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Myb10-D confers PHS-3D resistance to pre-harvest sprouting by
regulating NCED in ABA biosynthesis pathway of wheat
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Introduction

Common wheat (Triticum aestivum, AABBDD) is a staple food
crop for more than one-third of the global human population
and provides ¢. 20% of the calories consumed by humans glob-
ally (Shewry & Hey, 2015). The availability of reference
sequences and the rise of the pangenome project of wheat have
allowed the identification of genes and their structural variations
that involve the single-nucleotide polymorphisms (SNPs) and the
loss of genomic regions encoding protein-coding genes in some
individuals (i.e. presence—absence variation, PAV) (Uauy, 2017;
Jia er al., 2018; Walkowiak ez al., 2020; Zhang ez al., 2021). The
pangenome of a species is composed of the core genome that is
present in all individuals and the dispensable genome (PAV) that
is present in some individuals of a species (Morgante ¢t al., 2007;
Marroni et al., 2014). Polyploid genomes may also be more

Summary

o Pre-harvest sprouting (PHS), the germination of grain before harvest, is a serious problem
resulting in wheat yield and quality losses.

¢ Here, we mapped the PHS resistance gene PHS-3D from synthetic hexaploid wheat to a
2.4 Mb presence-absence variation (PAV) region and found that its resistance effect was
attributed to the pleiotropic Myb70-D by integrated omics and functional analyses.

¢ Three haplotypes were detected in this PAV region among 262 worldwide wheat lines and
16 Aegilops tauschii, and the germination percentages of wheat lines containing Myb70-D
was approximately 40% lower than that of the other lines. Transcriptome and metabolome
profiling indicated that Myb10-D affected the transcription of genes in both the flavonoid
and abscisic acid (ABA) biosynthesis pathways, which resulted in increases in flavonoids and
ABA in transgenic wheat lines. Myb10-D activates 9-cis-epoxycarotenoid dioxygenase
(NCED) by biding the secondary wall MYB-responsive element (SMRE) to promote ABA
biosynthesis in early wheat seed development stages.

* We revealed that the newly discovered function of Myb70-D confers PHS resistance by
enhancing ABA biosynthesis to delay germination in wheat. The PAV harboring Myb10-D
associated with grain color and PHS will be useful for understanding and selecting white
grained PHS resistant wheat cultivars.

prone to containing structural variation that could play an
important role in phenotypic variance (Schiessl ez 4/, 2018).
Wheat production in many countries, where rain tends to fall
during the harvest season, is negatively impacted by pre-harvest
sprouting (PHS), the precocious germination of grains before
harvest. PHS is directly associated with reductions in both grain
yield and flour quality. It is estimated that PHS damage is
responsible for up to $1 billion in annual losses (Nakamura,
2018; Vetch et al, 2019). In wheat, compared with red-grained
cultivars, white-grained cultivars are characterized by more effi-
cient flour extraction, a better ash content, a more favorable
appearance and a less bitter taste in the final product (Ransom
et al., 2006). However, white-grained wheat has been reported to
be more susceptible to PHS than red-grained wheat for more
than 100 yr (Nilsson-Ehle, 1914; Gordon, 1979; Warner et al.,
2000). The pigment of red-grained wheat is presumed to be a
result of the accumulation of the polyphenolic compound
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phlobaphene, which is derived from the precursor catechin and is
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an end product of the flavonoid pathway (Miyamoto and Ever-
son, 1958; Gordon, 1979). The R2R3-MYB transcription factor
Myb10, located on wheat chromosomes 3A/3B/3D, encodes the
R-1 gene that controls redness by regulating the accumulation of
anthocyanins (Groos ez al., 2002; Himi & Noda, 2005; Himi
et al., 2005; Himi et al., 2011). Myb10 is known to regulate
flavones, flavonols, and proanthocyanidin by regulating many
genes in the pathways of flavonoid biosynthesis (Lai e 4/, 2013).
PHS resistance genes that span the chromosomal region of
Myb10 have been discovered in red-grained wheat (Groos ¢t al.,
2002; Rasul et al, 2009). However, the relationship between
Myb10 and PHS resistance genes is still unclear (Medina-Puche
et al., 2014).

