26 °C
depending on growth stage; Arabidopsis was grown under an 8 h
light:16 hdark cycle (short-day conditions) ora16 hlight:8 hdark cycle
(long-day conditions), with light intensity 100 pmol ms™, ata constant
23 °C.Wheatwasalsogrowninthefieldin two wheat-growing areasin
the North ChinaPlain: Beijing and Zhaoxian in Hebei Province. Spring
wheat varieties were sownin March, and winter wheat varieties in Octo-
ber, and harvested the followingJune. Field trials were performed with
threereplicates at eachsite. Eachreplicate used a plot 0.75 m (4 rows)
in width (0.25 m row spacing) by 3 min length (0.1 m plant spacing).
Agronomical traits were recorded from ~30 individuals in the central
rows of each plot. Field trials were conducted in two cropping years,
2019 and 2020. Statistical significance was determined by two-tailed
Mann-Whitney tests or two-tailed Student’s ¢-tests, using GraphPad
Software. Pvalues > 0.05 were considered not significant.

Constructs for gene overexpression and genome editing

To overexpress TaTMT3B in wheat, the full-length coding region was
amplified from cDNA, and cloned into pJIT163-Ubi vector®. To over-
express AtTMT3in Arabidopsis, the full-length coding sequence was
cloned into pCambial300-35S vector®®. For wheat genome editing,
plasmid constructs pJIT163-Ubi-Cas9 (ref. *°) and pU6-gRNA*’ were
used, as previously described. Sequences of PCR primers and other oli-
gonucleotides used for construction are listed in Supplemental Table 1.

Genetic transformation of wheat and Arabidopsis

Plasmids DNA vectors and RNPs (synthesized sgRNAs and Cas9 protein
were purchased from GenScript Nanjing) were delivered intoimmature
wheat embryos via particle bombardment. In order to avoid mixing
up RNP-generated mutants with those derived from plasmid trans-
formation, we used another sgRNA, sgRNA2-2 (with comparableindel
efficiency to sgRNA2-1) totarget TaMLOX. The subsequent callus induc-
tion, plantlet regeneration and selection were performed as previously
described**°, T, transgenic plants were obtained, transferred to soil
and grown in a growth room. Floral-dipping transformation of Arabi-
dopsiswas carried out following the standard protocol*.

Powdery mildew infection assays

B.graminisf.sp. tritici (Bgt) isolate EQ9 (ref.*?) and isolate GH5 (alocal
virulent Bgtisolate for LX99 and JM22, obtained from plant material
spontaneously infected in the greenhouse) was propagated on wheat
KN199 seedlings in a growth chamber with a 16 h photoperiod, 60%
humidity, ata constant 22 °C. Golovinomyces orontii** was propagated
on Arabidopsis NahG plants in a growth chamber with an 8 h photo-
period, 60% humidity, ataconstant22 °C. Powdery mildew inoculation
and microscopic analyses were performed as previously reported**.
Seventy-two hours afterinoculation, wheat leaf segments and Arabidop-
sisleaves were harvested and de-stained, then stored in lactoglycerol
(1:1:1(v/v/v) lacticacid/glycerol/water). Fungal structures were stained
for 7 swith 0.6% (w/v) Coomassie Brilliant Blue R250 in methanol, then
rinsed with distilled water and mounted in 50% (v/v) glycerol. Samples
were observed and counted under an Olympus BX51 light microscope,
and photographs were taken with Cellsens Entry 1.21 software. Percent-
ages of microcolonies formed from the total number of B. graminis
or G. orontii germinated spores on the leaves of the indicated plants.
More than 600 germinated spores were examined per genotype per

experiment. For macroscopic infection phenotype, detached leaves
of 7-day post-inoculation plants were photographed.

Genotyping by PCR and whole-genome sequencing

Toidentify mutationsin TaMLO-A1, TaMLO-BI,or TaMLO-D1, gene-specific
primerswere designed around the target site. Primers F1and R1were used
to amplify TaMLO-A1,F2 and R2 were used to amplify TaMLO-B1,and F3
and R3 were used to amplify TaMLO-D1I. To determine the precise loca-
tion of the rearrangement breakpointsin the Bgenome of the Tamlo-R32
mutant, primers F4 and R4 were used to amplify the regions around the
deletion. PCR products were checked on agarose gels and genotyped by
Sanger sequencing. Primers are listed in Supplementary Table 1.

