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Plants recognize pathogen-associated molecular patterns
(PAMPs) to activate PAMP-triggered immunity (PTI). How-
ever, our knowledge of PTI signaling remains limited. In this
report, we introduce Lumi-Map, a high-throughput platform
for identifying causative single-nucleotide polymorphisms
(SNPs) for studying PTI signaling components. In Lumi-Map, a
transgenic reporter plant line is produced that contains a
firefly luciferase (LUC) gene driven by a defense gene pro-
moter, which generates luminescence upon PAMP treatment.
The line is mutagenized and the mutants with altered lumi-
nescence patterns are screened by a high-throughput real-time
bioluminescence monitoring system. Selected mutants are
subjected to MutMap analysis, a whole-genome sequencing-
based method of rapid mutation identification, to identify
the causative SNP responsible for the luminescence pattern
change. We generated nine transgenic Arabidopsis reporter

Accession numbers: The accession numbers for Arabidopsis genes dis-
cussed in this article are ERFO19 (AT1G22810), HSI2/VAL1 (AT2G30470),
WRKY29 (AT4G23550), THOS (AT5G42920), FLS2 (AT5G46330), and
CDK8 (AT5G63610).

Current address of H. Takagi: Graduate School of Bioresources and Envi-
ronmental Science, Ishikawa Prefectural University, Nonoichi, Japan.

fCorresponding author: R. Terauchi; terauchi @ibrc.or.jp

Funding: Support was provided by the Gatsby Charitable Foundation to C.
Zipfel, Universitat Ziirich to C. Zipfel, Japan Society for the Promotion of
Science grant 15H05779 to R. Terauchi and grant 18H02204 to Y. Takano,
Schweizerischer Nationalfonds zur Forderung der Wissenschaftlichen
Forschung grant 31003A_182625 to C. Zipfel, H2020 European Research
Council grant 773153 to C. Zipfel, and Asahi Glass Foundation to Y.
Takano.

*The e-Xtra logo stands for “electronic extra” and indicates that supple-
mentary tables, supplementary figures, and supplementary materials are
published online.

The author(s) declare no conflict of interest.

D90 Copyright © 2020 The Author(s). This is an open access article
distributed under the CC BY-NC-ND 4.0 International license.

1366 / Molecular Plant-Microbe Interactions

lines expressing the LUC gene fused to multiple promoter se-
quences of defense-related genes. These lines generate lumi-
nescence upon activation of FLAGELLIN-SENSING 2 (FLS2)
by flg22, a PAMP derived from bacterial flagellin. We selected
the WRKY29-promoter reporter line to identify mutants in the
signaling pathway downstream of FLS2. After screening 24,000
ethylmethanesulfonate-induced mutants of the reporter line,
we isolated 22 mutants with altered WRKY29 expression upon
flg22 treatment (abbreviated as awf mutants). Although five
flg22-insensitive awf mutants harbored mutations in FLS2
itself, Lumi-Map revealed three genes not previously associated
with PT1. Lumi-Map has the potential to identify novel PAMPs
and their receptors as well as signaling components down-
stream of the receptors.

Keywords: Arabidopsis thaliana, elicitors, genetics and gene
regulation, high-throughput phenotyping, luciferase reporter, MAMPs,
MutMap, PAMP-triggered immunity, plant defense mechanisms,
receptor

To defend themselves against pathogens, plants must rec-
ognize them and activate appropriate immune responses. Initial
recognition of pathogens is mediated by pattern recognition
receptors (PRRs) localized at the plasma membrane that sense
pathogen-associated molecular patterns (PAMPs) (Boutrot and
Zipfel 2017). PAMP-triggered immunity (PTI) confers broad-
range resistance against pathogens (Boutrot and Zipfel 2017).
Flg22, a 22-amino-acid peptide derived from bacterial flagellin,
is one of the most extensively studied PAMPs in plants (Boller
and Felix 2009). Flg22 is recognized by the PRR FLAGELLIN-
SENSING 2 (FLS2), a leucine-rich repeat receptor kinase
(Gémez-Gomez and Boller 2000). FLS2 associates with the
coreceptor BRASSINOSTEROID INSENSITIVE 1-ASSOCI-
ATED RECEPTOR KINASE 1 (BAK1) and related SOMATIC
EMBRYOGENESIS RECEPTOR KINASES in an flg22-
dependent manner (Chinchilla et al. 2007; Heese et al. 2007;
Schulze et al. 2010; Sun et al. 2013). Among other receptor-like
cytoplasmic kinases, BOTRYTIS-INDUCED KINASE 1 as-
sociates with FLS2 (Lu et al. 2010; Zhang et al. 2010), and
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activates the NADPH oxidase RESPIRATORY BURST OXI-
DASE HOMOLOG PROTEIN D (RBOHD) upon PAMP
binding, which leads to the apoplastic production of reactive
oxygen species (ROS) in Arabidopsis (Kadota et al. 2014; L. Li
et al. 2014). PAMP-mediated ROS burst is also regulated by
Ca®"-dependent protein kinase-mediated phosphorylation
(Boudsocq et al. 2010; Dubiella et al. 2013). Mitogen-activated
protein kinase (MAPK) cascades involving MPK3 and MPK6
are also activated and control PTI signaling at multiple levels
(Rasmussen et al. 2012). Upon PAMP perception, several
transcription factors involved in defense gene regulation, in-
cluding those belonging to the WRKY and ethylene responsive
factor (ERF) families, are phosphorylated and activated by
MAPKSs (Birkenbihl et al. 2017; Rasmussen et al. 2012).
However, a complete molecular picture of the signaling net-
works regulating the rapid reprogramming of immunity-related
genes remains elusive.