Common wheat is an allopolyploid species originating from
hybridization between tetraploid T7iticum turgidum (AABB)
(McFadden & Sears, 1946) and Aegilops tauschii (DD) (Kihara,
1944) in the Fertile Crescent, where little rain falls during the har-
vest season, and PHS is therefore rare (Nakamura, 2018).
Aegilops tauschii exhibits a high degree of PHS resistance (Liu
et al., 1998). Hybrids have been recreated by crossing 7. rurgidum
with A. tauschii to produce so-called synthetic hexaploid wheat
(SHW) to analyze PHS resistance (Imtiaz ez al., 2008; Yang et al.,
2014). PHS-3D is an SHW-derived locus linked to Myb10-D
(TaMyb10 on D genome of wheat) and confers strong PHS resis-
tance explaining up to 42.47% of PHS variation in seven environ-
ments (Yang ez al., 2019). Here, we demonstrate that PHS-3D is
Myb10-D and negatively controls germination by activating 9-cis-
epoxycarotenoid dioxygenase (NCED) transcription, which is
involved in ABA biosynthesis; deepening grain color and increas-
ing barriers to water uptake in wheat.

Materials and Methods

Plant materials

SHW-L1 is a medium PHS resistant synthetic wheat that carries
PHS-3D (QPbs.sicau-3D) obtained from allohexaploidization
between the deep seed dormancy A. tauschii AS60 (Liu er al.,
1998) and PHS-resistant 7. turgidum AS2255 (Zhang et al.,
2004). Chuanmai32 (CM32) is a PHS susceptible cultivated
wheat (Yu ez al, 2014). SHW-L1 and CM32 derived recombi-
nant inbred lines (RILs) were evaluated for PHS resistance in
nine independent environments (Yang ez a/., 2019). One resistant
RIL (RIL71) and one susceptible RIL (RIL143) were selected as
parents to develop heterogeneous inbred family (HIF) popula-
tions with a total of 7500 F;.4 HIF lines for fine mapping. We
assayed F,.3 lines with 17 pairs of KASP markers (Supporting
Information Table S1) and generated enough Fj.4 seeds. Then
F;.4 lines with homozygous fragments were selected and pheno-
typed. The fine mapping population panel was planted in
Chongzhou (30°36'27.02"N, 103°37'4.10"E) from 2016 to
2018 (2016-CZ, 2017-CZ, and 2018-CZ). Each line was single-
seed planted in two 1.5 m long rows, with 50 cm between rows
and 10 cm between plants within rows.

A natural population of 250 wheat from all over the world, as
well as 16 accessions of diploid A. trauschii (2n=2x=14, DD),
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and two accessions of tetraploid 7. turgidum ssp. durum
(2n=4x=28, AABB) were collected from the US Department of
Agriculture  (USDA) and  Sichuan Agricultural  University
(SICAU) (Wang ez al., 2013; Zhou ez al., 2018), and their germi-
nation percentages (GPs) were assayed previously (Table S2)
(Zhou er al., 2017). These accessions were used to analyze the
relationship between sequence variations and PHS resistance in
wheat germplasms.

Evaluation of germination percentages and grain color

The wheat grain is a caryopsis with a pericarp. This article refers
to the wheat caryopsis as a ‘seed’ for simplicity’s sake. Both whole
spikes and threshed seeds were used for the germination tests.
The materials were harvested when the grains reached physiologi-
cal maturity and then air-dried in the shade at room temperature
until seed moisture was <10%. Three replications of 50 threshed
undamaged seeds were incubated in Petri dishes that contained
filter paper in the lower half and 5 ml of distilled water at 20°C
without light for 7 d. The GPs (i.e. total germinated seeds/total
assayed seeds) was used to assay the germination level at 7 d after
imbibition (DAI) (Walker-Simmons, 1988). For each indepen-
dent plant, only mature grains from primary or secondary spikes
were selected to be stored at —20°C until phenotyping. In total,
20 spikes collected from 16 plants were wrapped in moist filter
paper after being immersed in distilled water for 6 h, and putin a
dew chamber without light at 20°C for 7 d and photographs
taken every day. Seeds in spikes were threshed and the GP was
calculated on the seventh day (Paterson & Sorrells, 1990).

The seeds were scanned with an Uniscan M2800 Scanner
(Unis, China) Series_V2.0, and the scanned images were ana-
lyzed by Photoshop CS6 straw tool (Stetter ez al., 2020). Seed
colors were inferred visually from seed samples.