For whole-genome sequencing by NGS, high-quality genomic
DNA was isolated using a GenElute Plant Genomic DNA Miniprep Kit
(Sigma-Aldrich). llluminaNGS libraries were prepared according to the
manufacturer’s protocols, and sequencing was performed on aNovaseq
PE150 platform. Anaverage of 800 Gb of data (-50-fold coverage) was
generated. Sequencing reads were mapped to the ChinaSpring wheat
reference genome (IWGSC, Refseq v1.1), and assigned to a specific
location within an estimated 0.7 Mb window around TaMLO-B1. Sam
files generated from BWA** were converted to bam files and further
sorted and indexed with samtools (1.9)*. To visualize the large dele-
tion shown in Fig. 1g, an Integrative Genomics Viewer (2.8.13)*¢ was
used with bam file input.

RNA isolation and quantitative RT-PCR

Total RNA wasisolated using Trizol reagent (Invitrogen). After remov-
ing genomic DNA with DNase, total RNA was reverse-transcribed into
complementary DNAs (cDNAs) with oligo(dT)20 using a Superscript IV
First-Strand Synthesis System (Thermo Fisher Scientific). To quantify
the relative abundance of transcripts, quantitative PCR was carried
out using a SYBRGreen Realtime PCR Master Mix (TaKaRa) on a CFX
real-time PCR amplifier (Bio-Rad). Threeindependent RNA preparations
were used as biological replicates. TaACTIN (TraesCS5B02G124100)
and TaPARG (TraesCS5B02G532300) (a housekeeping gene selected
from RNA-seq databased oniits ubiquitous expressionin all tissues®)
were used as internal control for normalizationin wheat and AtACTINS
(AT1G49240) in Arabidopsis, respectively. Gene expression levels were
determined by the 2"**“method, unless otherwise stated. The primers
used are listed in Supplementary Table 1.

RNA-seq and data processing

Leaves from 7-day-old wheat plants grown in a controlled condition
were collected, immediately snap-frozen and stored at =80 °C. Total
RNA was extracted using a RiboPure kit (Invitrogen). RNA-seq experi-
ments were performed with three independent biological replicates.
AnRNA-seqlibrary was constructed and sequenced using the Illumina
NovaSeq platform by Annoroad Gene Technology. Raw reads were
filtered with fastp (version 0.20.1) and aligned to the Chinese Spring
genome (IWGSC RefSeq v1.1) using hisat2 (version 2.1.0)*. Raw counts
per gene were quantified using FeatureCount (version 1.6.4)*8, AnR
package edgeR*’ was used to detect DEGs (differentially expressed
genes), with a threshold absolute value of log,(fold change) >1and
FDR < 0.05. The raw matrix was further normalized to transcripts per
kilobase million (TPM) to quantify gene expression.

Chromosome conformation capture assays
4Cwasusedtodiscover potential chromatinloopslinked to TaTMT3B
promoter.4Clibraries were constructed following previously described
protocols with some modifications®>'. Ncol and Dpnll were used as the
primary and secondary restriction enzymes, respectively. The nuclei
isolation followed the HiChIP method® and the first restriction enzyme
digestionand ligation reactions were performed as described by In-situ
HiC%. The4Clibrary was sequenced using lllumina NovaSeq platform
with paired ends (PE150) at Annoroad Gene Technology.
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The purified DNA from first-round digestion and ligation was used
for 3C-qPCRto validate and quantify the chromatin loops discovered
via4C-seq.Fora-cloop, we used 6 bp-cutter digestion (Ncol), while for
relative shorter-range a-bloop, 4 bp-cutter digestion (Dpnll) was used
to achieve better resolution. qPCR was performed using the TagMan
probe method according to the manufacturer’s instructions, with an
AceQ qPCR Probe Master Mix (Vazyme Biotech). Relative interaction
frequencies were calculated according to previous publication® We
used ADP ribosylation factor (ADP-RF) coding gene asloading control
tonormalize the variationsin DNA concentration between 3C samples™.

