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A transcriptionfactor ZmGLK36 confers
broad resistance to maize rough dwarf
diseasein cereal crops
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Maize rough dwarf disease (MRDD), caused by maize rough dwarf virus
(MRDV) or rice black-streaked dwarf virus (RBSDV), seriously threatens
worldwide production of all major cereal crops, including maize, rice,
wheat and barley. Here we report fine mapping and cloning of a previously
reported major quantitative trait locus (QTL) (gMrdd2) for RBSDV
resistance in maize. Subsequently, we show that gMrdd2 encodes a G2-like
transcription factor named ZmGLK36 that promotes resistance to RBSDV
by enhancing jasmonicacid (JA) biosynthesis and JA-mediated defence
response. We identify a26-bp indellocated in the 5 UTR of ZmGLK36 that
contributes to differential expression and resistance to RBSDV in maize
inbred lines. Moreover, we show that ZmDBF2, an AP2/EREBP family
transcription factor, directly binds to the 26-bp indel and represses
ZmGLK36 expression. We further demonstrate that ZmGLK36 plays a
conservedrolein conferring resistance to RBSDV in rice and wheat using
transgenic or marker-assisted breeding approaches. Our results provide
insights into the molecular mechanisms of RBSDV resistance and effective
strategies to breed RBSDV-resistant cereal crops.

Plantvirus diseases, often called ‘plant cancers’, have long been amajor
obstacle toagricultural production worldwide, causing billions of dol-
larsin damage to global crop production annually'* Rice black-streaked
dwarfvirus (RBSDV) and maize rough dwarf virus (MRDV) are closely
related members of the Fijivirus genus in Reoviridae and they can
infect almost allmajor cereal cropsin Asia, Europe and South America,

including maize, rice, wheat, barley and other cereal crops. While MRDV
primarily infects maize in Europe and South America, RBSDV mainly
infects maize in Asia, causing maize rough dwarf disease (MRDD),
which is characterized by dwarfing of plants, shortening of inter-
nodes, thickened, short and stiff green leaves, and ultimately resultsin
heavyyield losses (ranging from 30% to 100%)>*. RBSDV and MRDV are
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transmittedinapersistentmannerbythesmallbrownplanthopper (SBPH,
Laodelphax striatellus)* . Although adjustment of the sowing dates
and chemical agents are commonly used to alleviate the disease and
yield loss caused by RBSDV or MRDV, these practices are inefficient and
harmful to the environment. Therefore, breeding of MRDD-resistant
cultivars has remained the most effective and environment-friendly
approach for management of the viral diseases*’.

Resistance to RBSDV and MRDV is a complex genetic trait
controlled by multiple loci and easily affected by the environment'* ",
Extensive genetic studies based on genome-wide association studies or
linkage mapping have led to the identification of over 30 quantitative
trait loci (QTLs) for RBSDV or MRDV resistance'*2'*2; however, only
3 genes conferring RBSDV resistance have been cloned and function-
ally characterized in plants. It was shown that aspartic proteinase 47
(OsAP47) and Golden 2-like 1(OsGLK1I) respectively underlie gRBSDV6-1
and gRBSDV6inrice and that their high expression confers susceptibil-
ity and resistance, respectively*?%. In maize, it was shown that the Rab
GDP dissociationinhibitor alpha (RabGDIa) underlies gMrdd8 and that
it acts as a host susceptibility factor for RBSDV. The viral RBSDV-P7-1
protein binds to exon 10 and the C terminus of the susceptible-type
ZmGDla to facilitate virus replication, whereas insertion of a helitron
transposoninto theresistant-type RabGDIla intron10 causes alternative
splicing of exon 10, thus weakening the binding of the P7-1 protein to
RabGDIa-hel”. Nevertheless, due to the limited effects of individual
loci on RBSDV resistance (typically less than 10% phenotypic vari-
ance), it remains an imperative task to isolate more RBSDV resistance
genes, especially ones that could confer broad resistance in all major
cereal crops and without apparent detrimental effects on other
agronomic traits.

The plant hormone jasmonate (JA) and its derivatives are well
known for their role in regulating plant responses to abiotic stresses
and defence against pathogen infection®2%, The JA signalling cascade
has been well illustrated in the model plant Arabidopsis thaliana,
including identification and functional studies of the jasmonic acid
receptor (COI1) and key signalling components, such as the mediator
subunit MED25, JAZ repressors and MYC transcription factors?>>?°,
Recent studies have shown a host-virus arms race during evolution.
Ononehand, viral RNA could be recognized by the host’s surveillance
system to activate the plant RNA silencing machinery, thus triggering
broad-spectrum disease resistance”. On the other hand, viruses have
evolved a variety of different strategies to attack the plant’s antiviral
equipment and escape the plant’s defence response. For example,
rice virusesin the genera Fijivirus, Tenuivirus and Cytorhabdovirus all
encode viral proteins that could act as transcriptional repressors to
hijack and repress the host JA pathway to benefit viral infection and
the feeding behaviour of vector insects’. Despite the progress made
in this area of research, however, the role of JA and the regulatory
mechanisms of RBSDV resistance have remained largely unknown in
cereal crops.

Inthis study, we cloned amajor QTL for RBSDV resistance in maize
and demonstrate that it enhances RBSDV resistance by directly enhanc-
ing the expression of JA biosynthesis genes. We identify ZmDBF2 as

anupstream transcription factor that represses ZmGLK36 expression
in maize inbred lines and demonstrate that ZmGLK36 is effective in
conferring broad resistance to RBSDV in rice and wheat.

Result

Characteristics of MRDD symptoms

We previously reported the identification of gMrdd2, a major QTL for
RBSDV resistance in maize (explaining 8.64% to 11.02% of the total
phenotypicvariance), using recombinantinbred lines (RILs) and chro-
mosomal segment substitution lines derived from a cross between the
maize inbred Qi319 as the MRDD resistance donor and Ye478 as the
susceptible recipient’ (Extended Data Fig. 1a). To facilitate cloning of
this locus, we developed a pair of near-isogenic line (NIL) called NIL-S
and NIL-R (Fig. 1a). Inoculation assay verified that the NIL-R had much
stronger resistance to RBSDV, as illustrated by the significantly lower
accumulation of RBSDV-SIORNA levelsin NIL-R thanin NIL-S based on
realtime quantitative PCR (RT-qPCR) assay (Extended DataFig.1b). We
further examined the field phenotypes of NIL-S and NIL-R. After artifi-
cialinoculation of RBSDV at the V3 stage, MRDD severity at the silking
stage could be classified into five grades (0,1,2,3 and 4) in view of the
overall symptoms at the mature stage based on plant height and the
characteristics of the lesions (Extended Data Fig.1c-e). Plants with the
most severe symptoms (disease grade 4) had only 8 internodes, whereas
plants of other disease grades (0-3) had 15 internodes (Extended Data
Fig.1f). Cellular examination of the 8thinternode of the grade 4 plants
revealed that cell elongation was much suppressed in the NIL-S com-
pared with the NIL-R plants (Extended Data Fig. 1g,h). Moreover, we
observed that the NIL-S plants developed abnormal vascular bundles,
characterized by an atrophied xylem (Extended Data Fig. 1g).

qMrdd2 encodes ZmGLK36

gMrdd2 was previously fine mapped to a 315-kb interval on maize
chromosome 2 (ref. 12) (Fig. 1b). This region contains nine annotated
genes according to the B73_V4 reference genome. To determine the
precise genetic variation between the two parental lines, we de novo
assembled high-quality genomes of Qi319 and Ye478 using long-read
sequencing technologies (see online Methods and Supplementary
Table 1). Sequence alignment showed that in the mapped 315-kb
interval, both Qi319 and Ye478 had the same nine annotated genes as
B73 (Fig. 1b). Sequence analysis revealed that among the nine genes,
Zm00001d002433,Zm00001d002436 and Zm00001d002439 have
structural variation in addition to single nucleotide polymorphism
(SNP) variations between Qi319 and Ye478. To identify the responsi-
ble gene, we conducted RT-qPCR analysis of these candidate genes
in the NIL-R and NIL-S lines at 12 day post infection (dpi) with RBSDV.
Amongthe candidate genes, only the expression of Zm00001d002439
(encoding G2-like transcription factor 36, ZmGLK36) was significantly
induced by RBSDVin NIL-R (Fig.1cand Extended DataFig. 2). It started
toaccumulate at1.5dpi, peaked at 6 to12 dpiand then subsided to near
the basal level within 48 dpiin NIL-R. Intriguingly, Zm00001d002439
showed an opposite expression trend after inoculation with RBSDV
in NIL-S (Fig. 1c).