Evaluation of seed coat permeability

Seed coat permeability is important to study as it plays significant
roles in seed dormancy and germination, thus the seed permeabil-
ity was checked with the TTC (2,3,5-triphenyltetrazolium chlo-
ride) method (Roistacher ez al, 1957). During seed imbibition,
higher permeability could be indicated by the deeper dyeing color
of TTC. Germinating seeds of transgenic lines (overexpression,
OE) and control (wild-type, WT) were added by 1% TTC and
incubated at 37°C. The color variance of seeds was artificially
assayed at 3, 6, 12, 24, 36, 48 and 60 h after imbibition (HAI),
and used to determine seed coat permeability.

Genomic sequences data

The genomic reference data of Chinese Spring (ftp://ftp.ensemb
lgenomes.org/pub/plants/current/fasta/triticum_aestivum/dna/),
AL8/78 (http://aegilops.wheat.ucdavis.edu/ATGSP/), Cadenza,
and Robigous (https://opendata.earlham.ac.uk/opendata/data/
Triticum_aestivum/EI/v1.1/) were obtained from the database.
And the data of Aikang58 were obtained from Dr Jizeng Jia (Jia
et al., 2021) (Table S3). The genotyping data of 12 hexaploid
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wheat and one tetraploid wheat cultivars from the wheat pan-
genome database (http://www.10wheatgenomes.com/) were also
analyzed (Walkowiak et al., 2020).

Additional materials and methods

Details on the DNA extraction and genotyping (Methods S1),
fine mapping of PHS-3D (QPHS.sicau-3D) (Methods S2), opti-
cal map construction (Methods S3), gene cloning and sequencing
(Methods S4), RNA preparation and RNA sequencing (Methods
S5), next-generation sequencing (NGS) data analysis (reads map-
ping, assembly, and functional annotation) (Methods S6), analy-
sis of gene expression by quantitative polymerase chain reaction
(QPCR) (Methods S7), gene transformation (Methods S8),
endogenous ABA profiling (Methods S9), flavonoids extraction
and profiling (multiple reaction monitoring, MRM) (Methods
S10), subcellular localization of Myb10-D (Methods S11), RNA
in situ hybridization (Methods S12), protein expression in
Escherichia coli and purification (Methods S13), electrophoretic
mobility shift assay (EMSA) (Methods S14), transient expression
assay (Methods S15), yeast one-hybrid (Methods S16), statistical
analyses (Methods S17), and code used in this study (Methods
S18) can be found in the Supporting Information.

Results

PHS-3D is located within a large PAV region

PHS-3D (QPHS.sicau-3D) was previously detected in a RIL pop-
ulation between the synthetic wheat genotype SHW-L1 and
common wheat cultivar Chuanmai 32 (CM32) (Yang et al,
2014). Here, by mapping SNP markers in the region of PHS-3D
(Fig. 1a), two RILs, i.e. the PHS resistant line L71 and suscepti-
ble line L143, were selected to develop HIF populations
(Fig. 1b). A total of 7500 F;.4 families that reckoned to the popu-
lation comprising self-progenies of selected individuals with
heterozygous PHS-3D from 50 F,.5 plants. Then, we developed a
total of 17 markers to fine-map PHS-3D using the Kompetitive
Allele-Specific PCR (KASP) technique based on SNP in this
region (Supporting Information Fig. S1; Table S1). By combin-
ing the genotype and phenotype, the PHS-3D region was nar-
rowed to a 2.7 Mb region, flanking from K-AX-108730423
(572.2 Mb) to K-AX-111501911 (574.9 Mb). Though 12 out of
17 KASP markers were located in this 2.7 Mb region, their signal
could not be detected in 836 PHSS Fs.4 lines. Thus, no further
recombination was observed, which indicated that there was a
lack of recombination (Fig. 1¢).

