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Plant immunity often penalizes growth and
Archi 1 (IPAL) red ducti

yield. The transcription factor Ideal Plant

tillers and | grains per panicle, which

results in improved rice yield. Here we report that higher IPAl levels enhance immunity.
Mechanistically, phosphorylation of IPA1 at amino acid Ser'®* within its DNA binding

domain occurs in response to infection by the fungus M

iporthe oryzae and alters the

DNA binding specificity of IPAL Phosphorylated IPA1 binds to the promoter of the

pathogen defense gene WRKY45 and acti

its

. leading to

Xpi

resistance. IPAl returns to a nonphosphorylated state within 48 hours after infection,

resum!m; support of the growth needed for

hlgh yield. Thus, IPAl promotes both yield and

by a

lant growth is usually slowed by an active

immune response, resulting in yield pen-

altles for crops fighting pathogens (2, 2).

Plants without an active immune response

may grow faster but will easily succumb
to various diseases (3). Varlous proteins control
the growth-immunity trade-off. For example,
Arabidopeis BRASSINAZOLE-RESISTANT 1 (BZR1)
and HOMOLOG OF BRASSINOSTEROID EN-
HANCED EXPRESSION 2 (BEE2) INTERACT-
ING WITH [BH1 (HBI1) promote plant growth
but supp (4, 5). C ly, tran-
seription factors TLI-| BL\DIN(: FACTOR 1 (TBFI)
and WRKY45 enhance immunity but inhibit
plant growth (6, 7). Breeding practice has se-
lected crop varfetles with high yleld and disease
resistance. A better balance between growth and
immunity s supported by various genes, in-
duding a natural allele of the Sroad-Spectrum
Resistance-Digu 1 (Bsr-dl) transcription factor
(8); a chemically induced allede of Broad-Spectrum
Resistance-Kitaake 1 (Bsr-kT), which encodes an
RNA binding protein (9): a nucleotide-binding
oligomerization domain-like receptor (NLR) pair,
Pyricularia-Gumet Reststant and Pyricularia-
Gumet Susceptible (PigmR and Pigms) (10}, and

'State Key Laboratory of Mybed Rice, Key Laboratory of
Mayer Crop D and Calaborative ot ter dor
Hybnd Rce in Yan; River Bazin, Rice Research imstitute
Lr:,:mn- a Wenjang, Chengdu.
f.vcatn‘m of Plant Pathology and
of Caifornaa, L s, CA

com (XC.)
educn (IW.)

Wang et al., Science 361, 10263028 (2018)

growth and immunity.

an artificial, pathogen-inducible cassette con-
talning Nonexpressor of Pathogenesis-Related
genes 1 (NPRI) or snel (suppressor of nprl-1,
constitutive 1) (17). However, there are no re-
ports showing that a single protein can positively
promote yield and disease resistance.

Rice feeds half of the world's population; im-
proved yields would help sustain the food supply
needed for the growing world population. Grain
yield depends on the number of productive
tillers per plant, the number of grains per pan-
icle, and grain weight (12). The Ideal Plant
Architecture I (IPAT) gene encodes a SQUAMOSA
promoter binding protein-like (SPL) transcrip-
tion factor, also known as OsSPL14, which ac-
tivates yield-refated genes, including Dense and
Erect Panicle 1 (DEPT), leading to plants with
fewer unproductive tillers and more grains per
panide, supporting higher yield (23-15). The
tpal-1D allele carries a mutation at the miR156
and miR529 target sites, rel

s consistent with previous reports (I3). {pak-1D-
mediated yleld Increase is greater under blast
disease pressure, indicating that /PAI may also
improve resistance to M. orgeee. To test this hy-
pothesis directly, we generated IPAI overexpres-
slon [IPA1-green fluorescent protein (IPAX-GFP))
plants and plants with JPA7 expression reduced
by RNA interference (RNAI) (13). IPAT over-
expression lines showed enhanced resistance and
IPAI RNAI lines showed higher susceptibility to
multiple isolates of M. orpzae In both detached
leaves and spray-inoculated plants (Fig. 1, E to
G, and figs. 81 to $3).