Forward genetic approaches have been extensively used to
identify PTI signaling components. The elfI8-insensitive mu-
tants, impaired in ROS production after elf18 treatment, in-
cluded mutants of proteins involved in endoplasmic reticulum
(ER) quality control (J. Li et al. 2009; Nekrasov et al. 2009).
Boutrot et al. (2010) isolated 21 flagellin-insensitive (fin) mu-
tants showing alterations in flg22-induced ROS burst, identi-
fying mutants including finl (corresponding to FLS2), fin2
(BAK1), fin3 (a mutant of EIN2 which encodes a central reg-
ulator of ethylene-mediated signaling) (Boutrot et al. 2010),
and fin4 (a mutant in the gene encoding aspartate oxidase)
(Macho et al. 2012). Ranf et al. (2012) screened mutant lines of
Arabidopsis with an aequorin reporter transgene which showed
changes in calcium elevation after flg22 treatment, resulting in
the isolation of 35 changed calcium elevation (cce) mutants
(Ranf et al. 2012). In Arabidopsis seedlings, sucrose-induced
flavonoid accumulation is repressed upon exposure to different
PAMPs (Saijo et al. 2009; Serrano et al. 2012). Using this
readout, more than 50 priority in sweet life (psl) mutants were
isolated, including mutants in several genes involved in ER
quality control (Lu et al. 2009; Saijo et al. 2009) as well as psi6,
an allele of ein2 (Tintor et al. 2013). Monaghan et al. (2014)
performed a screen of mutants in the Arabidopsis bakl-5
background (modifier of bak1-5 [mob]) to identify mutants that
restored PAMP-triggered ROS production. This screen identi-
fied the allelic mobl and mob2 mutants in CPK28 (Monaghan
et al. 2014) as well as mob6, a mutant of the gene encoding
SITE-1 PROTEASE that controls the cleavage of the endoge-
nous peptide RAPID ALKALINIZATION FACTOR 23 to
regulate PTI signaling (Stegmann et al. 2017). Furthermore, F. Li
et al. (2014) reported a screening system named “Arabidopsis
genes governing immune gene expression” (aggie), in which
the promoter of FLG22-INDUCED RECEPTOR-LIKE KINASE
I (FRK1I) was fused with the firefly luciferase (LUC) gene and
its induction after flg22 treatment was monitored with a
luminometer. This system identified two mutants: aggiel, a
mutant of RNA POLYMERASE 11 C-TERMINAL DOMAIN
PHOSPHATASE-LIKE 3 (F. Li et al. 2014), and aggie2, a
mutant of POLY(ADP-RIBOSE) GLYCOHYDROLASE 1, re-
vealing that protein poly ADP-ribosylation plays a role in de-
fense gene expression (Feng et al. 2015). These previous
forward genetics studies of PTI signaling all involved con-
ventional map-based cloning or a combination of map-based
cloning and whole-genome sequencing (WGS).

Real-time bioluminescence monitoring of an organism with a
reporter transgene driven by a promoter of interest is a powerful
tool suitable for large-scale analyses. In this approach, gene
expression is monitored in real time with high sensitivity and
accuracy in a nondestructive manner. By taking advantage of
this platform, 35 Arabidopsis circadian rhythm mutants were

isolated after screening 100,000 seedlings for expression of an
LUC gene fused to the promoters of GIGANTEA and FLOW-
ERING LOCUS T, which show circadian expression. This study
resulted in the successful isolation of PHYTOCLOCKI, an es-
sential component of the Arabidopsis circadian clock (Onai and
Ishiura 2005; Onai et al. 2004).

Recent developments in next-generation sequencing (NGS)
technologies is accelerating the WGS-based identification of
mutations underlying interesting phenotypes. MutMap is one
such WGS-based technique (Abe et al. 2012). In MutMap, a
mutant is crossed to the original wild-type line and propagated
until F, progeny are obtained. DNA from 20 to 30 F, progeny
displaying the mutant phenotype are pooled and subjected to
WGS. The resulting NGS short reads are aligned to the refer-
ence genome sequence of the wild-type line. A genomic region
aligned to short reads with a higher frequency of single-
nucleotide polymorphisms (SNPs) points to the position of the
causative mutation responsible for the phenotype. MutMap can
identify the causative SNP in a mutant in a single WGS run,
allowing for rapid and low-cost mutation identification.

In this report, we demonstrate Lumi-Map, which combines
automated real-time luciferase bioluminescence monitoring for
the high-throughput screening of mutants with MutMap to
identify causative mutations involved in PTI signaling (Fig. 1).
We generated nine Arabidopsis reporter lines that respond to
the flg22 treatment. A screen of 24,000 Arabidopsis mutant
lines with a transgenic LUC gene driven by the WRKY29 gene
promoter resulted in the isolation of 22 mutants with altered
WRKY29 expression upon flg22 treatment (awf mutants). The
subsequent application of MutMap enabled the identification of
mutated genes responsible for five mutants potentially involved
in PTL

RESULTS

Generation of transgenic Arabidopsis reporter lines.

We generated Arabidopsis LUC reporter lines with promoters
from nine genes (Supplementary Table S1) potentially involved
in defense responses (Asai et al. 2002; Denoux et al. 2008; He
et al. 2006; Navarro et al. 2004; Zipfel et al. 2004, 2006). Real-
time bioluminescence monitoring revealed that these lines
under liquid culture exhibited different luminescence patterns
after treatment with flg22 (Fig. 2). Four lines (WRKY29,
WRKY18, WRKY28, and RBOHD) showed a transient induction
of luminescence followed by suppression, whereas three
(PALI, Atlg51890, and At2g17740) showed an induction fol-
lowed by a lasting expression, and the rest (PR4 and ERFI)
showed gradual increase in luminescence over the time.

Screening Arabidopsis mutants affected in flg22-induced
WRKY29 expression.