The absence of recombination is related to a PAV. A total of
1534 Gb of large single molecules (>150Kb) labeled by the
DLE-I enzyme was obtained from the PHS-susceptible cultivar
CM32, and de novo assembled into a BioNano optical map. Tak-
ing advantage of the optical map, we identified a deletion
(Chr3D: 571.5-574.4 Mb) in CM32 by aligning its genome
sequence to the Chinese Spring (CS) genome sequences. Further
sequence comparison revealed an ~2.4 Mb deletion in the com-
mon wheat cultivars Robigus, and Aikang58 (AK58, Chr3D:
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583.6-583.7 Mb) (Fig. 1d) relative to CS (Chr3D: 571.9-
574.3 Mb), Cadenza, and the synthetic wheat genotype SHW-L1
(Fig. le; Table S3). The deleted region resulted in the loss of 20
genes/pseudogenes (gene order: 16-35), whereas the genes flank-
ing the PAV region (gene order: 1-15 and 36—49) were con-
served (Table S4). The PAV region harbored 23 transposable
elements (LTR/Copia, Gypsy, and TIR) in CS (Fig. 1f). Based
on the molecular signatures at the breakpoints, unequal crossing

over between TEs may have led to the PAV in wheat (Table S5).

The large PAV is associated with PHS resistance in wheat
germplasms

We developed 14 sequence-tagged-site (STS) markers for genes/
pseudogenes in the PAV region (Fig. S2; Tables S6) and carried
out an association analysis using 16 A. rauschii (DD genome),
three 7. turgidum (AABB genome), and 262 hexaploid wheat
(AABBDD genome) lines to assess the relationship between PAV
and PHS resistance (Fig. 2a). As expected, no PCR products were
detected in 7. turgidum due to the absence of the D genome. A
total of three haplotypes were identified among the wheat lines,
i.e. Hap-I without a deletion, Hap-II with a 2.2 Mb deletion,
and Hap-III with the whole 2.4 Mb deletion (Fig. 2b). Hap-I
and Hap-III are more prevalent than Hap-II in common wheat.
This 2.4 Mb region in common wheat is also conserved in 16
analyzed A. tauschii accessions collected from Caspian Sea areas.

The average GPs of the wheat lines of Hap-I (GP: 41.48%)
were significantly lower than those of Hap-II (GP: 78.75%,
#=8.55) and Hap-III (GP: 81.69%, #=9.85) (Fig.2¢
Table S2). In Hap-I, 98.44% of lines were predominately red
(brown, tan)-grained, and only one landrace AS661609 (Tuotuo-
mai), collected from China, was white-grained. The reduction in
PHS resistance in Hap-II and Hap-III indicated that PHS-3D is
probably located in the deleted region between STS-MybI10
(572.2 Mb) and STS-HRGP (573.2 Mb).

Myb10-D is highly expressed in the seeds of PHS resistant
wheat

The 20 genes located within the 2.4 Mb deleted region that prob-
ably harbors PHS-3D were used to identify the functional gene(s)
that contribute to PHS resistance. Transcriptomic results
obtained for seeds 12 and 24 HAI, seedling leaves, roots, and
seeds 10, 20 and 30d post-anthesis (DPA) were compared
between SHW-L1 and CM32 (Fig. S3a; Table S6). All of the 20
analyzed genes were not expressed in CM32 at a level of tran-
scripts per million (TPM) > 1, except RS19 (gene #33, chloro-
plastic 30S ribosomal protein S19, which had 92 copies in the
wheat genome). Three genes Myb10, TAF9, and Ocol were
expressed in the seed of SHW-L1. TAF9 is an orthologous gene
for TATA-binding protein-associated factor 9 that is associated
with salt and heat stress responses (Li et al, 2017). Ocol is a
homolog of oral cancer-overexpressed protein 1 (ORAOV1)
(Jiang et al., 2010). Myb10-D is known as an R2R3-MYB tran-
scription factor. Then we checked their expression levels in 29 tis-

sues/stages of CS and BCScvl (Fig. S3b) (IWGSC ez al., 2018).
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Fig. 1 Fine mapping and genomic analysis of PHS-3D from wheat (Triticeae aestivum). (a) QTL of the QPHS.sicau-3D (PHS-3D) region in pre-harvest
sprouting (PHS)-resistant SHW-L1, PHS-susceptible CM32, and their recombinant inbred lines (RILs) L143 and L71. (b) The average germination
percentage of L143 (77.1%) and L71 (29.6%) from six environments at 7 d after imbibition (DAI). (c) Fine mapping of PHS-3D. PHSR, PHSS, and PHSM
indicated PHS resistance, susceptibility, and moderate resistance, respectively. The numbers on the right of the bar indicate the number of recombinants.
The two markers (i.e. AX-108730423 and AX-108925806) were close to PHS-3D, and two markers (i.e. AX-110772653 and AX-108879360) were
identified in our previous genome-wide association study (GWAS) and bi-parental QTL mapping analysis. The physical positions of 17 KASP markers are
based on the IWGSC CS RefSeq v2.0 assembly. (d) The dot-plot shows a 2.4 Mb presence—absence variation (PAV) between Chinese Spring (CS) and
Aikang58 (AK58). (e) Twenty annotated genes (gene order: 16-35) are missing in the PAV region. (f) Transposable elements, including LTR_copia,
LTR_gypsy, and Tir_CACTA, are abundant in the PAV region. SD, error bars given in the graphs.