Because /PAI RNA and protein levels do not
change upon M. oryzae infection (Fig. 24), we
investigated whether [PAI protein becomes phos-
phorylated in fpai-1D plants upon M. oryzae
infection. The phosphorylated [PAT protein was

d from hosphorylated IPAY in a gel
containing Phos-tag and detected with an IPA1
palycional antibody (Ab). Phosphoeylated IPA1
protein starts to accumulate at 3 hours post-
infection (hpi), peaks at 6 to 12 hpl, and then
suhsides to near normal levels within 48 hpi (Fig.
2B and fig S4). A conserved serine residue exists
among different SPL proteins and has been sug-
gested as a phosphorylation site necessary for the
transcriptional activity of SPL proteins (77). We
therefore generated a polyclonal Ab againsta 14—
amino acid peptide contalning phosphorylated
Ser™™ (S163-P) (fig. S5A). The Ab («lPAISISS-P)
recognizes 1PA] containing SI63-P [ IPAI(SIG3-P))
with high specificity. Changing S163 to alanine
(S163A), which removes the ability of [PA] to be
phosphorylated, abolished 1PA1 recognition
by alPAIS163-P (fig. S58). In samples from
M. oryeae-infected ipal-1D plants, el PAISIE3-P
detected an 1PA1 phosphorylation pattern sim-
flar to that detected by using Phos-tag, peaking
at 12 hpl with -3-fold enrichment of the IPA1
(S163-P) protein (Fig. 2C). Wild-type plants dis-
played a similar but weaker phosphorylation
response (-2-fold enrichment) upon M. oryzae
Infection (fig. $6). These results indicate that IPA1
S163 becomes phosphorylated upon M. oryzoe
infection in a manner similar to the overall phos-
phorylation pattern of IPAL

We next used chromatin immunoprecipltation

by miR156 and miR529 and leading lu higher
1PA] RNA and protein levels (13, 76). Though
ipal-1D plants have been demonstrated to have
10% higher yields in extensive fleld trials (13). it
was not known If the improved yleld would
persist when plants faced pathogen challenges.
We directly tested the yvield of ipal-10 plants
under challenge with Magnaporthe oryeae, which
causes the devastating rice blast disease. We con-
ducted field tests in three consecutive years by
using isogenic rice lines developed in two rice
varieties (R320 and R441) and found that épak-1D
plants R320%% and R4419" had yields 101
to 13.3% higher under normal fleld conditions
without blast disease and 30.7 to 48.2% higher
under high blast disease pressure than controls
R320 and R441, respectively (Fig. 1, A to D). The

g (ChlP-seq) to identify genes up-
regulated by IPAI In IPAI-GFP plants (15). We
found that d. lated genes, Todi

transcription factor WRKY4S, were up-regulated
(fig STA). WRKY4S s n.'qum\i for benzothiadiazole-

ducible and NLR prot diated

10 M. oryeae, and Its elevated expression enhances
resistance n rice (28, 19). Thus, elevated WRKY45
expression may mediate the enhanced pathogen
resistance in /PAT overexpression plants. Two SPL
binding sites containing GTAC sequences were
identified In the WRKY45 promoter (fig. STB).
As expected, probes carrying each of these two
sites bound to IPA1 in vitro and in vivo (fig. S7,C
and D). Overexpression of JPAJ in IPAI-GFP plants
increased WRKY45 expression (fig. STE). Indicat-
ing that IPAI activates the WRKY45 promoter.
Moveover, WRKY4S5 induction by M. oryene infec-

10 to 13% yield Increase under normal d

7 September 2018

P1: Science (2018) (#3341t

t—1k

thon was enh 1 in fpak1D plants bat reduced

lof3

&: FA%)



RESOURCE

Pan-genome analysis of 33 genetically diverse rice

accessions reveals hidden genomic variations

Peng Qin 2 ° = 9 11 Hao Wi 9 « Weilan Chen ? « Zhuo Chen *
Yan Li «Yi Liao « Qiang Gao « Bin Tu » Hua Yuan
Weitao Li » Jing Wang » Min He « Junjie Yin