From among the nine reporter lines, we focused on the
WRKY29 reporter line to establish Lumi-Map because previous
studies indicate its role in defense response; expression of
WRKY29 is induced during flg22-triggered PTI (flg22-PTI)
(Asai et al. 2002; Eulgem et al. 2000) and overexpression of
WRKY29 in Arabidopsis enhances resistance to Pseudomonas
syringae pv. maculicola (Asai et al. 2002). WRKY29 tran-
scription is also known to be regulated by defense-related
MAPKSs such as MPK3 and MPKG6 in Arabidopsis (Asai et al.
2002). In addition, WRKY29 reporter showed a quick and
transient response against flg22 treatment and also exhibited a
clear signal-to-noise ratio (Supplementary Fig. S1). We used
the WRKY29 promoter sequence (—1,931 to —1) (Serrano et al.
2007) to establish a high-throughput method for monitoring
gene expression during flg22-PTI. The homozygous Arabi-
dopsis reporter line carrying the Pygxy20::LUC transgene was
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named W29-1-4 (Supplementary Fig. S1A), which showed a
transient induction of luciferase-mediated bioluminescence
under liquid culture after flg22 treatment (Supplementary Figs.
S1B and S2). A similar result was obtained from the in-
dependent transgenic line W29-114A, which carried the same
Pywriy20::LUC reporter gene, although the level of bio-
luminescence differed (Supplementary Fig. S1B). We also ex-
amined the level of WRKY29 mRNA during PTI by quantitative
reverse-transcription PCR (qRT-PCR) after flg22 treatment.
This qRT-PCR result was overall consistent with the bio-
luminescence data from the W29-1-4 reporter line after treat-
ment with flg22 (Supplementary Fig. S1C), indicating that it is
possible to monitor WRKY29 transcription levels by the
bioluminescence.

To identify mutants showing altered response to flg22, we
prepared ethylmethanesulfonate (EMS)-mutagenized seed of
the W29-1-4 reporter line and screened 24,000 M, seedlings
with a high-throughput, real-time, bioluminescence monitoring

system following flg22 treatment (Fig. 1). In total, we isolated
263 candidate awf mutants and confirmed their biolumines-
cence phenotypes in M3 progeny. We selected plants showing
less than 50% or more than 200% of the maximum bio-
luminescence level of the original reporter line as candidate
mutants. For a subset of mutant lines, M3 seed could not be
obtained due to abnormal growth or infertility. Mutant lines
with significantly smaller seedlings than the parental line were
excluded from further analysis. Finally, 22 awf mutants, in-
cluding 18 with lower and 4 with higher bioluminescence than
the wild type, were isolated (Fig. 3; Supplementary Fig. S3;
Table 1). Among the high-luminescence awf mutants, awf21
showed a slightly delayed induction (Fig. 3D).

Classification of the awf mutants.

The isolated awf mutant lines may have mutations in the
signaling pathway specific to flg22 perception by FLS2 or in a
pathway shared by several PAMPs. To address this question, we

Generation of Arabidopsis reporter line
expressing LUC gene driven by a defense
gene promoter

!

- EMS-mediated mutagenesis

M2

|

Mutant screening
by high-throughput
bioluminescence monitoring

- Screening of PTl-related mutant
showing altered response to flg22
+ Confirmation of phenotype in M3

|

mutants

|

» Crossing with parental line
+ Obtaining F2 by selfing

Phenotype analysis of
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* Selection F2 plant
showing mutant phenotype
by bioluminescence monitoring

A4

Sequencing of bulked DNA

A large-scale
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PTl-related mutants
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causal gene (or locus)
by MutMap

v

MutMap analysis

* Identification of causal SNP
+ Genetic complementation assay

Fig. 1. Diagram of the Lumi-Map method. A WRKY29 reporter strain (W29-1-4) was mutagenized with ethylmethanesulfonate (EMS) and M, progeny were
obtained. Mutant screening was performed by bioluminescence monitoring of flg22-treated M, seedlings. PTI = pathogen-associated molecular pattern-
triggered immunity. M, seedlings that showed a mutant bioluminescence phenotype were propagated to M3, and mutants with altered WRKY29 expression
upon flg22 treatment (awf mutants) were then chosen after confirmation of the bioluminescence phenotypes. Identification of the causal gene was performed by
MutMap. The awf mutants were crossed to the parental reporter line (W29-1-4) and F, progeny were selfed to obtain the F,. F, plants were treated with flg22
and their bioluminescence phenotypes were monitored. DNA of F, plants showing mutant phenotypes were subjected to whole-genome sequencing followed
by MutMap analysis to identify causal single-nucleotide polymorphisms (SNPs).
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studied the responses of awf mutants to two other PAMPs:
elf18, derived from bacterial elongation factor Tu (EF-Tu), and
chitin, a component of fungal cell walls. For both PAMPs, the
cognate PRRs have been isolated: EF-TU RECEPTOR for
elf18 and LYSIN MOTIF RECEPTOR KINASE 5 acting to-
gether with CHITIN ELICITOR RECEPTOR KINASE 1 for
chitin (Cao et al. 2014; Miya et al. 2007; Wan et al. 2008; Zipfel
et al. 2006). Similar to its response to flg22 treatment, the W29-
1-4 reporter line showed a transient induction of biolumines-
cence following elf18 and chitin treatment (Supplementary Fig.
S2). Therefore, we treated the awf mutants with elf18 and chitin
and grouped them based on their response to the three different
PAMPs.