Fig.1|Map-based cloning of ZmGLK36.a, MRDD phenotypes of the NIL-R

and NIL-Slines. Scale bar, 35 cm. b, Fine mapping of gMrdd2. Top: the position
of gMrdd2. Middle: the markers. Bottom: the 9 candidate genes in the mapped
region. ¢, Relative expression levels of ZmGLK36 in NIL-R and NIL-S. The plants
were artificially inoculated at the V3 stage. Data are means +s.e.m.(n=3
biologically independent samples with 5 plants per biological replicate).

d,g, MRDD phenotypes onong31, #_IZmGLK36-Qi319' #_zszLK36»Qi319' #_3ZmGLK36-Qi3l9'
KO-17m%¥36 and KO-27m°*%*¢ ynder indicated treatments. e,h, DSl values of the
transgenic complementary and knockout plants at the silking stage. The plants
were artificially inoculated at the V3 stage. Data are means + s.e.m. from 3
biological replicates (n = 60 plants per replicate). f,i, The relative expression of
RBSDV coat protein (S10) mRNA at the silking stage. The plants were artificially

inoculated at the V3 stage. The number of samples is the same as thatin c. Data
are means +s.e.m. from 3 biological replicates (n = 5 plants per replicate).
Jj,ZmGLK36-based association mapping and pairwise LD analysis. Triangles denote
indels and dots represent SNPs. Red lines highlight the strong LD of indel-26
with the significant variants. k, Haplotypes of ZmGLK36 among 97 maize lines.
ndenotes the number of maize lines. Statistical significance was determined
using a two-sided ¢-test. 1, Comparison of ZmGLK36 expression between Hap 1
and Hap 2 after artificial inoculation with RBSDV at 12 dpi. The gene expression
level was determined among 23 maize inbred lines. Data are means + s.e.m. from
3 biological replicates (n = 5 plants per replicate). Exact P values are shown;
two-sided Student’s t-test. Inj, Pvalues were determined under the mixed linear
model using Wald test, implemented in GEMMA.
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To test whether ZmGLK36 represents gMrdd2, we transformed a
genomic DNA fragment containing the 3-kb intact coding region and
2-kb promoter region of ZmGLK36 from Qi319 into the susceptible
recipient Zong31. Three independent transgenic events (#-12mCtK36-Q319)
#-2ZmOLIS6-QBY g #.3ZmOLK36-QI3Y) yere obtained. Inoculation assay
showed that the disease severity index (DSI) and RBSDV-S10 expression
level were significantly lower inall three transgenic lines thanin Zong31
(Fig.1d-f).Inaddition, we generated two independent ZmGLK36 knock-
out lines (KO-17"¢K%6 and KO-22m¢*436) in Zong31 background using the
CRISPR/Cas9 technology (Extended Data Fig. 3a-c). As expected, the
knockout lines exhibited greater susceptibility and higher RBSDV-S10
expression level compared with Zong31 (Fig. 1g-i). These results con-
firmthat ZmGLK36is responsible for RBSDV resistance.

ZmGLK36 encodes a transcription factor belonging to the GARP
superfamily (Extended Data Fig.4a). RT-qPCR assay showed thatit was
ubiquitously expressed inroot, leaf, internode and embryo (Extended
DataFig.4b). The expression pattern was further verified by histochem-
ical staining of the transgenic plants carrying a 3-glucuronidase (GUS)
reporter driven by the endogenous ZmGLK36 promoter (Extended
DataFig.4c).RNAinsitu hybridization revealed that ZmGLK36 s pref-
erentially expressed in vascular bundles (Extended Data Fig. 4d,e).
Subcellular localization assay showed that the ZmGLK36 protein was
predominantly localized to the nucleus, consistent with the function
of aputative transcription factor (Extended Data Fig. 4f).

We next examined the genetic variation of ZmGLK36 between
Qi319 and Ye478. Sequence analysis revealed that there are 3 insertion/
deletion (indels) and 13 SNPs in the complementary DNA of Qi319 and
Ye478 (Extended DataFig. 5). To test whether the genetic variationsin
the codingregion play arolein MRDD resistance, we overexpressed the
coding sequence (CDS) of ZmGLK36-Qi319 and ZmGLK36-Ye478 (both
driven by the maize ubiquitin promoter) into Zong31. Six independent
OVereXpreSSiOn lineS (OE_IZmGLK36-Qi319, OE_22mGLK36-Qi319’ OE_3ZmGLK36-Qi319'
OE_].ZmGLK367Ye47S’ OE_22mGLK367Ye478 and OE_3ZmGLK367Ye478) were Obtained;
the expression of ZmGLK36 was increased by ~10 to12 times in overex-
pression lines compared with Zong31 (Extended Data Fig. 6a). All six
overexpression lines showed comparable and stronger resistance to
MRDD and lower RBSDV-S10 expression compared with Zong31under
artificialinoculation conditions (Extended Data Fig. 6b-e), suggesting
that ZmGLK36 functions as a positive regulator of resistance to MRDD
and that the functional variations probably reside outside of the coding
region of ZmGLK36.

To identify the causal variation of ZmGLK36, we sequenced the
5,100-bp genomic region, covering the promoter and gene coding
regions of ZmGLK36in 97 maize inbred lines (Supplementary Table 2),
and conducted association analysis of ZmGLK36. Ten SNPs and a26-bp
indel located in the 5" untranslated regions (UTR) were found to be
significantly associated with DSI (Fig. 1j). Notably, ZmGLK36-based
association analysis showed that these sites are in complete linkage
disequilibrium and they formed two haplotypes in 97 inbred lines
(HaplandHap2) (Fig.1j,k). The ZmGLK36%*" allele is a representative of
Hap1(n=11), whereas the ZmGLK36"*® allele belongs to Hap 2 (n = 86).
Statistically, the inbred lines with Hap 1 had a significantly lower DSI

than the inbred lines with Hap 2 (P=4.53 x 107) (Fig. 1k and Extended
DataFig. 7a). RT-qPCR assay showed that the expression of ZmGLK36
was induced in the Hap 1lines but suppressed in the Hap 2 lines upon
inoculation withRBSDV (Fig. 11). These results suggest that Hap 1 of the
ZmGLK36%37 alleleisinducible by RBSDV infection and that it confers
resistance to MRDD.

Indelin 5’ UTR underlies ZmGLK36 differential expression
Next, we performed a series of experiments to test whether the 26-bp
indel in the 5" UTR is associated with MRDD resistance. First, we ran-
domly selected 10 resistant RILs and 10 susceptible RILs from the 314
RILs> for sequence analysis. The results showed that the 26-bp indel
isin complete co-segregation with MRDD resistance (Extended Data
Fig. 7b). Second, we randomly selected 6 lines that contain the
ZmGLK36%°7 allele (Hap 1) and 15 lines that contain the ZmGLK36"*
allele (Hap 2) onthe basis of the 26-bp indel from 160 American maize
inbred lines (Supplementary Table 3) and evaluated their RBSDV
resistance. Field tests in both Jining (35.38° N, 116.59° E) and Beijing
(40.13° N, 116.65° E) showed that the lines of Hap 1 had a significantly
lower DSI than the inbred lines with Hap 2 (Extended Data Fig. 7c). To
test whether the 26-bp indelis associated with ZmGLK36 expression, we
constructed two types of GUS reporter constructs. The GUS reporter
gene was driven by the endogenous promoter of ZmGLK36%” in one
construct and by the endogenous promoter of ZmGLK36%%” plus the
26-bp indel (named ZmGLK36%%°*%; the 26-bp insertion was added to
the Qi319 promoter by gene synthesis) in the other construct (Fig. 2a).
Histochemical staining of the reporter transgenic lines showed that
expression of pZmGLK36%%::GUS, but not pZmGLK36%%?*::GUS, was
significantly induced at 12 dpi with RBSDV (Fig. 2b). This observation
indicates that the 26-bp indelisinvolved in controlling the expression
of ZmGLK36 in response to RBSDV infection.

To substantiate the above notion, we used the CRISPR/Cas9
technology to delete the 26 bp inthe 5 UTR of ZmGLK36%7, which has
the same genotype as ZmGLK36"*%. We obtained aline (named KO-26)
carryingthe deletion of an 85-bp (encompassing the 26-bp indel) frag-
mentinthe5 UTR of ZmGLK36%7 (Extended Data Fig. 8a). As expected,
reporter gene assay showed that the repressive activity of RBSDV on
ZmGLK36®” was significantly weakened by deleting the 85-bp indel, to
alevel comparable to that of the ZmGLK36%%” under artificial inocu-
lation conditions (Fig. 2c and Extended Data Fig. 8b). Consistently,
these transgenic plants were more resistant to RBSDV than the control
plants B73, exhibiting asignificant decreasein DSIand RBSDV-S10 RNA
levels (Fig.2d,e and Extended DataFig. 8c,d). Together, these observa-
tions verify that the 26-bp indel is amajor causal variation underlying
differential expression and resistance of ZmGLK36 to RBSDV.