ATAC-seq and data processing

ATAC-seqwas performed according to previous publication with minor
modifications®®. Approximately 1 g of leaves was used for starting mate-
rial. About 50,000 clean and intact nuclei were used for tagmentation
per reaction. Libraries were purified with AMPure beads (Beckman,
A63881) and sequenced using the lllumina Novaseq platform with
paired ends (PE150) at Annoroad Gene Technology. Peaks of ATAC-seq
were identified using MACS2¥. Coverage tracks were generated from
aligned reads using DeepTools with RPKM normalization (version
3.5.0)%%. The tracks were displayed using an Integrative Genomics
Viewer*,

CUT&Tag assay for histone modification and data processing
The CUT&Tag assay was performed as reported®, with minor modifi-
cations. Nuclei were extracted following the ATAC-seq procedure as
described above. For each reaction, about 10,000 nuclei were used.
Histone antibodies including H3K27ac (Abcam, ab4729), H3K27me3
(Abcam, ab6002), H3K4me3 (Abcam, ab8580), and H3K36me3 (Abcam,
ab9050) were used as primary antibodies at 1:50 dilutions. Guinea
pig anti-rabbit IgG was used as secondary antibody at 1:100 dilutions.
Thelibrary was amplified by about 15 cycles using Q5 high fidelity poly-
merase (NEB), and purified with AMPure XP beads (Beckman, A63881)
andsequenced with Novaseq PE150. All sequencing reads were cleaned
with fastp (version 0.20.1)*°and mapped to the Chinese Spring genome
using the BWA mem algorithm (version 0.7.15-r1140)**. To obtain high
quality data, the mapped reads were filtered for MAPQ quality scores
above 30, and uniquely aligned with Samtools (version 1.9). Picard
(http://broadinstitute.github.io/picard/) was used to remove dupli-
cates. Peaks were called by MACS2¥.

ChIP followed by quantitative PCR for Pol Il profiling

ChIP was performed as previously described®, with minor modifica-
tions. Extractionbuffers1(0.4 Msucrose, 10 mM Tris-HCI, pH8.0,10 mM
MgCl,, 5 mM (3-mercaptoethanol, 1 mM PMSF, 1x protease inhibitor
(Roche)) and11(0.25 M sucrose, 10 mM Tris-HCI, pH 8.0,10 mM MgCl,,
1% Triton X-100, 5 mM [3-mercaptoethanol, 1 mM PMSF, 1x protease
inhibitor (Roche)) were used for protein extraction. Anti-Pol Il CTD-S5p
(Abcam, ab5408) antibody was used for ChIP. Pol Il abundance was
normalized over input.

Chlorophyll content

For wheat, we measured relative chlorophyll content withahand-held
chlorophyll meter (SPAD-502; Minolta). SPAD values indicated relative
amounts of total chlorophyllin plant leaves®. Measurements were
performed on 3rd leaves (distal to the flag leaf) to the flag leaf at the
heading stage. Four measurements were made per leaf from at least
six individual plants of each genotype. For Arabidopsis, chlorophyll
content was determined as described, with minor modifications®>**,
In brief, chlorophyll was isolated from leaves by homogenization in
liquid nitrogen and extractionin 80% (v/v) acetone. After centrifuga-
tion (2 min, 16,000g), the supernatant was used to measure absorb-
ancevaluesat 663 nmand 645 nm by aspectrophotometer, with 80%
acetone as control. Three biological replicates of each sample were
assayed.

Developing new wheat germplasms harboring the Tamlo-R32
mutation by marker-assisted selection

Liangxing99 (LX99) and Jimai22 (JM22), major elite cultivars in the
Northern Huang-Huai River Valley Winter Wheat Region of China, were
selected to cross with Tamlo-R32 to develop new wheat germplasms
though MAS. The hybrids were backcrossed with LX99 and JM22 for two
generations. BC,F, plantswithmutationsinthe A, Band D genomes were
selected using the four markers F1/R1, F2/R2, F3/R3, and F4/R4 flank-
ing TaMLOI or the large deletion, and then self-fertilized. BC,F, plants
carrying recessive homozygous alleles for TaMLO-A1, TaMLO-D1, and
thelarge deletioninthe Bgenome were selected by MAS and evaluated
for powdery mildew resistance by infecting detached leaves. In order
to evaluate the effects of the new Tamlo-R32 allele on the recipient
cultivars, the heights and grain yields per plant of BC,F; homozygous
plants were measured in the greenhouse.