The low-bioluminescence mutants were classified into four
groups depending on their responses to flg22, elf18, and chitin
(Fig. 4A). Five mutants (awf3, awf4, awf7, awf9, and awfl8)
showed no induction of bioluminescence after flg22 treatment,
while induction after elf18 and chitin treatment was not sig-
nificantly altered (group I). Three mutants (awfI1, awfi2, and
awfl7) showed low bioluminescence induction after flg22
treatment, while the induction by elf18 and chitin was unaltered
(group II). Three mutants (awf6, awf13, and awf16) showed low
bioluminescence induction after both flg22 and elf18 treatment
but normal induction by chitin (group III). The remaining seven
mutants (awfl, awf2, awfS, awf8, awfl0, awfl4, and awfl5)
showed low bioluminescence induction against all three
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Fig. 2. Bioluminescence patterns of nine Arabidopsis reporter lines after treatment with flg22. Eight-day-old seedlings of transgenic Arabidopsis plants
harboring pWRKY29-LUC, pWRKY18-LUC, pWRKY28-LUC, pRBOHD-LUC, pPALI-LUC, pPR4-LUC, pERFI-LUC, pAtlg51890-LUC, and pAt2g17740-
LUC were treated with water (green) or 0.5 uM flg22 (blue). Bioluminescence from each seedling was monitored with a real-time bioluminescence monitoring
system at the indicated time points. Data are shown as mean + standard error from at least seven seedlings per treatment.
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PAMPs tested (group IV). All four mutants with a higher bio-
luminescence level after flg22 treatment (awf19, awf20, awf21,
and awf22) showed higher bioluminescence levels after elf18
and chitin treatments as well (Fig. 4B).

Isolation of FLS2 mutants.

FLS2 is the PRR for flg22 (Gémez-Gémez and Boller 2000).
In the fIs2 mutant, PTI responses such as ROS production and
MAPK phosphorylation do not occur following flg22 treatment
(Asai et al. 2002; Felix et al. 1999). Five awf mutants showed
no response after flg22 treatment (group I) (Fig. 4A), which led
us to ask whether these mutants had mutations in the FLS2 gene
itself. The coding region of FLS2 was amplified from genomic
DNA from the group I mutants (awf3, awf4, awf7, awf9, and
awf18) by PCR and sequenced. Nucleotide substitutions were
detected in the FLS2 gene in all five group I mutants (Fig. 5).
Although they were independently isolated from different M,
pools, awf3, awf7, and awf9 all shared the same mutation in the
kinase domain of FLS2 (G1042E). Further DNA sequencing of
selected regions of genomes of the mutants revealed that awf3
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and awf7 are identical, presumably caused by contamination of
seed, whereas awf9 is different from them (Supplementary
Table S2). Complementation experiments confirmed that the
flg22-insensitive phenotype of awf4, awf9, and awfI8 were
caused by loss of FLS2 function (Supplementary Fig. S4).
Thus, we conclude that mutants showing no bioluminescence
activation after flg22 treatment but with unaltered responses to
other PAMPs are fIs2 mutant alleles. The identification of FLS2
mutants in our genetic screen suggests that the real-time bio-
luminescence monitoring platform allows uncovering PTI-
related genes, including those encoding PRRs.

MutMap identifies causative genomic regions
of awf mutants.

We first applied MutMap (Abe et al. 2012) to three awf
mutants (awfl, awf2, and awf9) that showed no or low bio-
luminescence induction after flg22 treatment. The awf9 mutant
containing a mutation in fIs2 (Fig. 5) was included as a positive
control. We crossed each mutant to the W29-1-4 reporter line
and obtained F; seed. The resulting F, plants were self-pollinated
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Fig. 3. Bioluminescence patterns of mutants with altered responses to flg22 treatment. Eight-day-old seedlings of the wild type (W29-1-4) (WT) and mutants
treated with water or 0.5 uM flg22. Bioluminescence from each seedling was monitored with a real-time bioluminescence monitoring system at the indicated
time points. Data are shown as mean + standard error from at least 14 seedlings per treatment. Experiments were conducted three times with similar results. A,
A low-bioluminescence mutant with altered WRKY29 expression upon flg22 treatment (awf mutant), awfl. B, A low-bioluminescence mutant, awf2. C, A no-
response mutant, awf9. D, A high-bioluminescence and peak time-altered mutant, awf21.
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and their F, progeny were treated with flg22 and monitored for
bioluminescence activation. We observed segregation of the
wild-type and mutant flg22-induced bioluminescence pheno-
types in an approximate 3:1 ratio (Supplementary Fig. S5;
Supplementary Table S3), suggesting that all three mutants
were caused by single-locus, recessive mutations. Following
the MutMap procedure, we pooled DNA from 30 F, individuals
displaying the mutant phenotype. For MutMap analysis of low-
bioluminescence awf mutants, we used 30 F, individuals
showing the lowest bioluminescence at the peak time after
flg22 treatment (Supplementary Fig. S5). Equal amounts of leaf
material were obtained from each individual and mixed to-
gether, and DNA was extracted from this mixture. This pooled
DNA was subjected to WGS using an [llumina NGS platform.
We obtained 25 to 30 million sequence reads from each of the
three mutants (Supplementary Table S4). These reads were
aligned to the W29-1-4 reference sequence (average read
depth: 25.1, range of read depths: 13.8-45.1) (Supplementary
Table S4) and SNPs were identified. For each genomic position
containing an SNP, the frequency of short reads containing
SNPs different from the reference (SNP index) was calculated
and graphs relating SNP positions to SNP indices were gener-
ated for the five Arabidopsis chromosomes (Fig. 6; Supple-
mentary Table S5). For all three mutants, we identified single
genomic regions harboring a cluster of SNPs with an SNP index
> 0.95; awfl showed an SNP-index peak on chromosome 1,
whereas awf2 and awf9 had SNP-index peaks on chromosome 5
(Fig. 6). The position of the SNP-index peak of awf9 exactly
corresponded to the location of FLS2 (SNP-18794926 in
chromosome 5). These results demonstrate that Lumi-Map
(bioluminescence monitoring combined with MutMap) rapidly
and effectively identifies the position of causative mutations for
mutants with altered responses to flg22 treatment.