ZmDBF2binds to 26 bp and represses the expression of
ZmGLK36

Tolook for the upstream regulatory factors of ZmGLK36, we performed
sequence analysis of the 26-bp indel in the 5’ UTR of ZmGLK36"*® via
PlantPAN 3.0 TF (http://plantpan.itps.ncku.edu.tw/) and found that
it contains binding sites for three transcription factors, including a

Fig.2|The 26-bp indel in the ZmGLK36 promoter affects gene expression.
a, Diagram of the pZmGLK36%°::GUS and pZmGLK36%%°*?::GUS constructs.

b, RT-qPCR shows the GUS mRNA levels at 12 dpi with RBSDV. Data are

means +s.e.m. (n =3 biologically independent samples). Five plants were taken
asone biological replicate (n = 5). ¢, Relative expression of ZmGLK36 at 12 dpi with
RBSDV. The number of samples is the same as that inb. Data are means +s.e.m.
d, DSl values of the KO-26 plants at the silking stage. The plants were artificially
inoculated at the V3 stage. Data are means + s.e.m. from 3 biological replicates
(n=40plants per replicate). e, Relative expression of RBSDV coat protein (S10)
atthesilking stage. The plants were artificially inoculated at the V3 stage. Data
are means * s.e.m. from 3 biological replicates (n = 5 plants per replicate).

f, YIH assay shows that ZmDBF2 binds to the 26-bp fragment. g, Transient

transcriptional activity assay in maize protoplast shows that ZmDBF2 represses
the expression of ZmGLK36"*® by binding to the 26-bp fragment. Values are
means t s.e.m (n = 5Srepeats). h, EMSA shows the binding of ZmDBF2 to the
26-bp fragmentin the 5 UTR of ZmGLK36"*”%. Biotin-labelled probes and mutant
probes are indicated in the bottom panel. Blue represents the binding motif

and red represents the corresponding mutant sequence. i,j, MRDD phenotype
of Zong31, OE-1°mP8F2 QE-22mPBF2 QE-37MPBF2 and KO-1°"P8F2, k,m, DSl values of
the transgenic overexpression and knockout plants for ZmDBF2. All plants were
planted in Beijing and used for artificial inoculation. Data are means + s.e.m.
from 3 biological replicates (n = 50 plants per replicate). I,n, Relative expression
of RBSDV coat protein (510). Data are means + s.e.m. from 3 biological replicates
(n=5plants per replicate). Exact Pvalues are shown; two-sided Student’s ¢-test.
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bindingsite TCTCGCT for ZmDBF2 (an AP2/EREBP transcriptionfactor), directly bind tothe 26-bp fragment (Fig. 2f and Extended Data Fig. 8e).
GCCTACC for ZmP1(aMyb-like transcription factor)and GCTCGAGCfor ~ Transient expression assay in maize protoplasts showed thatZmDBF2
ZmbHLH74 (a putative HLH DNA-binding protein)****. Yeast one-hybrid  exhibited significantly stronger repression on pZmGLK36"*® than
assay (Y1H) showed that ZmDBF2 and ZmbHLH74, butnotZmP1,could  on pZmGLK36%” (Fig. 2g), suggesting that the 26-bp indel present
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inthe 5’ UTR of ZmGLK36"** is probably responsible for recruiting a
transcriptional repressor to suppress its expression. On the other hand,
ZmbHLH74 activated the expression of ZmGLK36"*® (Extended Data
Fig. 8f). RT-qPCR assay showed that the expression of both ZmDBF2
and ZmbHLH74 could be induced by RBSDV inoculationin both NIL-R
and NIL-S (Extended Data Fig. 8g,h). Considering that ZmGLK36%*”, but
not ZmGLK36"*%, could be induced by RBSDV, we speculated that the
26-bpindelinthe promoter of ZmGLK36"*%is probably subject to tran-
scriptional repression, hence ZmDBF2 was selected for further studies.
To test whether the predicted binding motif TCTCGCT is respon-
sible for ZmDBF2 binding, we expressed and purified recombinant
maltose binding protein (MBP)-ZmDBF2 fusion protein (Extended Data
Fig. 8i,j) and used it for electrophoretic mobility shift assay (EMSA)
assay. The 26-bp indel was labelled as the probe. The results showed
that MBP-ZmDBF2 fusion protein could effectively slow down migra-
tion of the wild-type probe, but not the mutant probe in which the
TCTCGCT motifwas mutated into TTTTAAA (Fig. 2h). RT-qPCR assay
showed that ZmDBF2was widely expressed intheroot, leaf, internode
and embryo (Extended Data Fig. 8k). To assess the functional role of
ZmDBF2, we generated three overexpression lines (OE-12"P52, QE-2mP8F2
and OE-37""57) (Fig. 2i) and one knockout line (Fig. 2j and Extended
Data Fig. 8I) for ZmDBF2 in the background of susceptible Zong31.
As expected, all the ZmDBF2-overexpression lines showed signifi-
cantlyincreased DSIand RBSDV-S10 RNA levels compared with Zong31
(Fig. 2i,k,1). By contrast, the Zmdbf2 knockout plants exhibited a signifi-
cantdecrease in DSland RBSDV-S1I0ORNA levels (Fig. 2j,m,n). RT-qPCR
assay showed that expression of ZmGLK36 was downregulated in the
ZmDBF2-overexpressing plants but upregulated in the Zmdbf2 knock-
out plants (Extended Data Fig. 8m). These results together demonstrate
that ZmDBF2 is a negative regulator of RBSDV resistance and that it
represses the expression of ZmGLK36 through direct binding to (the
TCTCGCT motifin) the 26-bp indel inthe 5 UTR of ZmGLK36.

The ZmGLK36-JA module confers resistance to RBSDV

Previous studies have shown that RBSDV caninteract with host proteins
to activate or inhibit host gene expression and accelerate virus repli-
cation’*, Thus, we first used yeast two-hybrid (Y2H) assay to test for
possibleinteractions between the 13 proteins of RBSDV and ZmGLK36.
However, no direct interaction was detected (Extended Data Fig. 9).
Subsequently, we performed RNA-sequencing and metabolomics-seq
analyses of V3 stage leaves of Zong31, QE-17mCtk36-Q319 QF pZmCLK36 Q319 g
OE-3%meL3ea31 ines without inoculation. We identified 791 upregulated
expressed genes that are mainly enriched in plant hormone signal
transduction processes and biosynthesis of secondary metabolites
(Fig. 3a and Extended Data Fig. 10a). Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis revealed significant enrichment in
alpha-linoleic acid metabolism and plant hormone signalling path-
ways (Fig. 3b). As alpha-linoleic acid metabolism is a prerequisite for

the production of jasmonicacid (JA)**, these observations suggest a
link betweenJA metabolism and ZmGLK36-mediated resistance. Given
that the expression of ZmGLK36 is induced by RBSDV infection, we
speculated that its target genes should also be regulated by RBSDV
in a manner similar to ZmGLK36. We therefore used the NIL-R line to
generate a ZmGLK36-correlated RBSDV-responsive gene set on the
basis of RBSDV-treated RNA-seq analysis. Similar enrichment in plant
hormonesignalling and biosynthesis of secondary metabolite pathways
was found (Extended Data Fig. 10b). By overlapping the differentially
expressed genes (DEGs) of the RBSDV-responsive gene set, we identi-
fied 31 potential direct target genes of ZmGLK36 (Fig. 3¢). Notably,
most of them were mainly enriched in the biosynthetic pathway of
JA, including jasmonate O-methyltransferase (Zm/MT) and linoleate
13S-lipoxygenase8 (ZmLOXS8) (Fig. 3c).

As ZmJMT and ZmLOX8 have been previously shown to play
important roles in regulating JA signalling®®**’, we went further to test
whether they are direct target genes of ZmGLK36. RT-qPCR assay
showed that expression of Zm/MTand ZmLOX8was upregulatedin the
ZmGLK36-overexpressing plants but downregulated in the Zmglk36
knockout plants (Extended DataFig.10c¢,d). In addition, expression of
ZmJMT and ZmLOX8 also displayed an RBSDV-responsive pattern simi-
lar to ZmGLK36 inthe NIL-R and NIL-S lines (Extended Data Fig. 10e,f).
Y1H and transient expression assays showed that ZmGLK36 could
directly bind to the promoters of Zm/MT and ZmLOXS8 and activate
their expression (Fig. 3d,e and Extended Data Fig.10g). Furthermore,
we expressed and purified recombinant His-ZmGLK36 fusion pro-
tein (Extended Data Fig.10h,i) and used it for EMSA assay. The results
demonstrated that ZmGLK36 could markedly reduce migration of the
ZmJ/MT probe, supporting direct binding of ZmGLK36 to the Zm/MT
promoter (Fig. 3f). To verify a role of Zm/MT in RBSDV resistance, we
isolated a Zmjmt mutant line from the maize EMS-mutant library*.
RT-qPCR assay showed that the expression of Zmjmt was reduced
by approximately half in the mutant compared to the B73 wild-type
plants (Extended Data Fig. 10j). Inoculation assay showed that the
Zmjmt mutants exhibited greater susceptibility and accumulated more
RBSDV-S10 content than the Zmglk36 knockout plants (Fig. 3g-1and
Extended DataFig.10k,l). These results together suggest that ZmGLK36
confers resistance to RBSDV by directly activating the expression of
Zm/MT and ZmLOXS8, thus increasing JA biosynthesis.

To verify the above notion, we determined JA content in various
transgenic overexpression and knockout plants. The results showed
thatJA content was significantly higherinthe ZmGLK36-overexpressing
plants, but lower in the KO-17"¢"%*¢ and KO-2*"*%3¢ plants compared
with Zong31 (Fig. 3j). Consistently, the content of JA was significantly
increased in NIL-R, but decreased in NIL-S, after inoculation with
RBSDV (Fig. 3k). In addition, the JA content was significantly lower in
the ZmDBF2-overexpressing plants, but higher in the KO-17"°5"2 plants
compared with Zong31 (Extended Data Fig. 10m). The content of JA

Fig.3|ZmGLK36 promotes JA synthesis by activating Zm/MT expression.

a, Venn diagram of upregulated DEGs between NIL-R (under artificial inoculation
of RBSDV) and ZmGLK36 transgenic overexpression plants. The number in
eachcircle represents the number of upregulated genes. b, KEGG analysis of
metabolomics-seq of Zong31and the transgenic overexpression lines. Red
represents major enrichment pathways. ¢, A heat map of the relative expression
of overlapping of the DEGs of the RBSDV-responsive gene set in a. The colour key
(orange to red) represents gene expression as fold change. For each gene, the
lowest fragments per kilobase million value was set to 1.00. d, YIH assay shows
that ZmGLK36 binds to the promoter of Zm/MT and ZmLOX8in vitro. e, Transient
transcriptional activity assay in maize protoplasts shows that ZmGLK36
activates LUCreporter gene driven by the promoters of Zm/MT derived from
Qi319 and Ye478. pZm/MT-LUC vectors themselves were used as the negative
controls (without co-transfection with ZmGLK36). Values are means +s.e.m
(n=>5repeats). f, EMSA shows that TRX-His-ZmGLK36 recombinant protein
could bind to the putative GATTC-box in the Zm/MT promoter. Biotin-labelled

probes and mutant probes are indicated in the bottom panel. Blue represents
the binding motif and red represents the corresponding mutant sequence.