Statistical analysis

Normaldistributions were tested with the Shapiro-Wilk normality test.
Sample size n means number of biological replicates, unless specifically
stated. GraphPad Prism 8.0.1 (GraphPad Software) was used for all sta-
tistical analyses. Statistical significance was determined by two-tailed
Mann-Whitney tests or two-tailed Student’s t-tests. Pvalues > 0.05 were
considered non-significant. Sample sizes, statistical tests used and P
values are stated in the figures or figure legends.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

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. Chi-
nese Spring wheat reference genome RefSeq vl.1lis available on IWGSC
(http://www.wheatgenome.org/). Transcriptome data from different
wheat tissues are fromref.?’, Source data are provided with this paper.
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Extended DataFig.1|Genotyping by agarose gel electrophoresisand
Sanger sequencing. a, Detection of the transgene in the Tamlo-R32 mutants by
PCRusing five independent primer sets. Plasmid DNA of the TALEN vector was
used asa positive control. b, Schematic diagram of the structure of the wheat
TaMLOI gene. Greenrectangles and solid blacklines representexons and
introns, respectively. The conserved TALEN target site within TaMLOI1 is

(upper) and Tamlo-R32 mutant (lower) using gene-specific primers.d, Agarose
gelelectrophoresis 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 pairsare denoted
byblackarrowsinFig.1g.e, DNAsequence of the edited sites in Tamlo-R32.Blue

lettersindicateinserted sequences. Red lettersindicate the original sequence.
indicated by the red verticalline. Black arrows denote the positions and Black verticallinesindicate the target site. The black dotted lineindicates the

orientations of the three pairs of gene-specific primers (F1/R1, F2/R2, F3/R3) deletedregion.Fora, c,d, experiments wererepeated 3 times with the same
foramplifying TaMLO-A1, TaMLO-B1 and TaMLO-D1, respectively.c, Agarosegel  results.
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Extended DataFig. 4 |Expression patterns and chromatinlandscapes of
genesaround thelarge deletion. a, Expression of TaTMT3Band 11 other
nearby genesin different tissues; data are from a previous publication®’. Genes
withinthe deleted region areindicated. b, c, Amino acid sequence alignment
betweenhomeologsonthe A, Band D genomes of downregulated genesinthe
deletionregion. d, Expressionlevels of TaTMT3Bin different tissues of
Tamlo-R32and WT plants measured by quantitative RT-PCR. Results are
normalized to TaPAGE gene.n.d., notdetected. Dataare means +s.d., of three
independent RNA preparations from biological replicates. e, Chromatin

accessibility, and histone modification profiles in the TaTMT3B-MLO-BI region
inleaftissue 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, Schematicillustration of a possible
model forregulation of the activation of TaTMT3B expressionin Tamlo-R32.
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deletion measured by quantitative RT-PCR. a, Schematic diagram of the wild-type BW plants was set at one except TaTMT3B.n.d., not detected. Dataare
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b, Expression levels of twenty genes of the Bgenome were measured by replicates.
quantitative RT-PCRin both wild-type Bobwhite and Tamlo-R32 mutant leaves.
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Extended DataFig. 6| Wheat and Arabidopsis mlo mutants overexpressing
TMT3maintain powdery mildew resistance. a, Targeted knockout of
TaTMT3Bby CRISPR-Cas9 inthe Tamlo-R32background. Blue lettersindicate
TaTMT3B sgRNA.The PAM sequenceis highlighted inred. The numbersonthe
right show the type of mutation and how many nucleotides are involved, with
“”indicating deletion of the given number of nucleotides. b, Expression levels
of TaTMT3in TaTMT3B-overexpressorsin the Tamlo-aabbdd mutant
background, assessed by quantitative RT-PCR. The primers were designed to
detect complete TaTMT3transcripts. The results are normalized to TaACTIN,
and expression of the gene in KN199 (wild type) is set at one. Dataare means +
s.d.,ofthreeindependent RNA preparations from biological replicates.