TAF9 and OCOLI are highly expressed in all tissues (root, shoot,
leaf, flower, and seed), with 18 and six orthologs in common
wheat, respectively. Myb10 is highly expressed in the seed
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(2DPA) and aleurone layer (12DPA). At last, we confirmed the
high expression of Myb10 in SHW-L1 at 5-15 DPA by qPCR
(Fig. S3¢). Thus, Mpybl0-D was prioritized for functional
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262 wheat and 16 Aegilops tauschii. (b) Constitution of the three haplotypes. (c) Average germination percentages of the three haplotypes.

characterization because it has been reported as a QTL control-
ling PHS resistance (Himi & Noda, 2005).

The PHS-susceptible soft white spring wheat cultivar Fielder
(WT) without the 2.4 Mb region (TableS2) was transformed
with Myb10-D driven by the polyubiquitin promoter (Ubil).
Then, we assessed the Mybl0-D expression pattern by RNA
in situ hybridization (Fig. S4). The signals indicated that the
expression of Myb10-D was concentrated mainly in the mesocarp
of the inner pericarp in the positive lines 5-15 DPA. This result
was consistent with the observation that Myb10-D was predomi-
nantly expressed in wheat seeds.

PHS resistance is enhanced in Myb70-D overexpressed
transgenic wheat

We found that seeds of the OE lines were red-grained, while
seeds of the WT control were white-grained (Fig. 3a). Com-
pared to that of the WT, the germination of seeds from the

New Phytologist (2021) 230: 1940-1952
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OE lines was significantly delayed for both whole spike and
threshed seeds (Table S7; Fig. 3b). Myb10-D led to delayed
germination (Fig.3c) and decreased the GP of 55.1% in
threshed seeds and 38.5% in whole spikes (Fig. 3d). The inten-
sity of TTC red coloration in WT seeds was higher than that
in seeds from the OE lines and was proportional to seed coat
permeability (Fig. 3¢). These results support the assumption
that the Myb10-D identified as PHS-3D is involved in PHS
resistance in wheat.

Myb10-D regulated the biosynthesis of flavonoids and ABA

Subcellular localization showed that the fused protein 35S::
Myb10-D:GFP was located in the nucleus of Nicotiana
benthamiana leaf protoplasts (Fig. S5). Thus, the nuclear
localization of Myb10-D was expected as a transcription fac-
tor that is a nuclear protein and may regulate genes during
seed development.

© 2021 The Authors
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wheat (Triticeae aestivum) lines, including the germination percentages (GPs) of the whole spikes and thrashed seeds, as well as their seed coat
permeability. (a) Profile of seeds in the T1-T3 generations. (b) GP in whole spikes and threshed seeds of OE lines (T3 generation) and WT plants. (c) GP of
threshed seeds of OE and WT lines 1-7 d after imbibition (DAI). (d) The GPs were 55.1% and 38.5% lower in the OE lines than in the WT for threshed
seeds and whole spike, respectively. (e) Seed coat permeability assumed to be associated with color was assayed by eye. Note: u>2.58 (99% confidence

interval); HAI, hours after imbibition. SD, error bars given in the graphs.
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The integrated transcriptomic and metabolomic analysis
revealed changes in the concentrations of both flavonoids and
abscisic acid (ABA) in OE lines compared with WT lines. To
uncover the variance in grain color and germination between
WT and OE lines, we assayed the expression of genes related to
flavonoid and ABA biosynthesis and the accumulation of these
compounds by RNA-sequencing (RNA-seq), high-performance