TRX and His recombinant proteins without ZmGLK36 were used as negative
controls. g, Phenotype of B73 and Zmjmt mutant. Scale bar, 30 cm. h, DSl values
of B73 and Zmjmt mutant plants at the silking stage. Data are means + s.e.m.
from 3 biological replicates (n = 34 plants per replicate). i, Relative expression of
RBSDV-S10 mRNA in B73 and Zmjmt mutant plants at the silking stage. Values
are means *s.e.m. from 3 biological replicates (n = 5 plants per replicate).

j-1, Determination of JA content in Zong31, transgenic overexpression, knockout
plants, B73, NIL-S and NIL-R, and Zmjmt mutant. JA content in NIL-Sand NIL-R
were measured by inoculation with RBSDV at 12 dpi. Values are means + s.e.m
from 3 biological replicates (n = 5 plants per replicate). m, RT-qPCR analysis of
virus accumulation of S10 in RBSDV-infected maize leaves pretreated with MeJA.
Data are means + s.e.m. from 3 biological replicates (n = 5 plants per replicate).
Exact Pvalues are shown; two-sided Student’s ¢-test.
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atSanya. Data are means + s.e.m. from 3 biological replicates (n = 45 plants per
replicate). f, Grain weight per ear of the improved hybrids and original hybrids
with or without RBSDV inoculation. Data are means + s.e.m. (n = 50 plants).
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plants grown in Beijing. i,n, DI values of WT rice and wheat, transgenic rice and
wheat plants under artificial inoculation with RBSDV at anthesis in Beijing.
Data are means + s.e.m. (n =3 biologically independent samples). j,0, Relative
expression of RBSDV-S10 mRNA in WT rice, transgenic rice and wheat plants
under artificial inoculation with RBSDV at anthesis. Data are means + s.e.m.
from 3 biological replicates (n =5 plants per replicate). k,p, Determination of
JA contentin WT rice, transgenic rice and wheat plants at anthesis. Data are
means *s.e.m. from 3 biological replicates (n = 5 plants per replicate).

Exact Pvalues are shown; two-sided Student’s ¢-test.
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the susceptible inbred lines,ZmDBF2 directly binds to the 26-bp indel in the
ZmGLK36 5’ UTR and represses ZmGLK36 expression, resulting in susceptibility
to RBSDV.

was also significantly decreased inthe Zmjmt mutants compared with
B73 (Fig.3l). Moreover, pre-application of exogenous methyljasmonate
(MeJA) could partially restore the viral resistance phenotype for the
Zmjmt mutant (Fig. 3m and Extended Data Fig. 10n). Together, these
results suggest that ZmGLK36 confers resistance to RBSDV by promot-
ingJA biosynthesis and JA-mediated defence response in response to
RBSDV infection.

Potential application of ZmGLK36 in crop breeding

To explore natural variation in ZmGLK36 in maize accessions, we used
the functional marker indel-26 to screen 160 American maize inbred
lines (Supplementary Table 3) and 226 temperate maize inbred lines
(Supplementary Table 2). We found that only 6 (3.75%) of 160 Amer-
ican germplasm and only 11 (4.86%) of 226 temperate maize germ-
plasm contain the ZmGLK36%°” allele (RBSDV-resistant), indicating
that ZmGLK36%3” is a rare allele that has not been widely utilized in
modern maize breeding for resistance to RBSDV. To test the utility of
ZmGLK36%?inbreeding, we introgressed the ZmGLK36%%" allele into
10 elite inbred lines, including Zheng58 and Chang7-2, the parental
lines of the single-cross hybrid ZhengDan958 (Zheng58 x Chang7-2,an
elite maize hybrid widely planted in China) by using multi-generation
backcrossing and marker-assisted selection. Field tests showed that the
10improvedinbred lines and 1 hybrid all exhibited enhanced resistance
toRBSDV than their respective control plants under natural and artifi-
cial inoculation of RBSDV at Jining and Sanya, respectively (Fig. 4a-e

and Supplementary Fig. 1a). Moreover, the improved ZhengDan958
hybrid carrying gMrdd2 had higher grain yield per ear (16.65%) than
the original hybrid under artificial inoculation conditions (Fig. 4f).
No apparent negative effects were observed onyield and other major
agronomictraits under non-pathogenic stress conditions (Fig. 4f and
Supplementary Fig. 1b-k).

RBSDV canalsoinfect rice and wheat and cause heavy yield loss
To test whether ZmGLK36 can confer resistance to RBSDV in rice and
wheat, we introduced the coding sequence of ZmGLK36 driven by the
maize ubiquitin promoter into the susceptible rice cultivar Huaidao5
(HDS5) and the wheat cultivar Fielder. Three independent overexpres-
sion lines (OE-1, OE-2 and OE-3) (Fig. 4g) of rice and two independent
overexpressionlines (OE-1and OE-2) (Fig. 4]) of wheat were generated
and used for evaluation. RT-qPCR results showed that expression of
ZmGLK36was increased by ~10 to 40 times in the rice and wheat over-
expression lines compared with their controls (Fig. 4h,m). At 50 d after
artificial inoculation with RBSDV in 2021 in Beijing, disease incidence
(DI) and expression of RBSDV-510 of the rice OE-1, OE-2 and OE-3 lines
was much lower (42.65%,40.62% and 43.65%, respectively) than that of
HDS5 (72.68%) (Fig. 4i,j). Similarly, at 45 d after artificial inoculation with
RBSDVin2021inBeijing, Dland expression of RBSDV-510 of the wheat
OE-1and OE-2 lines was also significantly lower (45.37% and 47.13%,
respectively) than that of Fielder (68.54%) (Fig. 4n,0). Measurement
of JA content showed that all the transgenic overexpressing rice and
wheat plants had significantly higher JA contents than their respective

22,39
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recipientbackgrounds (Fig. 4k,p). These resultsindicate that ZmGLK36
has broad application in breeding RBSDV-resistant cereal crops.

Discussion

MRDD is economically impactful because of its effects on the produc-
tion of all major cereal crops, including rice, maize, wheat and bar-
ley*'>'522, Despite its importance, only two genes conferring RBSDV
resistance have been cloned so far: OsGLKI and OsAP47 fromrice and
ZmGDla-helfrom maize* . Inaddition, the molecular mechanisms of
RBSDV resistance remain poorly understood. It was shown that reduced
expression of OsAP47 orincreased expression of OsGLK1 confers RBSDV
resistance in rice and that the resistant ZmGDIa-hel allele weakens
its binding with the viral P7-1 protein to impair virus replication®22,
In this study, we report the successful cloning of gMrdd2 (encoding
ZmGLK36) and elucidation of its molecular mechanism of conferring
resistance to RBSDV, that is, viaenhancingJA biosynthesisinresponse
to RBSDV infection (Figs. 1, 3 and 5). Thus, our results reveal a novel
mechanism of RBSDV resistance in which resistant maize cultivars
suppressvirus replication by activatingJA biosynthesis and response.
Our results are also consistent with and echo earlier studies showing
thatJA playsacritical role in defence against RBSDV, SRBSDV and other
plant pathogens?**4041,

Notably, weidentify a26-bpindellocated inthe ZmGLK36 5’ UTR
that contributes to differential expression and resistance to RBSDV in
maizeinbredlines (Figs.1j-1and 2a-e, and Extended Data Figs. 7b,cand
8a-d).Inaddition, weidentify ZmDBF2 (an AP2/EREBP family transcrip-
tion factor) and ZmbHLH74 as two upstream regulators of ZmGLK36
expression. We show that bothZmDBF2 and ZmbHLH74 could directly
bind to the 26-bp fragment presentin susceptible inbred lines, and they
acttorepressand activate ZmGLK36 expression, respectively (Fig.5and
Extended Data Fig. 8f). RT-qPCR assay showed that the expression of
bothZmDBF2and ZmbHLH74 could beinduced by RBSDV inoculation
in both NIL-R and NIL-S (Extended Data Fig. 8g,h). As ZmGLK36%3"°
(the resistant allele), but not ZmGLK36"* (the susceptible allele),
couldbeinduced by RBSDV (Fig. 1c), we focused onthe repressiverole
of ZmDBF2 on ZmGLK36 in this study. We have accumulated several
lines of evidence supporting arepressive role of ZmDBF2 on ZmGLK36
expression and that this repression is dependent on the 26-bp indel
present in the susceptible inbred lines. First, transient expression
assay in maize protoplasts showed that ZmDBF2 exhibited signifi-
cantly stronger repression on pZmGLK36"*® than on pZmGLK36%3°
(Fig.2g).Second, EMSA results showed that MBP-ZmDBF2 fusion pro-
tein could effectively slow down migration of the wild-type probe
containing the TCTCGCT motif, but not the mutant probe inwhich the
TCTCGCT motifwas mutated into TTTTAAA (Fig. 2h). Third, RT-qPCR
assay showed that expression of ZmGLK36 was downregulated in the
ZmDBF2-overexpressing plants, but upregulated in the Zmdbf2 knock-
outplants (Extended Data Fig. 8m). It willbe interesting toinvestigate
howZmDBF2 and ZmbHLH74 act coordinatedly to regulate ZmGLK36
expression and RBSDV resistance in future studies.