¢, Macroscopicinfection phenotypes of representative detached leaves of the
indicated wheat plants seven days after inoculation with Bgtisolate E09. Scale
bar,1cm.d, Micrographs of microcolony formation by Bgt on wheat leaves of
theindicated genotypes three days postinoculation. Powdery mildew spores
and colonies were stained with Coomassie blue. Scale bars, 100 pm.

e, Percentages of microcolonies formed from the total number of germinated
spores of Bgt onthe leaves of the indicated wheat plants. f, Expression levels of
AtTMT3in TMT3-overexpressorsinthe Atmlo2/6/12background measured by
quantitative RT-PCR. The primers were designed to detect both transgenic and

endogenous AtTMT3transcripts. Theresultsare normalized to Arabidopsis
AtACTINS, and the expression level of the genein WT was setat one. Dataare
meansts.d.ofthreeindependent RNA preparations frombiological
replicates. g, Detached rosette leaves of the indicated 7-week-old Arabidopsis
plants grown under long-day condition were laid out. Scale bar,1cm.

h, Chlorophyll content of 6th rosette leaves of 7-week-old Arabidopsis plants
grown under long-day conditions. The Tamlo-aabbdd mutantsinb-eisin

the KN199 background. Data are means of three biological replicates. Error
barsrepresentmeans ts.d. Pvalues areindicated. i, Macroscopicinfection
phenotypes ofrepresentative detached leaves of the indicated Arabidopsis
plants seven days after inoculation with G. orontiiScale bar,1cm.j, Micrographs
of microcolony formation by G. orontii on Arabidopsisleaves of the indicated
genotypes three days post-inoculation. Powdery mildew spores and colonies
were stained with Coomassie blue. Scale bars, 100 pm. k, Percentages of
microcolonies formed from the total number of germinated spores of G. orontii
onleavesofindicated Arabidopsis plants. More than 1000 germinated spores
pergenotype per experiment were examined 72 hafterinoculationineand
k.Dataare means of threeindependent experiments. Error bars represent
means +s.d. Statistical significancein e, h, k was determined by two-tailed
Mann-Whitney tests or two-tailed Student’s ¢-tests.
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Extended DataFig.7|Detection of transgene-free mutants. Outcome of pU6-gRNA vector respectively. KN-WT, XN-WT, XY-WT and S-WT indicate elite
tests for transgene-free mutants using five primer setsin 31 mutant plantsin wheat varieties KN199, XN511, XY60 and S4185. Experiments were repeated 3
Extended Data Table2.Laneslabelled WT and plasmid show the PCRfragments  timeswith the sameresults.

amplified fromaWT plant and plasmid constructs pJIT163-Ubi-Cas9 and



Extended Data Table 1| Frequencies of mutations generated by genome editing with CRISPR-Cas9 DNA/RNP inthe T,

generation of four elite wheat varieties

Wheat Delivery No. of bombarded No. of mutants with large No. of mutants with desired
variety form immature embryos deletion/ mutagenesis (%)" mutation/frequency (%) 1
KN199 DNA 1700 15(0.9) 5(33.3)

KN199 RNP 550 4(0.7) 2(50.0)

XN511 DNA 1300 12 (0.9) 7(58.3)

$4185 DNA 500 2(0.4) 2(100.0)

$4185 RNP 800 3(0.4) 0(0)

XY60 DNA 600 2(0.3) 0(0)

XY60 RNP 500 1(0.2) 0(0)

*On the basis of the number of plants carrying the large deletion in the B genome over the total number of bombarded immature embryos. 'On the basis of the number of plants carrying
site-specific indels in at least one allele in each MLO-ATand MLO-D1 over the total number of mutant plants with the large deletion in the B genome.
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Extended Data Table 2 | Genotypes of the mutants generated by CRISPR-Cas9 DNA in terms of mutations in TaMLO-A1,
TaMLO-D1and the large deletion in the Bgenome