ShiguiLi 2 '

Hongwei Lu ¢ « Huilong Du Qiang He

Shujun Ou « Hongyu Zhang « Xuanzhao Li » Xiuxiu Li
Bingtian Ma » Yuping Wang » Yangwen Qian « Shijun Fan
Show footnotes

Xuewei Chen Show less

1+ DOI: https://doi.org/10.1016/j.cell.2021.04.046

Ting Li » Ning Jiang Chengzhi Liang 2

Published: May 28, 2

& CelPress

Cell

Pan-genome analysis of 33 genetically diverse
rice accessions reveals hidden genomic variations

Peng Qin," “* Hongwei Lu,**? Hullong Du,**#“ Hao Wang,'“ Weilan Chen,’'“ Zhuo Chen,>>* Qiang He,* Shujun Ou,*
Hongyu Zhang, * Xuanzhao Li,* Xiuxiu Li,** Yan Li,” Yi Liao,” Qiang Gao,” Bin Tu,' Hua Yuan,' Bingtian Ma,’ Yuping Wang,'
Yangwen Qian,” Shijun Fan,' Weitao Li," Jing Wang,' Min He," Junjie Yin,’ Ting Li,’ Ning Jiang,” Xuewei Chen,'
Chengzhi Liang,* " and Shigui Li*- "%

1State Key Laboratory of Crop Gene
Chengdu, Sichuan, China

“State Key Laboratory of Plant Genomics, Institute of Genetics and Dx
Academy of Sciences, Beijing, China

and Utilization in

China, Rice Research Institute, Sichuan Agricultural University,

Biology, Academy for Seed Design, Chinese

SUni ity of Chinese Acad of Beijing, China
“School of Life Sci [ of Life and Green Dk Hebei University, Baoding. China
SDep. of E Evolution, and O Biology, lowa State University, Ames, IA, USA

SDepartment of Ecology and Evolutionary Biology, University of California, Irvine, Irvine, CA, USA
’Biogle Genome Editing Center, Changzhou, Jiangsu, China

SDepartment of Horticulture, Michigan State University, East Lansing, MI, USA

“These authors contributed equally
10_ead contact

*Correspondence: ginpengdsicau.ed

(P.Q), cliang@genetics.ac.cn (C.L), lishigui@sicau.edu.cn (S.L)
htt| ol.org/10.1016/].cell.2 5

SUMMARY

Structural variations (SVs) and gene copy number variations (gCNVs) have contributed to crop evolution,
domestication, and improvement. Here, we assembled 31 high-quality genomes of genetically diverse rice
accessions. Coupling with two existing assemblies, we developed pan-genome-scale genomic resources
including a graph-based genome, providing access to rice genomic variations. Specifically, we discovered
171,072 SVs and 25,549 gCNVs and used an Oryza glaberrima assembly to infer the derived states of SVs
in the Oryza sativa population. Our analyses of SV formation mechanisms, impacts on gene expression,
and distributions among subpopulations illustrate the utility of these resources for understanding how SVs
and gCNVs shaped rice environmental adaptation and domestication. Our graph-based genome enabled
genome-wide association study (GWAS)-based identification of phenotype-associated genetic variations
undetectable when using only SNPs and a single reference assembly. Our work provides rich population-
scale resources paired with easy-to-access tools to facilitate rice breeding as well as plant functional geno-
mics and evolutionary biology research.

INTRODUCTION

Structural variations (SVs) are a major source of genetic variation
(Weischenfeldt et al.. 2013). Increasing evidence from human
studies has supported that SVs are responsible for many well-
known human diseases (Weischenfeldt et al , 2013), and studies
in plants have implicated SVs in various phenotypes (Lye and
Purugganan. 2019). Identifying SVs based on short-read
sequencing data is difficult and unreliable (Sed ck et al

2078). It is therefore unsurprising that SV identification based
on long-read data is now becoming increasingly popular (Ho
), such as in human (Audano et al.. 2019) and plant
J 2020) research. This approach enables higher
sensitivity and accuracy for detecting SVs short-reads. How-
ever, even with these new long-read datasets, identification of

3542 Cell 184, 3542-3558, June 24, 2021 © 2021 Elsavier inc.

SVs located near repeat regions, or very large SVs, remains diffi-
cult (Ho et al., 2020).