Our population genetics study showed that the resistant allele
of ZmGLK36 (Hap 1, ZmGLK36%% type) is a rare allele that has not
been extensively utilized in modern maize breeding (Supplementary
Tables 2 and 3). We developed a functional marker on the basis of
the 26-bp indel causal variation of ZmGLK36 and through repeated
backcrossingand molecular marker-assisted selection, we developed
ten elite inbred lines harbour the resistant ZmGLK36% allele. Field
testing showed thattheimproved inbred lines and hybrids (for exam-
ple, improved ZhengDan958) exhibited much-enhanced resistance
to RBSDV and higher yield potential than their respective controls
(Fig.4a-eand Supplementary Fig.1a). Importantly, no apparent nega-
tive effects were observed for other major agronomic traits under
non-pathogenic stress conditions (Supplementary Fig. 1b-k). These
observations demonstrate the great potential of ZmGLK36 in future
breeding of RBSDV-resistant maize cultivars. Nevertheless, itis worth

pointing out that the phenotypic effect of gMrdd2 (explaining 8.64%
to 11.02% of the total phenotypic variance) is less than that of gMrdd8
(encoding RabGDlIa, explaining 24.2% of the phenotypic variance)***.,
Thus, it willbe worth stacking up both gMrdd2 and gMrdd8to achieve
higher resistance to RBSDV in maize production.

Itis also worth pointing out that the previously reported RBSDV
resistance genes OsGLK1, OsAP47 and RabGDla have only been func-
tionally verified in rice and maize, respectively’®*, and it is unknown
whether these genes could be leveraged to breed MRDD-resistant
cultivars of other crops. Here we show that transgenic rice and wheat
plants overexpressing ZmGLK36 exhibit much-enhanced resistance
toRBSDV (Fig. 4g-p), suggesting that ZmGLK36 probably plays a con-
served rolein mediating defence response against RBSDV and related
viruses (such as MRDV and SRBSDV), and therefore has broad utility in
breeding cereal crops resistant to RBSDV and related viruses. Future
work is aimed to test such a possibility.

Methods

Plant materials

The resistant line Qi319 was derived from the US hybrid 78599. The
susceptible line Ye478 was derived from the cross U8112 x 5003 and
developedinto an elite inbred line that has been used widely in maize
breeding programmes in China. The recombinant inbred line (RIL)
population was derived from across between Ye478 (susceptible) and
Qi319 (resistant)*. A pair of NILs called NIL-S and NIL-R was generated
by repeated backcrossing of the resistant inbred line Qi319 to the
susceptible inbred line Ye478 with marker-assisted selection'>. Maize
inbred lines (226) have been genotyped with 41,101 SNPs using the
maize SNP50 BeadChip technique®. Elite inbred lines (160) obtained
from the US National Plant Germplasm System were used for assess-
ing the RBSDV resistance phenotype on the basis of the 26-bp indel
functional marker. Transgenic plants were generated in Beijing Origen
GuofengBiotechnology using the susceptible maize inbred line Zong31
as the recipient. The Zmjmt mutant (in the B73 background) was iso-
lated from an EMS-mutagenized maize library®®. The Zmjmt mutant
was backcrossed once with the wild-type B73 and then selfed twice
to reduce the background mutations. The rice cultivar Huaidao5 and
wheat cultivar Fielder were used as the transgenic recipients. Trans-
genic rice and wheat plants were grown in isolated paddy fields dur-
ing natural growing seasons at the Chinese Academy of Agricultural
Sciences (Beijing, China).

Artificial inoculation of RBSDV and phenotyping

Maize, rice and wheat were artificially inoculated with RBSDV at the
3-leaf (V3) stage of seedlings with viruliferous SBPH, while the control
materials were inoculated with virus-free SBPH. After 48 h of inocu-
lation, SBPH were removed to avoid over infestation and the plants
were then transplanted into the field. Each plant was investigated for
MRDD symptoms at the silking stage (for maize) and anthesis of rice
and wheat. Naturally inoculated maize were planted around 10-20
May atJining in Shandong Province (35.38° N, 116.59° E). The artificially
inoculated maize materials were planted at Sanya in Hainan Province
(18.25° N, 109.5° E) or Beijing (40.13° N, 116.65° E). MRDD symptoms
were scored onascale from0to4,inwhich plants scored 0 were highly
resistant and those scored 4 were highly susceptible to MRDD. DSl was
used to represent MRDD severity and defined as follows'*: DSI (%) = X
(disease rating score x number of plants with each score)/(maximum
disease rating score x total number of plants rated in the line) x 100.

Initial Qi319 and Ye478 genome assembly

De novo assembly and annotation of the Ye478 genome was reported
inref. 43. For de novo assembly and annotation of the Qi319 genome,
genomic DNA was extracted from V3 seedlings using the DNeasy plant
minikit (Qiagen). A15-kb library was constructed and sequenced using
the Pacific Bioscience Sequelll platform (Annoroad Gene Technology).
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CCS reads (39.66 Gb) with an N50 size of 16.01 kb were generated
using the ccs software v.3.0.0 (https://github.com/, pacific biosciences/
unanimity/,-min-passes 3-min-length 10000-max-length
1000000-min-rq 0.99). For high-throughput chromosome confor-
mation capture (Hi-C), the libraries were controlled for quality and
sequenced on an lllumina Hiseq NovaSeq platform. Dpnll was used as
the restriction enzyme in chromatin digestion. The library was con-
structed using anIllumina TruSeq DNA sample prep kit and sequenced
using lllumina Hiseq Xten with2x 150-bp reads. For RNA-seq, samples
of leaf, spikelet, root, embryo, endosperm, filament, stem and tassel
were collected separately at the corn milk maturity stage. Total RNA
was isolated using the RNAprep Pure plant kit (TTANGEN). RNA-seq
library construction was performed following a previously published
method and sequenced on the NovaSeq platform*’,

Acontig genome was assembled from hifi reads using the software
hifiasm with default parameters. Then the contigs were anchored onto
chromosomes using Hi-C reads. Hi-C reads were aligned to contigs
using HICUP (v.0.7.3), yielding an alignment BAM file. Contigs were
then clustered using the ALLHiC algorithm. Finally, the assembled
genome was manually corrected with Juicebox (v.1.11.08). Benchmark-
ing universal single-copy orthologues (BUSCO) and LTR assembly
index (LAI) were used to determine completeness on the basis of the
embryophyte plant database and full-length long terminal repeats
retrotransposon, respectively.

The annotation pipeline for prediction of repeat elementsincluded
de novo and homology-based approaches. For homologue evidence,
alignment searches were undertaken against the RepBase database
(http://www.girinst.org/repbase) and then predicted using Repeat
Protein Mask (http:/www.repeatmasker.org/). For de novo annotation,
LTR_FINDER, PILER, RepeatScout (http://www.repeatmasker.org/) and
Repeat-Modeler (v.2.0.3) (http://www.repeatmasker.org/RepeatMod-
eler.html) were used to constructade novo library, thenannotation was
carried out with Repeat masker (v.4.1.2) (http://repeatmasker.org/).

ZmGLK36-based association analysis

Accordingtothe sequences ofthe B73_V4reference genome, 10 pairs of
primers were designed (Prime 5.0) to amplify ZmGLK36 from 97 maize
inbredlines (Supplementary Table 2). The sequences were assembled
using DNAMAN and aligned with MEGA 5.0. The DNA variations of SNPs
and indels were identified among these genotypes and their associa-
tionwith the phenotype and pairwise linkage disequilibrium (LD) were
calculated using Tassel 5.0 (refs. 44,45).

Histological and promoter activity assays

NIL-S and NIL-R were artificially inoculated with RBSDV at the V3 stage
of maize seedlings. Around thesilk spitting period, stalks were selected
fromthe middle of the 8th internode of NIL-R and NIL-S. The stalks were
subsequently cutinto fine pieces and submergedinto 2.5% glutaralde-
hyde in phosphate buffer (pH 7.2) for more than 4 h at 4 °C. Samples
were post-fixed in PBS buffer for 2 hand washed three times with PBS.
The fixed samples were dehydrated through agraded series of ethanol
for-30 minateach step. Thereafter, the samples were dried and coated
with conductive materials and examined under an S-3400N Hitachi
scanning electron microscope for photographing (Hitachi).

The GUS transgenic plants were inoculated at the V3 stage of
maize seedlings and inoculation was performed as described above.
The inoculated maize leaves and control materials were immersed in
the GUS staining solution and held at 25-37 °C for 1 h to overnight.
Subsequently, they were transferred to 70% ethanol and decolor-
ized 2-3 times until the negative control material was white. The GUS
staining kit was obtained from Beijing Huayueyang Biotechnology.

RNA extraction and expression analysis
For detection of expressioninresponse to RBSDV infection, the plants
wereinoculated at the V3 stage of maize seedlings as described above.

NIL-Rand NIL-Swere inoculated with poisonous SBPH, and leaves were
sampledatl.5,6,12,24 and 48 dpi. The control samples were inoculated
with non-toxic SBPH and sampled at the same timepoints. Leaf tissues
of the GUS transgenic plants, RILs and maize inbred lines of different
haplotypes were collected at 12 dpi with poisonous SBPH.