?ET"‘;:"I’_':; Plant :":tmt:: CRISPR- | Wheat (:e;:{':‘l Plant | Mutation detected | CRISPR- | Wheat
orta ID ee freev | variety [ & ° ID (bp) freev | variety
homeologs (bp)? homeologs
Toa | O NO | kn19o | aaBBrdd | Tet9 dele (BT’ NO | XN511
C (B - -35/+86, +91 (dd)
Tos | % NO | KN199 | AaBbDd | Too | VA (A dele B NO | kntog
S : 1) - H-R (Dd)
Tos | o YES | KN199 ot | 24 AL Hdele BB g | kntgo
(B) +1, -3 (dd)
dele +1 (Aa),
Tt | o NO | kntgo | AaBbd | o0 | 36 -14, dele (bbr) YES | XN511
-35/+86, +90 (dd)
Totq | 0 YES | kn199 Toa | 1 (AQL*1,¥55,WT, NO | XN511
B) dele (bb?; -9, -69 (dd)
AABDD
Tots | %€ NO | KN199 Blydd | Toos | TV (@Al B0 | st
] e - ” -9, -1 (dd)
T2t | NO | xNs11 | aaBtpd | Tear | % *T(@akdele BB o | saqgs
B) +1, WT (Dd)
3/ i -
Toze | g€ NO | xns11 To2 3/+120, -43 (aa), YES | KN199
(B) 16, dele (bb); +1 (Dd)
del +1, -7 (aa);
To27 e NO | xns11 To17 -1, dele (bb') YES | xns11
(B') aabb'Dd
-1(Dd)
dele -4, +1(aa),
29 | g YES | xveo Te12 | 9, WT, dele (bb); YES | Kn199
-3(Dd)
-14, -36, +1, -3 (aa);
AbbDD | To10 | W, NO | kn199 To13 +55, dele (bb"); NO | KN199
dele (bbr) -2, -3 (dd)
dele -22, -39 (aa), +103,
Te3 | (8D NO | kn199 To-18 +175, dele (bb"; YES | xns11
H-P (Dd) -3/135, +1 (dd)
To-7 ((:;fe)- NO KN199 Topp | 14 -21(aa) +1, dele NO XN511
- » aabb’dd o :
VA () (bbY); +454, +312 (dd)
dele -15, +1 (aa);
waswog | T8 | @ NO | KN199 To23 +1, dele (bbr), YES | xns11
1 (Dd) +221/-13, +285 (dd)
dele -43, +1 (aa),
To16 | (BDY; NO | xns11 To-30 -9, dele (bb) NO | sa185
T-A(Dd) 1, -4 (dd)
dele
To28 | (BDY: YES | xveo
+1 (Dd)

*~"indicates deletion of the indicated number of nucleotides; “+" indicates insertion of the indicated number of nucleotides; “~/+” indicates simultaneous deletion and insertion of the indi-
cated numbers of nucleotides at the same site. “B™ indicates the wild-type B genome; “b™ indicates the 304-kb deletion; “b” indicates indels in MLO-B1. H-P, T-A, V-A and H-R indicate amino acid
substitutions. "Based on whether mutant plants harbored the CRISPR DNA construct or not.



Extended Data Table 3 | Genotypes of the mutants generated by CRISPR-Cas9 RNP with respect to mutations in TaMLO-A1,
TaMLO-D1and the large deletion in the Bgenome

Genotype of Genotype of
Wheat Mutation Wheat Mutation detected
Plant ID TaMLO1 Plant ID TaMLO1
variety detected (bp)? variety (bp)®
homeologs homeologs
dele (B'D"); dele (B'D");
To-32 XY60 AAB'b'Dd To-36 KN199 AAB'b'Dd
+1(Dd) V-A(Dd)
F-S(Aa); -1(Aa);
To-33 S4185 AaB'b’'DD To-37 KN199 AaB'b’'DD
dele (B'D") dele (B'D)
+1, -3, WT(Aa),
To-34 S4185 AAB'b'DD dele (B'D") To-38 KN199 Aabb’'Dd +1, WT, dele (bb");
-6, -7, WT(Dd)
-7(aa);
To-35 S4185 AAB'b'DD dele (B'D") To-39 KN199 aabb'dd -4, dele (bb);
+1, -5(dd)

2~ indicates deletion of the indicated number of nucleotides; “+” indicates insertion of the indicated number of nucleotides; “~/+" indicates simultaneous deletion and insertion of the indi-
cated numbers of nucleotides at the same site. “B™ indicates the wild-type B genome; “b™ indicates the 304-kb deletion; “b” indicates indels in MLO-B1. F-S, V-A indicate amino acid substitu-
tions.
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with this article. Datasets of all next generation sequencing have been deposited and made available in the Genome Sequence Archive (GSA) database in BIG Data
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