1
Glyceraldehyde-3-p :
I

New
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liquid chromatography (HPLC), and electrospray ionization
triple quadrupole linear ion-trap tandem mass spectrometry
(ESI-QTRAP-MS/MS) (Fig. 4). The expression levels (TPM) of
Myb10-D were 63.19 and 34.21 in the OE lines at 5 DPA and
10 DPA, respectively, while no expression was detected in the
WT (Table S8). Genes involved in the methyl-erythritol phos-
phate (MEP) and flavonoid pathways, which determine the
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Fig.4 Myb10-D regulates the biosynthesis of flavonoids and abscisic acid (ABA) via the methyl-erythritol phosphate (MEP) and flavonoid pathways in
wheat (Triticeae aestivum). The details of expression for ABA2, ABA3, AAO and NCED in the MEP pathway, and CHS, CHI, F3H, F3'H, ANS, DFR, GT,
MT and UFGT in flavonoid pathway are provided in Supporting information Table S8. The accumulations of flavonoid 3-glucosyl isorhamnetin (> 100x),
tricin (> 100x), salcolin B (> 100x), nicotiflorin (4.68x), narcissin (4.28x), quercetin (2.45x), rutin (2.41x), cynaroside (2.04x), and ABA (2x) increased

(Table S9). SD, error bars given in the graphs.
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biosynthesis of flavonoids and ABA (Shirley ez 2/, 1995; Milbor-
row, 2001), exhibited positive correlations between metabolite
and transcript accumulation in the OE lines. Myb10 was previ-
ously described as the R-1 gene, a seed-specific gene that regulates
flavonoid metabolites by promoting the expression of genes
(PAL, FLS, CHS, CHI, F3H, GT, DFR, ANS, F3 H and UFGT)
in the biosynthetic pathways (Himi & Noda, 2005; Lai et al,
2013). In this study, eight genes in the flavonoid biosynthesis
pathway (CHS, CHI, F3H, GT, DFR, ANS, F3 H and UFGT)
were upregulated in the OE lines (Table S9). Four genes in the
MEDP biosynthesis pathways (440, NCED, ABA3 and SDR) with
upregulated expression patterns similar to that of Myb10-D were
detected. The accumulation of ABA increased one-fold in the
seeds from OE compared to WT. And the deeper grain color in
the OE lines resulted from the significantly higher biosynthesis of
flavonoid 3-glucosyl isorhamnetin, tricin, salcolin B, nicotiflorin,
narcissin, quercetin, rutin, and cynaroside (Fig. 3a). The observed
increases in both ABA and flavonoids, as well as the upregulation
of associated genes, in Myb10-D OE lines, indicated that Myb10-
D also regulates genes in the ABA biosynthetic pathway. The
genes associated with flavonoids have been well studied. Thus, we
selected AAO, NCED, ABA3 and SDR for a more in-depth exam-

ination.

Myb10-D controls germination by positively regulating
NCED transcription

The expression levels were confirmed by qPCR except for AAO
whose expression was similar to WT (Figs 5a, S6a). Then 2 kb
promoter region of NCED, ABA3, and SDR was found to carry
cis-elements highly similar to the consensus Myb binding sec-
ondary wall MYB-responsive element (SMRE) of ACC(A/T)A
(A/C)(T/C) and ACC(A/T)ACC(A/C/T) (Grotewold et al.,
1994; Zhong & Ye, 2012) (Fig. 5b). To verify possible binding,
we carried out an EMSA (Fig. 5¢). The Pcold-Myb10-D fusion
protein could bind to fluorescently labeled DNA probes contain-
ing binding motifs but failed to bind to mutant probes. This
binding was not detected under incubated with His protein
(without Myb10-D protein). To further examine the specificity
of the binding, WT competitors and mutated competitors were
introduced. The binding affinities of ABA3 and NCED gradually
decreased with increasing concentrations of WT competitor
probes but were not affected by mutated competitor probes
(Figs 5¢c, S6b). Adding Myb10-D protein caused reduced gel
migration of ABA3 and NCED, indicating the formation of a
DNA-protein complex. However, no significant difference was
detected for AAO or SDR.