Total RNA was extracted using the EasyPure plant RNA kit
(TransGen Biotech). The RNAs were quantified using a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies) and
1.0 pg of total RNAs was reversed transcribed using M-MLV reverse
transcriptase (Promega, M1701). Quantitative PCR was implemented
using the SYBR Premix Ex Taql (Takara) onan ABI 7500 real-time detec-
tionsystem (Applied Biosystems) and three independent RNA samples
were prepared for each biological replicate. ZmGAPDH was used as
theinternal reference. The relevant primers for RT-qPCR are listed in
Supplementary Table 6. The relative transcript level was calculated
using the 2%*“method*.

Subcellular localization and messenger (m)RNA in situ
hybridization

To determine the subcellular localization of the ZmGLK36 protein,
we amplified the full-length CDS of ZmGLK36 without the stop codon
from Qi319 and Ye478 and cloned them into the pAN580-GFP vector
(355::ZmGLK36::GFP). The CDS of ZmGLK36 with the stop codon was
alsoamplified and cloned into the pAN580-YFP vector to generate the
358::YFP::ZmGLK36. TF3 (ref. 47) was used as a nuclear marker. The
fusion plasmid and nuclear marker were co-transfected into maize
protoplasts using the polyethylene glycol mediated transformation
method as described previously*s. After culturing at 25 °C for12-18 h
in the dark, the fluorescence signals were captured using a confocal
laser-scanning microscope (TCS SP5, Leica). Primers used for amplifi-
cation are shownin Supplementary Table 6.

For preparing the probe for in situ hybridization, a conserved
sequence was amplified fromthe ZmGLK36 coding regionand cloned
into a pGEM-T vector (Promega) for RNA probe preparation. DIG
Northern starter kit (Roche) was used to generate the digoxigenin-
labelled RNA probes. Leaves of Qi319 at the V3 stage of seedlings were
fixed in RNase-free formaldehyde-acetic acid for 12 h and then dehy-
drated through a graded series of ethanol for ~30 min at each step.
In situ hybridization experiments and immunological detection of
the signals were performed as described previously*. Microscopic
examination and photographing were conducted under bright field
using a Leica DMR microscope (Leica DM5000B) and a camera fitted
withaMicro Color CCD (Apogee Instruments). The primer sequences
are shownin Supplementary Table 6.

Constructs for genetic transformation

For ZmGLK36, we constructed a complementary vector, two over-
expression vectors and a knockout vector. For the complementary
vector, a~-5-kb DNA fragment of ZmGLK36 containing a 2-kb upstream
sequence of ATG, the ZmGLK36 genome sequence and a400-bp down-
stream sequence of the 3’ UTR was amplified from Qi319 and cloned
into pCAMBIA3301 (ref. 20) to generate the complementary construct.
The three independent transgenic lines were named #-12mCLK Q319
#-27mOLKQBIS g 4-3ZmCLKQ319 For the overexpression construct, the
full-length coding sequence of ZmGLK36 from Qi319 and Ye478 was
inserted into the CUB vector*® under control of the maize ubiquitin pro-
moter (UBI) to generate the pUbi::ZmGLK36°*” and pUbi::ZmGLK36"*3
overexpression constructs, respectively. Sixindependent transgenic
strains were obtained and named QE-17m¢tK3¢:Q319 QE-2ZmGLK36-Qi319)
OE_3ZmGLK36-Qi319’ OE_lZmGLK36-Ye478’ OE_22mGLK36-Ye478 and OE_3ZmGLK36-Ye478
using Zong31 as the transgenic recipient materials. For the CRISPR/
Cas9 construct, single-guide (sgRNAs) or two-guide RNAs containing
23-bp targeting sequences were designed on the basis of the Zong31
and B73 reference genome sequences (named: KO-17m°K3¢ and
KO-27mCtK36 jn Zong31; KO-26 in B73) using the CRISPR-P web tool
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(http://cbi.hzau.edu.cn/crispr/). sgRNA arrays were cloned into
the pCXBO053 binary vector® following manufacturer-suggested
protocols. For ZmDBF2, the full-length coding sequence of ZmDBF2
from Ye478 was cloned into the CUB vector. Three overexpression
lines were obtained and named OE-17"P"2, QE-27mP8F2 and QE-37mP5F2,
For CRISPR knockout of ZmDBF2, double-guide RNAs or sgRNAs were
designed onthebasis of the Zong31reference genome sequence (named
KO-1°"P8F2 in Zong31) using the CRISPR-P web tool (http://cbi.hzau.
edu.cn/crispr/). sgRNA arrays were cloned into the pCXB053 binary
vector following manufacturer-suggested protocols®.

For testing the role of the 26-bp indel in the 5’ UTR of ZmGLK36
in response to RBSDV, we first isolated a ~1,500-bp DNA fragment
upstream of the ZmGLK36 coding region from Qi319 and artificially
synthesized a 1,526-bp promoter fragment containing the 26-bp
indel, both of which were introduced into the pCAMIBIA1305 vector
upstream of the GUS reporter gene to generate the pZmGLK362%” :GUS
and pZmGLK36%3°*%;::GUS reporter constructs, respectively.
Because the pCAMIBIA1305 vector cannot be used to transform
maize, the completed promoter and GUS fusion vector sequences
were subsequently cloned into the pTF101.1 vector®® and used to
transform Zong31. All resulting vectors were confirmed by sequencing,
and Agrobacterium-mediated transformation was used to generate
transgenic maize plants®. All transgenic seeds were created by Beijing
Origin State Harvest Biotechnology. For the CRISPR/Cas9 lines, the
target sites of the genomic fragment and Cas9 gene were detected
from the T,-T, plants using PCR and basta resistance. The PCR prod-
ucts were separated on agarose gels and cloned into the pEASY-Blunt
Simple Cloning vector (TransGen Biotech) for sequencing analysis.
The homozygous mutant lines without Cas9 were selected and selfed
for seed propagation. Primer sequences used in constructing various
transgenic vectors and RT-qPCR are listed in Supplementary Table 6.

The transgenic complementary (ZmGLK36), overexpression
(ZmGLK36 and ZmDBF2) and knockout (ZmGLK36 and ZmDBF2) plants
were planted from T, to T; to obtain homozygous lines. Subsequently,
T,homozygous plants were used for inoculation and phenotypic assays
asdescribed above.

Metabolomics and RNA-seq analyses

For the metabolomics-seq, maize inbred line Zong31and the ZmGLK36
overexpression plants were planted in Beijing in 2021. The top fresh
leaves of maize were taken at the V3 stage. The samples were sub-
jectedtoRT-qPCRto detect the expression of ZmGLK36to ensure the
accuracy and reliability of the samples. Subsequently, triplicate bio-
logical samples were placed inalyophiliser (Scientz-100F) for vacuum
freeze-drying and ground (30 Hz, 1.5 min) into powder using agrinder
(MM 400, Retsch). Then, 100 mg of the powder was dissolvedin1.2 ml
of 70% methanol extract, vortexed 6 times (30 s every 30 min) and
placedina4 °Crefrigerator overnight. After centrifugation (1,000 x g,
10 min), the supernatant was aspirated, filtered through a microporous
membrane (0.22 umporesize) and stored inasample vial for UPLC-MS/
MS analysis. The data acquisition instrument system mainly included
an ultra-performance liquid chromatography (UPLC) (SHIMADZU
Nexera X2, https://www.shimadzu.com.cn/) and tandem mass spec-
trometry (MS/MS) (Applied Biosystems 4500 Q-TRAP, http://www.
appliedbiosystems.com.cn/) system. The analysis process was
completed by Wuhan Metware Biotechnology. For RNA-seq analysis,
the maize inbred line Zong31, the ZmGLK36 overexpression plants,
NIL-Rand NIL-R (inoculated with viruliferous SBPH) were sequenced on
anlllumina Hiseq4000 platform by Beijing Allwegene and paired-end
150-bpreads were generated. The obtained raw data were first mapped
tothe B73_V4reference genome, then Picard tools v.1.41 and samtools
v.0.1.18 were used to sort and remove the duplicated reads. The bam
alignment results were merged for each sample, then HTSeq v.0.5.4
p3 was used to count the read numbers mapped to each gene. DESeq
functions were used to identify the differentially expressed genes

(P<0.05andfold change >1). Gene ontology enrichment analysis of the
DEGs was implemented by the GOseq R packages based on Wallenius
non-central hyper-geometric distribution, which can adjust for gene
length bias in DEGs. The KOBAS software was used to test the statisti-
cal enrichment of differential expression genes in KEGG pathways**.

Y1H and Y2H assays

For the Y1H assay, the full-length CDS of ZmGLK36, ZmDBF2, ZmP1
and ZmbHLH74 with the stop codon from Ye478 were amplified and
cloned into the pB42AD vector to generate the pB42AD-ZmGLK36,
pB42AD-ZmDBF2, pB42AD-ZmP1 and pB42AD-ZmbHLH74 constructs,
respectively. The 26-bp indel containing the binding sites of ZmDBF2,
ZmP1, ZmbHLH74 and GATTC-box of ZmGLK36 from the Zm/MT and
ZmLOX8 promoter was amplified and cloned into the pLacZ reporter
vector® togenerate 26-LacZ, p/MT-LacZ and pLOXS-LacZ. Subsequently,
various plasmid combinations (pB42AD-ZmGLK36 + p/JMT-LacZ,
pB42AD-ZmGLK36 + pLOX8-LacZ, pB42AD-ZmDBF2 + 26-LacZ,
PpB42AD-ZmP1 + 26-LacZ, pB42AD-ZmbHLH74 + 26-LacZ) were respec-
tively co-transformed into the EGY48 yeast cells (Clontech). The empty
vector pB42AD and the pLacZreporter vectors containing the promoter
of ZmGLK36,Zm/MT and ZmLOX8were co-transformed into the EGY48
yeast cells as controls.