Among the other 11 low-bioluminescence mutants that seem
to be non-fls2 mutants, we extended MutMap to four other
mutants (awf5, awf8, awfl4, and awfl6). We observed segre-
gation in the F, individuals (Supplementary Fig. S5; Supple-
mentary Table S3). We then pooled DNA from 30 F, mutant
progeny and subjected this DNA to MutMap. In all four cases,
we identified single genomic regions with SNP-index peaks:

awf5 and awf14 showed SNP-index peaks on chromosome 5,
whereas awf8 and awf16 had SNP-index peaks on chromosome
2 (Supplementary Fig. S6). Of the seven low-bioluminescence
mutants applied to MutMap, none of the loci identified by
MutMap overlapped (Fig. 6; Supplementary Fig. S6), sug-
gesting that different mutations are responsible for the observed
phenotypes.

We also performed MutMap on awfl9 and awf2l, which
showed higher bioluminescence upon flg22 treatment and ob-
served segregation in the F, between plants with wild-type and
higher bioluminescence levels (Supplementary Fig. S5; Supple-
mentary Table S3). For MutMap analysis of high-bioluminescence
awf mutants, we used 30 F, individuals showing the highest
bioluminescence at the peak time after flg22 treatment (Sup-
plementary Fig. S5). MutMap identified a single genomic re-
gion harboring an SNP-index peak on chromosome 5 for awf19
and chromosome 1 for awf21 (Supplementary Fig. S6).

Identification of the causative mutations
of selected awf mutants.

To identify the candidate causative SNPs in the genomic
region with a peak of SNP-index plot, we selected mutations
fitting to the following criteria: (i) mutations with stronger ef-
fects (mutation causing stop codon > mutation causing amino
acid substitution > mutation in the promoter region or un-
translated region), (ii) mutations proximal to the peak of the
SNP-index plot, and (iii) mutations with SNP-index values
close to 1. For the awfI mutant (group IV), we examined SNPs
with an SNP index > 0.95 in detail (Supplementary Table S6).
One SNP, SNP-8074904, was a nonsense mutation located in
ERFO019 (AT1G22810) changing a Trp residue to a stop codon
(Fig. 7A and B; Supplementary Table S6). The ERF family in
Arabidopsis consists of 12 groups and ERF019 is a member of
group Ilc (Nakano et al. 2006). A class IIc ERF in rice, SERF1,
is reported to be involved in ROS signaling during salt stress
response (Schmidt et al. 2013). Therefore, we hypothesized that
the nonsense mutation in ERFO0I9 underlies the awf/ mutant.
To test this hypothesis, we carried out a complementation assay
by transforming the awfI mutant with wild-type ERF019 under
the control of its native promoter. Bioluminescence following

Table 1. Mutants with altered WRKY29 expression upon flg22 treatment (awf mutants) and their bioluminescence phenotypes

Mutant Reporter Generation Type?® Bioluminescence (%) n
awfl Pwriy29::LUC M5 Low 125+7.3 24
awf2 Pwriy29::LUC M5 Low 28.8 7.6 23
awf3 Pwriy20::LUC M5 Low, N 25+0.8 13
awf4 Pwriy29::LUC M5 Low, N 33+07 21
awfs Pwriy29::LUC M5 Low 9.1 £4.5 19
awf6 Pwriy29::LUC M5 Low 46.2 £ 16.5 21
awf7 Pwriy20::LUC M5 Low, N 3.1+1.1 18
awf8 Pwriy29::LUC M5 Low 29.1 £12.3 16
awf9 Pwriy29::LUC M5 Low, N 3215 22
anIO PWRKYZQZ:LUC M5 Low 269 = 7.0 22
awfl1 Pywriy20::LUC M5 Low 97+44 21
awfl2 Pwriy29::LUC M5 Low 44.4 £20.2 14
awfl3 Pwriy29::LUC M5 Low 453 £ 16.5 21
awfl4 Pwriy20::LUC M5 Low 25.0 + 10.5 7
awfl5 Pwriy29::LUC M5 Low 363+ 153 23
awfl6 Pwriy29::LUC M5 Low 20.6 £ 16.9 18
awfl7 Pwriy20::LUC M5 Low 21.1£13.2 9
awfl8 Pwriy29::LUC M5 Low, N 1.8+0.3 17
awfl19 Pwriy29::LUC M5 High 245.1 £ 70.7 20
awf20 Pwriy29::LUC M5 High 3188 £ 1174 24
awf2l Pwriy29::LUC M5 High, P 292.8 +72.6 14
awf22 Pwriy29::LUC M5 High 230.8 = 77.0 18

2 N = induction was not observed after treatment and P = pattern alteration.

® Maximum bioluminescence at peak time. Bioluminescence of mutants are shown as percentages of the wild type (W29-1-4). Values are shown as average +

standard error.
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flg22 treatment was restored in the complemented trans- Using such complementation experiments, we also validated