We used a dual-luciferase reporter (DLR) system to identify
how  Mybl0-D  affects the expression of ABA3
(TraesCS7A02G269200) and NCED (TraesCS6B02G298800
with 98% identity to 72NCED, GenBank: KP0900105). Coex-
pression of a construct containing the Myb10-D full-length cod-
ing sequence with the NCEDpro:LUC reporter (Fig. 5d) led to
significantly higher luciferase (LUC) expression in 35Spro:
Myb10-D than in the 35Spro control from both N. benthamiana
(P=0.004) (Fig.5¢) and Arabidopsis

leaves protoplasts
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(P=0.000) (Fig. 5f), but no significant difference was detected
for ABA3pro:LUC (Fig. S6¢). This result corroborates that
Myb10-D directly binds to the SMRE at —192 to —199bp in
the NCED promoter and functionally activates its expression.

The interaction between Myb10-D and the NCED promoter
was confirmed by a yeast one-hybrid assay (Fig. 5g). The pro-
moter of NCED was inserted into the pAbAi vector (Clontech,
Japan) and transformed into the Y1H strain. The NCED pro-
moter was not activated without protein binding. Yeast contain-
ing Myb10-D exhibited normal growth under 400 ngml ™'
aureobasidin A (AbA). In contrast, the growth of the negative
control cells containing the empty vector was inhibited, which
indicated that Myb10-D could directly bind to the promoter of
NCED. Collectively, these results support that Myb10-D pro-
motes ABA synthesis, repressing germination by positively regu-
lating NCED transcription.

Discussion

We have demonstrated that Myb10-D determines PHS resis-
tance by using five complementary approaches: (1) fine map-
ping of PHS-3D that explains up to 42.5% of PHS variation
in a 24 Mb PAV region; (2) an assessment of the variation
of PHS-3D and its association with PHS resistance (about
40% lower GP with PHS-3D than those without it in glob-
ally-sourced wheat germplasms); (3) detection of the mecha-
nism by which Mybl10-D causes the PHS-3D effect by
integrated genomic and transcriptomic analyses; (4) phenotyp-
ing of plant metabolomic phytohormones, transcriptomes, and
germination in transgenic lines (38.5-55.1% lower GP in OE
than that in WT lines); and (5) characterization of the role
of Myb10-D in promoting NCED in ABA biosynthesis.
PHS-3D, located in a PAV region, was hard to characterize
by regular fine mapping and map-based cloning strategies
until recent developments in the omics technology of wheat.
Plant genome structural variations, including copy number
variations, presence and absence variations, inversions, and
translocations, can be beneficial, neutral, or deleterious to the
plant (Saxena et al, 2014). In the wheat pangenome project,
there were 81070 & 1631 genes and an average of 128 656
genes in each of 18 elite cultivars compared with CS, and
only 2/3 genes shared by all cultivars (Montenegro et al,
2017). Here, we uncover a new case in which the important
agronomic traits grain color and PHS among wheat lines are
affected by PAV. We found that the dual function Myb10-D
is in a 24 Mb PAV region on 3DL, where unequal crossing
over occurred among repetitive LTR TEs with high sequence
similarity at the breakpoints (Fig.1). Because of this large
PAV, analyzing the relationship between grain color and ger-
mination is difficult without further recombinational events in
bi-parental linkage mapping studies. This is the reason that
we have known about the relationship between grain color
and germination for more than 100yr, but it has been chal-
lenging to uncover the mechanism and to breed white-grained
PHS resistant cultivars. Our results indicate the strategy of
the white grained PHS resistant wheat cultivar breeding using
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white-grained wheat landrace (Tuotuomai/Totoumai) with
Myb10-D is PHS resistant (Table S2). We will check the vari-

ation of the downstream genes associated with the flavonoids
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pathway in the white dormancy landrace Tuotuomai in the
future. This kind of germplasm will be a useful resource for

white-grained wheat breeding (Chen ez al, 2008; Zhu er al.,
2014; Zhou et al., 2017).