For the Y2H assay, the coding sequences of ZmGLK36 and 13 pro-
teins of RBSDV were cloned into pGBKT7 and pGADT7 to generate the
PGBKT7-ZmGLK36, pGADT7-S1, pGADT7-S2, pGADT7-S3, pGADT7-54,
pPGADT7-55-1, pGADT7-S5-2, pGADT7-S6, pGADT7-57-1, pGADT7-S7-2,
PpGADT7-S8, pGADT7-59-1, pGADT7-59-2 and pGADT7-S10 constructs,
respectively. Subsequently, Y2H gold competent cells (Clontech)
were co-transformed with BD-ZmGLK36 and different pGADT7-SI to
PpGADT7-510. pGBKT7-Lam and pGADT7-T, pGBKT7-53 and pGADT7-T
were co-transfected into yeast Y2H competent cells as the positive
and negative controls, respectively. All the yeast transformants
were grown on an SD/-Leu/-Trp medium and then transferred to an
SD/-Leu/-Trp/-His/-Ade/-X-a-gal medium for selection and interaction
test. Yeast transformation was performed following the Yeast Protocols
Handbook (Clontech). The primers are listed in Supplementary Table 6.

EMSA

For protein expression and purification, the full-length CDS of
ZmGLK36 and ZmDBF2 were amplified and cloned into the pET-32a
and pMAL-c5x vector to generate His-ZmGLK36 and MBP-ZmDBF2
constructs, respectively. The two fusion constructs were each intro-
duced into E. coli Rosetta cells (TransGen Biotech). Expression of
the fusion protein His-ZmGLK36 and MBP-ZmDBF2 were induced by
isopropyl-B-D-thiogalactopyranoside and purified using IDA-nickel
beads (Kangma Biotechnology, PROTN_HMBN1V00005) according to
manufacturerinstructions. Oligonucleotide probes were synthesized
and labelled with biotin at the 5’ end (Invitrogen). Western blot was con-
ducted using anti-His antibody and anti-MBP antibody (Sigma-Aldrich)
at a1:1,000 dilution as described previously*. EMSA was carried out
using the Light Shift Chemiluminescent EMSA kit (Thermo Fisher,
20148X). The sequences of primers used in protein expression and
probes usedin EMSA are listed in Supplementary Table 6.

Transient expression assays in maize protoplast

To analyse the transcriptional repressive activity of ZmDBF2
proteinon ZmGLK36,the 127-bp and 101-bp DNA fragments upstream
of the ZmGLK36 coding region were amplified from Ye478 and Qi319
and cloned into the pGreenll 0800-35S::LUC vector® to generate
the proZmGLK36-355::127:LUC and proZmGLK36-35S::101:LUC
constructs, respectively. The pGreenll 0800-LUC vector was modi-
fied in advance in which the mini35S promoter was amplified and
inserted into pGreenll 0800-LUC. The full-length CDS of ZmDBF2
and ZmbHLH74 were amplified from Ye478 and inserted into pAN580
to generate the pAN580-35S::ZmDBF2 and pAN580-35S::Zm bHLH74
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effector constructs, respectively. Approximately 1.7-kb DNA fragments
upstream of Zm/MT and ZmLOX8 coding regions were amplified from
Qi319 and Ye478 and inserted into pGreenll 0800-LUC vector to
generate the proZmGLK36-Qi319::LUC and proZmGLK36-Ye478::LUC
constructs, respectively. Full-length CDS of ZmGLK36 were amplified
from Ye478 and inserted into pAN580 to generate the pAN580-
355::ZmGLK36 effector. The transient dual-luciferase assay was
performed in the maize protoplasts as described previously*s.
ADual-Luciferase Reporter Assay Systemkit (Promega, E1960) was used
toexaminetheactivities of firefly luciferase (LUC) and Renillaluciferase
(REN).LUC/REN was calculated as the relative activity. Five replicates
were performed for each effector. The sequences of primers used in
the transient expression assay are listed in Supplementary Table 6.

Statistics

Two-sided Student’s ¢-test was used to test the significance of differ-
ences between two groups using Excel 2010. Tukey’s honestly signifi-
cantdifference (HSD) test was performed using GraphPad Prism v.8.0.

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

Data availability

The datasets generated and/or analysed during the current study
are provided with this paper. Any additional data are available from
the corresponding author. No participantidentifiable information will
be disclosed. Source data are provided with this paper.

Code availability
The custom codes used in this study are deposited in GitHub (https://
github.com/wangtao-go/fpkm/blob/main/calRPKM.pl).
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig.1| Phenotypic and cytological characteristics of maize
rough dwarfdisease. a, Phenotype of Qi319 and Ye478 upon RBSDV infection.
““represents virus-free SBPH, and “+“ represents viruliferous SBPH. Scale bars,
35cm. b, Therelative expression of RBSDV coat protein (510) mRNA.

The values are denoted as means * s.e.m. (n = 3 biologically independent
samples). Five plants were taken as one biological replicate. ¢, d, The MRDD
severity at the silking stage could be classified into five grades (0, 1, 2, 3,and 4)
inview of the overall symptoms at the silking stage according to plant height
and the characteristics of the lesions. Scale bars, 30 cm. e, The healthy plants
(NIL-R) or severely diseased plants (NIL-S) of waxy enations on the axial surfaces
of upper leaves under artificial inoculation of RBSDV. Scale bars, 1 cm. f, Number

of internodes and length of internodes in plants with disease grades 0-4 at the
silking stage. Data are means +s.e.m. (n = 3 biologically independent samples).

g, The left panels show the longitudinal sections of eighth internodes from the
healthy NIL-R and diseased NIL-S plants. The right panels show transections of the
eighthinternode from the healthy NIL-R and diseased NIL-S plants. Scale bar,

10 um. h, Celllength of the eighth internode between the healthy NIL-R and
diseased NIL-S plants. Values are means + SEM. (n = 30 biologically independent
samples). Statistical significance was determined using two-sided Student’s
t-test. Two independent experiments were performed with similar results
ingandh.
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Extended Data Fig. 2| The relative expression of candidate genesin the 12 dpi. The values are denoted as means + s.e.m. (n = 3 independent biologically
gMrdd2region. RT-qPCR assay validates the expression of candidate genes samples). Five plants were taken as one biological replicate (n = 5). Statistical
between the NIL-R and NIL-S plants under artificial inoculation of RBSDV at significance was determined using two-sided Student’s ¢-test.
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Extended Data Fig. 4 | Molecular characterization of ZmGLK36.

a, Phylogenetic analysis of ZmGLK36 and their orthologues from Arabidopsis,
maize, rice and wheat. The phylogenetic tree was generated using the method of
maximum likelihood with the MEGA?7 software based on the full-length protein
sequence. b, RT-qPCR assay showing the transcript abundance of ZmGLK36in
various tissues. Data are means +s.e.m. (n = 3 independent biologically samples).
Five plants were taken as one biological replicate (n = 5). ¢, The expression pattern
of ZmGLK36 revealed by histochemical staining of the transgenic plants carrying

aB-glucuronidase (GUS) reporter driven by the endogenous ZmGLK36 promoter.
Scalebars, 2.5 cm.d, e, RNA insitu hybridization analysis of ZmGLK36 in leaf.
Leafblades of maize plants were cross-sectioned and hybridized with
ZmGLK36-specific sense (d) or antisense (e) probes. Scale bars, 50 pm.

f, Subcellular localization of the ZmGLK36-GFP and YFP-ZmGLK36 fusion
proteins in maize protoplasts. Scale bars, 10 pm. The results are representative of
three independent experiments. TF3 was used as a nuclear marker.
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Extended Data Fig. 6 | Phenotypic examination of the ZmGLK36 transgenic
plants. a, Validation of ZmGLK36 expression in the transgenic overexpression
plants using RT-qPCR. The values are denoted asmeans +s.e.m. (n=3
independent biologically samples). b, d, The DSl values of the transgenic
overexpression plants and Zong31. The plants were planted in Sanya and Beijing
and used for artificial inoculation. Data are means + s.e.m. from 3 biological
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replicates (n =50 plants for eachreplicate). c, e, The relative expression of
RBSDV-S10 mRNA in ZmGLK36 overexpression plants and Zong31 at anthesis.
The plants were artificially inoculated at the V3 stage. The values are denoted
asmeans +s.e.m. from 3 biological replicates (n =5 plants for each replicate).
Statistical significance was determined using two-sided Student’s ¢-test.
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Extended Data Fig. 7 | Phenotypic analysis based on marker Indel-26.

a, Sequence alignment analysis of 10 resistant inbred lines and 13 susceptible
inbred lines from 226 temperate maize inbred lines based on the 26-bp Indel.

b, Co-segregation analysis of the 26-bp Indel with RBSDV resistance using
20RILs. Data are means +s.e.m. from 3 biological replicates (n =17 plants for each

replicate). ¢, Haplotypes of ZmGLK36 among maize germplasm from the tropical
maize inbred lines based on the Indel-26. Each point represents the average