formants (Fig. 7C; Supplementary Fig. S7A). Thus, MutMap the causative mutation in the awf2 mutant (group IV) within
successfully identified SNP-8074904 as the causative mutant of THOS (AT5G42920), a member of the protein family “sup-
the awf1 phenotype. pressors of the transcription defects of hpr/A mutants by
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Fig. 4. Classification of mutants with altered WRKY29 expression upon flg22 treatment (awf mutants) by their responses to different pathogen-associated
molecular patterns. Eight-day-old mutant seedlings were treated with 0.5 uM f1g22, 0.5 uM elf18, or chitin at 1 mg/ml. Response to the three elicitors was
monitored with a real-time bioluminescence monitoring system. Bioluminescence at the peak time is shown as percentage of the wild type (W29-1-4) (WT).
Data are shown as peak mean + standard error from at least seven seedlings per treatment. A, Low-bioluminescence mutants were classified into four groups:
group I = mutants with no response to flg22, group II = mutants showing low bioluminescence induction after flg22 treatment, group III = mutants showing low
bioluminescence induction after flg22 and elf18 treatment, and group IV = mutants showing low bioluminescence induction after flg22, elf18, and chitin
treatment. B, Mutants with increased bioluminescence induction after elicitor treatment.
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overexpression-transcription and export” (THO/TREX) (Fig.
7D to F; Supplementary Fig. S7B), the awf5 mutant (group IV)
within CYCLIN-DEPENDENT KINASE 8 (CDKS8) (AT5G63610)
(Fig. 7G to I; Supplementary Fig. S7C), and the awfl6 mutant
(group III) within HIGH-LEVEL EXPRESSION OF SUGAR-
INDUCIBLE 2 (HSI2)/VIVIPAROUS1/ABA INSENSITIVE3-
LIKE] (VALI) (AT2G30470) (Fig. 7J to L; Supplementary
Fig. S7D). These results demonstrate that applying MutMap to
mutants isolated by bioluminescence monitoring successfully
identifies causative mutations. MutMap analysis of other awf
mutants did not narrow down a single candidate but exhibited
multiple candidates; thus, we did not attempt complementation in
this study. To further test whether the mutants belonging to the
same group (Fig. 4) have mutations in the identical genes, we
performed Sanger sequencing of group III mutants (awf6 and
awf13) as well as group IV mutants (awfI10 and awf15) for the
coding regions of ERFO0I9 (group IV), THOS (group 1V), and
HSI2/VALI (group III) genes. In these four awf mutants, we could
not find any mutation in the three genes, indicating that awf6,
awfl3, awfl0, and awfl5 mutants were not caused by mutations in
the coding regions of ERFO019, THOS, or HSI2/VALI.

A FLS2
LRR

Gene expression in the selected mutants, awf1, awf2,
and awf16.

We selected the three mutants awf] (erf019-1), awf2 (tho5-
1), and awf16 (hsi2-6) for further characterization. We included
awf4 (fls2) as a control and excluded awf5 (cdk8-3) because
CDKS8 has already been shown to be involved in antibacterial
and antifungal defense in Arabidopsis (J. Huang et al. 2019;
Zhu et al. 2014). Before proceeding, we confirmed expression
of the WRKY29 gene after flg22 treatment in the mutants by
qRT-PCR (Fig. 8A; Supplementary Fig. S8) at the 8-day-old
seedling stage as used for bioluminescence measurement. In
awf1 (erf019-1) and awf16 (hsi2-6), the expression of WRKY29
showed a clear reduction which is in line with the reduction in
bioluminescence. However, in the awf2 (tho5-1) mutant, we
found that the level of WRKY29 transcript was not altered,
which was inconsistent with the results of bioluminescence and
gRT-PCR of LUC transcript (Figs. 3 and 8A; Supplementary
Fig. S8). We hypothesize that the regulatory elements inter-
acting with the promoter sequence of WRKY29 (-1,931 to 1)
(Serrano et al. 2007) used for driving LUC were, indeed, af-
fected by the rho5 mutation. However, it is possible that
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Fig. 5. Mutations in FLS2. A, Domain structure of FLS2 (LRR = leucine rich repeats, TM = transmembrane, and CT = C-terminal region). B, Confirmation of
mutations in FLS2 by Sanger sequencing. Red boxes indicate that mutations in mutants with altered WRKY29 expression upon flg22 treatment (awf mutants)
awfl8, awf4, and awf3, awf7, and awf9 have the same mutation as awf3 (G1042E). C, Bioluminescence of mutants with mutations in FLS2. Eight-day-old
seedlings of the wild type (W29-1-4) (WT) and mutants were treated with 0.5 uM flg22. Bioluminescence from each seedling was monitored with a real-time
bioluminescence monitoring system. Data are shown as mean =+ standard error from at least 13 seedlings per treatment. Experiments were conducted three
times with similar results.
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additional mechanisms are involved in controlling the endog- with flg22. Genes awf1 (erf019-1), awf2 (tho5-1), and awf16

enous WRKY29 transcript level (see Discussion). (hsi2-6) showed ROS generation patterns after flg22 treatment

similar to wild-type Col-0 plants and the W29-1-4 reporter line
PAMP-induced apoplastic ROS production and WRKY29 (Supplementary Fig. S9). These results indicate that the mu-
gene expression can be uncoupled. tants tested here have no alternations in the pathway leading to

After PAMP perception by PRRs, PTI signaling branches, early ROS generation after flg22 treatment. As expected, awf4
one pathway led to ROS production and the other to MAPK (fls2) did not show flg22-induced ROS generation.
activation (Segonzac et al. 2011; Xu et al. 2014). The awf

mutants were isolated by screening for mutants with alterations MAPK activity was not affected in awf1, awf2, and awf16.

in WRKY29 promoter induction, which is reported to be regu- We also tested activation of MAPK after elicitation of
lated by MAPK signaling (Asai et al. 2002; Eulgem et al. seedlings of awfl (erf019-1), awf2 (tho5-1), and awf16 (hsi2-6)
2000). To test whether these mutants also have alterations in the as well as awf4 (fls2) mutants after flg22 treatment (Supple-

ROS pathway, we performed a ROS assay by treating leaves mentary Fig. S10). The awfl awf2, and awf16 mutants showed
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Fig. 6. Application of MutMap to mutants with altered WRKY29 expression upon flg22 treatment (awf mutants) awfl, awf2, and awf9. Single-nucleotide
polymorphism (SNP)-index plots of the five chromosomes (chr) of Arabidopsis generated by MutMap analysis, showing a genomic region with the highest
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Fig. 7. Genetic complementation of low-bioluminescence mutants. Genetic complementation of mutants with altered WRKY29 expression upon flg22
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MAPK activation, presumably of MPK6 (approximately 47 kDa),
MPK3 (approximately 43 kDa), and MPK4 (approximately
38 kDa) (Frei dit Frey et al. 2014; Ranf et al. 2011), similar to
the wild-type W29-1-4 reporter, whereas the awf4 (fls2) mutant
showed no MAPK activation after flg22 treatment, as expected
(Supplementary Fig. S10).