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation



New
Phytologist

Fig.5 Myb10-D binds to the secondary wall MYB-responsive element (SMRE) in the NCED promoter and induces its expression in wheat (Triticeae
aestivum). (a) The expression profiles of Myb10-D (left) and NCED (right) 5-30 DPA as detected by RNA-seq and gPCR. (b) Schematic diagram of the 9-
cis-epoxycarotenoid dioxygenase (NCED) promoter structure. The SMRE element is —192 to —199 bp away from the ATG of NCED
(TraesCS6B02G298800). (c) Electrophoretic mobility shift assay (EMSA) of Mb70-D with probes containing the binding motifs in the promoters of NCED.
The presence (+) or absence (-) of specific probes is indicated. (d) Schematic diagram of various effector and reporter constructs of NCED. (e) Dual-
luciferase assay of Myb70-D in the promoters of NCED in Nicotiana benthamiana leaves. (f) Significant differences (Student's ¢-test: *, P <0.05) detected
in N. benthamiana leaves and Arabidopsis protoplasts. Firefly luciferase (LUC) activity was normalized to the Renilla luciferase (REN) activity (as an internal
control). Values are means + SD from three independent replicates for each construct. (g) Yeast one-hybrid analysis of the interaction of Myb70-D and the
NCED promoter. The promoter was used for autoactivation tests in the presence of different concentrations of aureobasidin A (AbA) on SD/-Ura medium,
and physical interaction was determined on SD/-Leu medium in the presence of corresponding AbA concentrations.

Myb10-D was significantly (P<0.001) associated with the
PHS resistance in wheat varieties and advanced lines (Wang
et al., 2016). However, it has been reported that red grain color
and seed dormancy can be separated by recombination (DePauw
& McCaig, 1983). The ability to separate these traits indicates
that grain color and dormancy may be only genetically linked
instead of controlled by the same gene (Warner et 4/, 2000). We
observed that in white-grained wheat, in which the 2.4 Mb
region on 3DL is absent, the grain is both lighter in color and
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germinates faster (Figs 1, 2). White-grained wheat is homozygous
for recessive Myb10-D, which could lead to both PHS resistance
and the red grain phenotype from red-grained wheat. Although
the Myb10-D in wheat and its D genome donor A. tauschii are
conserved, it is not present in 22 landraces from Turkey, Iran,
India, Nepal, Iraq, Pakistan, and Jordan, indicating that the dele-
tion could have occurred in the early stages of wheat cultivation.
Relatives of wild wheat—such as A. tauschii—are more dormant
(conferring PHS resistance) than domesticated wheat, indicating
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Fig. 6 Hypothetical working model of Myb10-D dependent regulation of grain color and germination mediated by flavonoids and abscisic acid (ABA) in
wheat (Triticeae aestivum). PAV, presence—absence variation; SMRE, secondary wall MYB-responsive element.
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that artificial selection has contributed to the reduction of dor-
mancy in modern wheat (Dong ez al., 2015; Volis, 2016; Zhang
et al., 2017). Likewise, white rice appears to show the domestica-
tion syndrome and remains under strong selection in most rice
breeding programs (Sweeney ez al., 2006). The fact that white-
grained wheat is ubiquitous suggests that the deletion also drove
the critical transition from the deep seed dormancy and asyn-
chronous germination observed in A. tauschii to the shallow and
uniform germination observed in wheat cultivars. However, it
also resulted in PHS susceptibility.

Our results indicate that Myb10-D regulates the transcription
levels of genes involved in the MEP and flavonoid pathways,
which regulate the biosynthesis of ABA and flavonoids, respec-
tively. Here, the synthesis of ABA and flavonoids was increased,
and seed coat permeability was decreased in the OF lines (Figs 3,
4). It has been shown that the presence of phenolic flavonoids
influences water uptake and may also hinder imbibition, while
barriers to water uptake owing to pigmentation may influence
dormancy (Huang ez al, 1983; Rathien er al, 2009). NCED
cleaves 9-cis-violaxanthin and 9'-cisneoxanthin to produce xan-
thoxin as a precursor of ABA and delay wheat seed germination
(Kende & Zeevaart, 1997; Tong ez al., 2016). In addition to reg-
ulating flavonoids, we found that Myb10 involves the ABA syn-
thesis by promoting NCED. Moreover, we will check the ABA
levels at more time points during seed development and after-
ripening by time-course experiments. We propose a hypothetical
working model for the Mybl10-D dependent regulation of
delayed seed germination (Fig. 6). In this model, Myb10-D regu-
lates the expression of genes in the flavonoid pathway and regu-
lates NCED by binding the SMRE in its promoter region,
ultimately affecting the concentrations of flavonoids and ABA.
Thus, the dual role Myb10-D can regulate both the grain color
and seed germination of wheat.
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