F , owing to in high-quality genome assem-
bly, an increasing number of plant studies based on high-quality
assemblies have resolved SVs among a few accessions (Hulna

al., 20 Sun et al., 2018; Wang et al ; Yang et al
019b; Zhou et al.. 20719). However, because there are
few studies based on high-quality assembly at a population-
scale, it is difficult to know the true extent of genomic variation
in plants (Jayakodi et al., 2020; Liu et al., 2020; Song et al.,
2020; Wakowak et al., 2020), especially for gene copy number
variations (gCNVs), which were recognized as an important
source of f i ntial genetic 15 (Lye
and Purugganan, 2019). Thus. building a pan-genome based
on high-quality assemblies is desirable. One recent trend in

P2: Cell (2021) (AREH—1EE: £iR)
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SUMMARY

Rice feeds half the world's population, and rice
blast is often a destructive disease that results in sig-
nificant crop loss. Non-race-specific resistance has
been more effective in controlling crop diseases
than race-specific resistance because of its broad
spectrum and durability. Through a genome-wide
association study, we report the identification of a
natural allele of a C;H,-type transcription factor in
rice that confers non-race-specific resistance to
blast. A survey of 3,000 sequenced rice genomes
reveals that this allele exists in 10% of rice, sug-
gesting that this favorable trait has been selected
through breeding. This allele causes a single nucleo-
tide change in the promoter of the bsr-d7 gene,
which results in reduced expression of the gene
through the binding of the repressive MYB transcrip-
tion factor and, consequently, an inhibition of H;0,
degradation and enhanced disease resistance. Our
discovery highlights this novel allele as a strategy
for breeding durable resistance in rice.

INTRODUCTION

Despite the lack of a cellular immune system, plants share
with animals an innate immune system. Plants contain two
major innate immune resp : pathoge d molecu-
lar pattern (PAMP)-triggered immunity (PT1) (Boller and He, 2009)
and effector-triggered immunity (ET1) (Jones and Dangl, 2008).
The PTI response includes activation of MAP kinases, induction
of reactive oxygen species (ROS), deposition of callose, and in-
duction of pathogenesis-refated (PR) genes (Nimberger et al.,
2004). ROS burst an early r to pathogen

114 Cell 170, 114-1286, June 29, 2017 © 2017 Elsevier Inc.

Center for Plant Gene F

Institute of and D

attack by strengthening cell walls through cross-linking glyco-
proteins and by activating defense signaling components (Daudi
et al, 2012).

Pathogens deliver effectors into piant cells to inhibit the host
PTI response and/or to create a favoring host cell environment.
Plants have developed intracellular sensors encoded by resis-
tance (R) genes containing nucleotide-binding domain-leucine-
rich repeats (NBS-LRR) that perceive pathogen effectors directly
or indirectly leading to ETI1 (Jones and Dangl, 2006). ETl confers
strong resistance, including a hypersensitive response; how-
ever, the resistance is limited to a few races of the pathogen
and not durable because pathogen effectors evolve quickly
(Nirmberger et al., 2004). Because pyramiding R genes to com-
bat di: isan ly time-cc ing p , deploy-
ment of genes conferring broad-spectrum, durable resistance
is highly favored by breeders.