ERFO019, THOS, and HSI2 regulate plant immunity.

To test whether the genes identified in this study indeed
regulate Arabidopsis immunity, we challenged 5-week-old
plants of the mutants with P. syringae pv. tomato DC3000. We
found that awfl (erf019-1), awf2 (tho5-1), and awfl6 (hsi2)
were more susceptible to P. syringae pv. tomato DC3000 than
the wild-type W29-1-4 reporter line (Fig. 8B), and their sus-
ceptibility was comparable with that of the awf4 (fIs2) mutant.
These results indicate that the identified genes are involved in
the basal resistance against P. syringae pv. tomato DC3000. We
also tested WRKY29 expression after flg22 treatment in 5-
week-old plants by qRT-PCR (Supplementary Fig. S11). At
60 min after elicitation, WRKY29 expression was lower in all
three awf mutants whereas, at 180 min after elicitation, there
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Fig. 8. Pathogen-associated molecular pattern-triggered immunity anal-
ysis in mutants with altered WRKY29 expression upon flg22 treatment
(awf mutants) awfl, awf2, and awf16. A, Quantitative reverse-transcrip-
tion PCR analysis of WRKY29 gene expression in awf mutants. Eight-day-
old seedlings of the wild type (W29-1-4) (WT), awfl (erf019-1), awf2
(tho5-1), awf4 (fls2), and awf16 (hsi2-6) were treated with 0.5 uM flg22.
Gene expression values of WRKY29 are relative to the EF/o house-
keeping gene (Ar1g07920) and were normalized to the untreated WT
seedlings. Values are shown as mean + standard error (SE). Experiments
were conducted twice with similar results. B, Enhanced susceptibility of
awfl, awf2, and awfl6 mutants to Pseudomonas syringae pv. tomato
DC3000. Five-week-old plants of the WT (W29-1-4), awfl (erf019-1),
awf2 (tho5-1), awf4 (fls2), and awfl6 (hsi2-6) were inoculated with P.
syringae pv. tomato DC3000 (inoculation dose, optical density at 600 nm
= 0.01). Bacterial titers were determined 3 days postinoculation. Values
are mean + SE (n = 6). Asterisks indicate significant differences com-
pared with leaf bacteria of WT (*** indicates P < 0.001; two-tailed ¢
tests).
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was no significant WRKY29 downregulation observed for awf2
(tho5-1) and awf16 (hsi2-6) (Supplementary Fig. S11).

DISCUSSION

Real-time bioluminescence monitoring for the study
of PTI signaling.

Here, we used Lumi-Map to successfully identify known and
novel PTI signaling components. The major advantage of using
real-time bioluminescence monitoring for gene expression
studies is that it enables high-throughput analysis of gene ex-
pression kinetics in a highly sensitive and quantitative manner
over longer (approximately 24-h) time periods (Kondo and
Ishiura 1994; Onai et al. 2004). By comparing bioluminescence
induction patterns, mutants that alter the transcriptional regu-
lation of the reporter gene can be rapidly identified. In previous
reports, two aggie mutants were isolated using a pFRKI:LUC
reporter Arabidopsis strain (Feng et al. 2015; F. Li et al. 2014).
In this screen, bioluminescence was observed at only one time
point after elicitation using a conventional luminometer, and
map-based cloning was employed to identify the causative
mutations.

To identify clock genes in diverse organisms, Ishiura and
colleagues have developed a series of automated devices for
high-throughput real time monitoring of bioluminescence
(Kondo and Ishiura 1994; Kondo et al. 1994; Okamoto et al.
2005a,b,c; Onai et al. 2004). Using one of these devices, they
succeeded in identifying the gene PHYTOCLOCKI, which is
essential for the Arabidopsis circadian clock (Onai and Ishiura
2005; Onai et al. 2004), thereby demonstrating the power of this
phenotyping platform. In the current study, we employed the
same device (see Materials and Methods) to address PTI
signaling.

Identification of novel genes involved in PTI responses.

We identified ERFO019 as a gene that regulates WRKY29 gene
expression during flg22, elf18, and chitin PTI responses (awfI
in group IV) (Figs. 4 and 7). This gene is also involved in basal
resistance to P. syringae pv. tomato infection (Fig. 8). It was
recently reported that ERF019-overexpressing Arabidopsis also
showed increased susceptibility against P. syringae pv. tomato
infection (P. Y. Huang et al. 2019). In Arabidopsis, ERFs have
been implicated in plant defense responses. Knockdown of
some ERFs by RNAi enhanced susceptibility to P. syringae pv.
tomato (Zhang et al. 2015, 2016). ERF6 is phosphorylated by
MPK3 and MPK6 during Botrytis cinerea infection (Meng
et al. 2013). ERF104 is reported to be involved in the flg22-
mediated signaling pathway (Bethke et al. 2009). Thus, it is
possible that ERF0I9 regulates the transcription of WRKYs,
including WRKY29, in the MAPK pathways responding to
bacterial infection. However, the erf019 mutant showed normal
ROS production and MAPK activation after flg22 elicitation
(Supplementary Figs. S9 and S10), suggesting that ERFO19
functions downstream of ROS signaling and the MAPK
cascade.