DSl of two replicates from a maize inbred line. (n =17 plants for each replicate).
Statistical significance was determined using two-sided Student’s t-test.
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Extended Data Fig. 8 | Predicted transcription factor binding sitesin the
26-bpIndelin 5’UTR of ZmGLK36. a, Diagram shows mutagenesis of the KO-26
knockout mutants. The sequence gap length is shown in parentheses. Red letters
represent the 26-bp Indel. Green dashed lines indicate nucleotide deletion.

b, Relative expression of ZmGLK36 under RBSDV inoculation (12 dpi). The

values are denoted as means + s.e.m. (n = 3 independent biological samples).
Five plants were taken as one biological replicate. Qi319 was used as the positive
control. ¢, DSl values of the KO-26 plants at the silking stage. The plants were
inoculated with RBSDV at the V3 stage. Data are means +s.e.m. from 3 biological
replicates (n = 34 plants for each replicate). d, Relative expression of RBSDV coat
protein (S10) in B73, KO-26 and Qi319 plants at the silking stage. The plants were
inoculated with RBSDV at the V3 stage. Data are means + s.e.m. from 3 biological
replicates (n =5 plants for each replicate). e, Yeast one-hybrid (Y1H) assay

shows that ZmbHLH74, but not ZmP1, binds to the 26-bp fragment. f, Transient
transcriptional activity assay in maize protoplasts shows thatZmbHLH74, but not

ZmP1, activates the LUC reporter gene expression. Values are means £s.e.m (n=>5
repeats). g, h, Relative expression levels of ZmDBF2 and ZmbHLH74 in NIL-R and
NIL-S after artificial inoculation with RBSDV. The values are denoted as means +
s.e.m. (n=3independent biologically samples). Each biological replicate has 5
plants. i, SDS-PAGE analysis of the purified MBP-ZmDBF2 recombinant protein.
Jj, Western blot analysis of the purified MBP-ZmDBF2 recombinant protein by
using the anti-MBP antibody. k, RT-qPCR assay showing the transcript abundance
analysis of ZmDBF2in various tissues. Data are means +s.e.m. from 3 biological
replicates (n =5 plants for each replicate). I, Diagram shows mutagenesis of the
ZmDBF2knockout mutants. m, ZmGLK36 transcript levels in the overexpression
and KO lines of ZmDBF2. The values are denoted as means £ s.e.m. from 3
biological replicates (n = 5 plants for each replicate). Statistical significance

was determined using a two-sided ¢-test. The experimentsini, and j were
independently performed two times with similar results.
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Extended Data Fig. 9| Yeast two-hybrid assay of the interaction between ZmGLK36 and RBSDV proteins. Yeast two-hybrid (Y2H) assay shows that there is no
directinteraction between ZmGLK36 and RBSDV proteins (S1,S2,S3, S4, S5-1,S5-2, S6,S7-1,57-2,S8, S9-1, S9-2 and S10).
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Extended Data Fig. 10 | ZmGLK36 entails the JA signaling pathway for
resistance to RBSDV. a, KEGG estimation of the RNA_seq databased on Zong31
and ZmGLK36 overexpressing plants under nonpathogenic stress conditions.
b, KEGG estimation of the RNA_seq data based on NIL-R (inoculation of non-
toxic SBPH) and NIL-R (inoculation of poisonous SBPH). ¢, d, RT-qPCR assay
showing the transcript abundance analysis of Zm/MT and ZmLOX8in Zong31,
KO'lszLK36, Ko_zszLKSGI OE_IZmGLK36-Qi319 and OE_IZmGLK36-Ve478. Data are means +
s.e.m. from 3 biological replicates (n = 5 plants for each replicate). e, f, Relative
expression of Zm/MT and ZmLOX8in NIL-S and NIL-R under artificial inoculation
with RBSDV. Data are means +s.e.m. from 3 biological replicates (n = 5 plants for
eachreplicate). g, Transient transcriptional activity assay in maize protoplasts
shows that ZmGLK36 activates ZmLOX8 expression. Values are means + s.e.m
(n=5repeats). h, SDS-PAGE analysis of the purified His-ZmGLK36 recombinant
protein. i, Western blot analysis of the purified His-ZmGLK36 recombinant
protein by using the anti-His antibody. j, The left is sequencing peak diagram of

premature termination of mutants. The right is relative expression of Zm/MTin
wild type (B73) and Zmjmt mutants. Data are means +s.e.m. from 3 biological
replicates (n =5 plants for each replicate). k, DSl values of Qi319, Ye478, B73

and Zmjmt mutant plants at the salking stage. Data are means + s.e.m. from 3
biological replicates (n = 34 plants for each replicate). I, Relative expression of
RBSDV-S10 mRNA in B73 and Zmjmt mutant plants at the at the silking stage.

The values are denoted as means + s.e.m. from 3 biological replicates (n =35
plants for each replicate). m, Determination of JA content in Zong31, transgenic
overexpression and knockout plants of ZmDBF2. Data are means *s.e.m. from

3 biological replicates (n = 5 plants for each replicate). n, RT-qPCR analysis of
RBSDV-S10 mRNA accumulation in RBSDV-infected maize leaves pretreated with
MeJA. Data are means +s.e.m. from 3 biological replicates (n = 5 plants for each
replicate). Statistical significance was determined using two-sided Student’s
t-test. The experiments in h, and i were independently performed two times with
similar results.
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Data collection ABI 7500 real-time detection system (Applied Biosystems) was used to collect RT-qPCR raw data. Confocal laser-scanning microscope (TCS
SP5; Leica), S-3400N Hitachi scanning electron microscope for photographing (Hitachi High Technologies, Tokyo, Japan) and Leica DMR
microscope (Leica DM5000B and a camera fitted with a Micro Color CCD (Apogee Instruments) were used to image capture and display. The
Qi319 library was constructed and sequenced using the Pacific Bioscience Sequel Il platform (Annoroad Gene Technology). Promega
GloMaxTM96 Instrument (Promega) was used for relative fluorescence activity. LC-MS/MS (QTRAP 6500+,SCIEX) was used to determine JA
content. The Ultra Performance Liquid Chromatography (UPLC, SHIMADZU Nexera X2) and Tandem mass spectrometry (Applied Biosystems
4500 QTRAP) was used to data acquisition of metabolites.

Data analysis TASSEL V5.0 was used to analyze the association between these variations and resistance to RBSDV.
MEGA V5.0 and DNAMAN (version 5.2.2) were used to align DNA sequence.
Excel 2016 (Microsoft) and GraphPad Prism (version 8.0.1) was used to perform gene expression analysis and statistical analysis.
The code reference for transcriptome data analysis is as follows:https://github.com/wangtao-go/fpkm/blob/main/calRPKM.pl.
The annotation pipeline for prediction of repeat elements includes de novo and homology-based approaches. For homolog evidence,
alignment searches were undertaken against the RepBase database (http://www.girinst.org/repbase), and then were predicted by Repeat
Protein Mask (http://www.repeatmasker.org/). For de novo annotation, LTR_FINDER, PILER, RepeatScout (http://www.repeatmasker.org/),
and Repeat-Modeler (v2.0.3) (http://www.repeatmasker.org/RepeatModeler.html) were used to construct a de novo library, then annotation
was carried out with Repeat masker (v4.1.2) (http://repeatmasker.org/).
Sequence analysis via PlantPAN 3.0 TF URL (http://plantpan.itps.ncku.edu.tw/).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The datasets generated and/or analyzed during the current study are attached. Any additional data are available from the corresponding author. No participant
identifiable information will be disclosed.
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Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
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Reporting on race, ethnicity, or  N/A
other socially relevant

groupings

Population characteristics N/A
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Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Three biological replicates for Metabolomics and RNA-seq analyses, following the common practice in the field. RT-gPCR, each experiment
was analyzed at least with three biological replicates. Each biological replicate at least has 5 plants. For the statistics of JA content, we
performed at least three independent biological replicates. DSI data of transgenic plant were performed at least three independent
biological replicates and collected from at least 34 plants/genotype as one biological replicate. DSI data of maize inbred lines and hybrids
collected from at least 17 plants/genotype as one biological replicate. Sample sizes are indicated in the main text, figures and legends. We
confirmed that the sample sizes that we used in this study were adequate by performing biological replicates and obtaining similar results.
Sample sizes for validations are listed in the figures and based on previous studies (Liu, et al., 2020. A helitron-induced RabGDla variant causes
quantitative recessive resistance to maize rough dwarf disease. Nat Commun. 11(1):495. doi: 10.1038/s41467-020-14372-3; Jiang, et al.,
2022. Natural polymorphism of ZmICE1 contributes to amino acid metabolism that impacts cold tolerance in maize. Nat Plants.
28(10):1176-1190. doi: 10.1038/s41477-022-01254-3. ).

Data exclusions = No data were excluded from our analyses.

Replication All experiments were replicated independently and performed at least two with similar results. Number of repeats is provided in the figure
legends where appreciate.

Randomization  Arandomized complete block design was used in all trials for phenotype collection.

Blinding The investigators were blinded to group allocation during data analysis.
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Antibodies

Antibodies used The information of the antibodies used in this study was shown below:
Mouse monoclonal anti His (named:Anti His mAb) ( Zoonbio Biotechnology Co.,Ltd, Nanjing, China; Cat#ABM-0008; 1:1000);
Mouse monoclonal anti MBP (named:MBP-Tag(4M14) Mouse mAb) (Abmart, Beijing, China; Cat#M20051H; 1:2000);

Validation http://www.zoonbio.com/pruduct/his-antibody-0008.html
http://www.ab-mart.com.cn/product.aspx
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