To date, only six genes conferring non-race-specific resis-
tance have been & in plants: is RPW8.2 (Xiao
et al, 2001), rice STVIT (Wang et al, 2014), and wheat
Lr34 and Yr36 (Fukuoka et al., 2009; Krattinger et al., 2009)
are dominant genes; rice pi21 (Fukuoka et al. 2009) and
barley mio (Biischges et al, 1997) act as recessive alleles.
Only three have their molecular mechanisms of action eluci-
dated. A is RPW8.2, to the plant extrahaus-
torial (EHM), the salicylic acid (SA)-depen-
dent defense response, leading to broad-spectrum resistance
against powdery mildew (Wang et al., 2008). Rice STV71, encod-
ing a sulf y the of salicylic acid
(SA) to sulphonated SA (SSA), leading to durable resistance to
rice stripe virus (RSV) (Wang et al., 2014). Wheat Yr36, encoding
a kinase-START protein, phosphorylates the thylakoid-asso-
ciated ol ' (tAPX) in cl plast, resulting in
broad-spectrum resistance to stripe rust (Gou et al, 2015).
Although some of these genes have been applied, their deploy-
ment to elite cultivars has been limited because of their close
linkage to t ltural traits. For wheat
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Reference genome assemblies reveal the origin
and evolution of allohexaploid oat
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Common oat (Avena sativa) is an important cereal crop serving as a valuable source of forage and human food. Although refer-
ence genomes of many important crops have been generated, such work in oat has lagged behind, primarily owing to its large,
repeat-rich polyploid genome. Here, using Oxford Nanopore ultralong sequencing and Hi-C technologies, we have generated a
reference-quality genome assembly of hulless common oat, comprising 21 pseudomolecules with a total length of 10.76 Gb and
contig NS0 of 75.27 Mb. We also produced genome assemblies for diploid and tetraploid Avena ancestors, which enabled the
identification of oat subgenomes and provided insights into oat chromosomal evolution. The origin of hexaploid oat is inferred
from whole-genome sequencing, chloroplast genomes and transcriptome assemblies of different Avena species. These findings
and the high-quality reference genomes presented here will facilitate the full use of crop genetic resources to accelerate oat
improvement.

is an important cereal crop cultivated worldwide and has

long been prized by consumers primarily because it is one of
the richest sources of protein, fat and vitamin B1 among all crops’.
In addition, oats are a widely grown cool-season annual forage spe-
cies, and represent a major source of high-quality forage for live-
stock globally’. Common oat belongs to the genus Avena in the
grass family Poaceae, and the genus comprises a polyploid series
of wild, weedy and cultivated species distributed across six conti-
nents’. The diploids have either the AA or CC genomes; the tet-
raploids mainly contain the AABB or CCDD (previously AACC)
genomes; all hexaploid species, including common oat, share the
same AACCDD genomic constitutions’. Due to the lack of genome
sequences from hexaploid oat and its close diploid and tetraploid
relatives, the phylogenetic history and divergence time among the
A, Cand D genomic lineages remain unclear. Polyploid plants often
have notable advantages in biomass production, vigor and adapt-
ability to environmental changes, contributing to the emergence of
important agronomic traits in food crops™*. Oat has good adapt-
ability to a wide range of climatic conditions, enabling oat to reliably

( :ommon oat (A. sativa L., 2n=6x=42, AACCDD genomes)

produce grains in marginal regions with harsh conditions. Therefore,
crop polyploidization plays an important role in next-generation
crop improvement to overcome food security challenges®. Many
genomes of commercially important crops have been sequenced
and assembled, which has improved the understanding of crop
evolutionary history and the development of efficient approaches
for selecting important traits”. Oat has lagged behind in this regard,
primarily due to the large genome" that contains highly repetitive
DNA sequences, and the fact that both the A- and D- subgenomes
are similar to the A-genome diploid and were difficult to distinguish
from one another in previous studies'’. Currently, relatively little is
known regarding the position and distribution of genes on each of
the oat chromosomes and their evolution during the polyploidi-
zation events that gave rise to the hexaploid species, which limits
the full and effective utilization of oat germplasm. With the recent
advances made by Oxford Nanopore Technologies (ONT), the ONT
system now offers ultralong sequence reads, delivering high conti-
guity with low assembly errors caused by long repetitive regions".
This technology has facilitated complete telomere-to-telomere
(T2T) genome assembly in various species, including Homo sapiens,
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