From the mutants showing low bioluminescence after flg22
treatment, we identified the awf2 mutant (group IV) with a
defect in the THOS gene (Figs. 3, 4, 6, and 7). THOS is also
involved in basal resistance against P. syringae pv. tomato in-
fection (Fig. 8B). However, our qRT-PCR of endogenous
WRKY29 mRNA did not reveal downregulation after flg22
elicitation (Fig. 8A; Supplementary Fig. S8). We hypothesize
that this discrepancy of the results may be explained by the
promoter sequence used to drive LUC gene, which was a 1.9-kb
fragment (-1,931 to —1) (Serrano et al. 2007) upstream of the
WRKY29 gene start codon. The possible regulatory elements
binding to this 1.9-kb fragment may have been affected by



THOS (Fig. 3; Supplementary Fig. S8). However, the endoge-
nous WRKY29 gene expression may be regulated by additional
cis elements located beyond the 1.9-kb region, and interactors
to such elements may have masked the effect of tho5 that was
observed with a shorter promoter used to drive LUC. THOS is a
member of THO/TREX family, which is involved in mRNA
transport and microRNA synthesis (Francisco-Mangilet et al.
2015; Sgrensen et al. 2017; Yelina et al. 2010). Therefore, it
could be also possible that tho5 mutation may have altered the
posttranscriptional regulation of WRKY transcripts. Future
work is required to understand this discrepancy. This observa-
tion poses a caveat for reporter analysis that we have to use a
sufficiently long promoter sequence to drive the LUC gene to
faithfully monitor the expression of the target gene.

We also identified a mutation in HSI2/VALI as causative for
the awf16 mutant (group III) (Figs. 4 and 7). A mutation in
HSI2/VALI was previously identified as causative for an
Arabidopsis sugar response mutant, where it seems to function
as a transcriptional repressor (Tsukagoshi et al. 2005). It also
functions as a transcriptional repressor in flowering and
drought stress response (Questa et al. 2016; Sharma et al.
2013), demonstrating that it plays a role in diverse processes in
Arabidopsis. It will be interesting to study whether HS12/VALI
impinges on flg22 and elf18 signaling pathways through tran-
scriptional repression.

The flg22/FLS2 pathway is the best characterized PTI path-
way; many genes involved in this pathway have been described.
Arabidopsis mutants defective in ROS production following
flg22 treatment have been previously studied (Boutrot et al.
2010), resulting in the isolation of the ethylene-signaling protein
EIN2 and aspartate oxidase (Boutrot et al. 2010; Macho et al.
2012). However, the genes identified in the current study
(ERFO019, THOS, and HSI2/VALI) did not overlap with the genes
previously isolated in the flg22/FLS2 pathway, and are not in-
volved in early ROS generation or activation of the MAPK
cascade after flg22 perception by FLS2 (Supplementary Figs. S9
and S10). These results indicate that the genes isolated in the
current study function downstream of the ROS and MAPK
pathways. The reason that we did not recover bakl mutants in
our screen may be because we removed mutants with reduced
sizes from our consideration. Indeed, most loss-of-function bakl
mutations are known to cause plant size reduction (Chinchilla
et al. 2007; Wierzba and Tax 2016).

Here, we developed Lumi-Map to rapidly identifying genes
potentially involved in the downstream signaling of PTI (Fig.
1). The advantage of Lumi-Map resides in its ability to monitor
real-time gene expression kinetics of the genes. Large-scale
application of Lumi-Map could enable the identification of the
full repertoire of signaling components linking a cell surface
receptor to a reporter gene. For this purpose, we have already
generated Arabidopsis LUC reporter lines with promoters from
nine genes exhibiting different response patterns to flg22 (Fig.
2) and are going to enlarge the repertoire, which will be freely
available to the research community. A subset of reporter lines
showed transient induction and repression (WRKY29, WRKY18,
WRKY28, and RBOHD), whereas others exhibited persistent
and complex expression patterns over the time (PALI,
Atlg51890, At2g17740, PR4, and ERFI) (Fig. 2). The mutants
in the former should be useful to isolate PRR genes and neg-
ative regulators of the early signaling cascade. As shown by the
identification of fIs2 in our screen using the WRKY29 reporter
line, mutants that are nonresponsive to a specific PAMP are
likely mutated in the gene encoding the cognate PRR. This
result suggests Lumi-Map as a potentially powerful platform to
identify novel PRR-encoding genes and their downstream
signaling genes using various PAMPs or microbial extracts as
input signals. The reporter lines showing persistent and

complex expression patterns after elicitation would allow the
identification of mutants with various kinetics patterns that may
enable us to address how divergent signal inputs are regulated
in the downstream signaling network.

MATERIALS AND METHODS

Plant materials and growth condition.

Arabidopsis thaliana (ecotype Col-0) seed were used for the
construction of all transgenic lines. Surface-sterilized seed of
Arabidopsis were incubated at 4°C in the dark for 2 days and
grown on Murashige and Skoog (MS) medium (Murashige and
Skoog 1962) containing 1.5% (wt/vol) sucrose and 0.8%
(wt/vol) agar at 23°C in light. For seed propagation, we grew
Arabidopsis plants on MS agar media for 10 to 14 days before
transferring to soil at 23°C in continuous light from white
fluorescent lamps at a light intensity of 57 umol m2s™".

Molecular cloning.

We confirmed the nucleotide sequences of all constructs
using standard DNA manipulation and sequencing techniques.
Primers used in this study are listed in Supplementary Table S7.

The Pyriy20::LUC reporter gene cassette consisted of the
Arabidopsis WRKY29 promoter (Pyrxy20; —1,931 to—1) (Serrano
et al. 2007), the coding region of a modified firefly LUC gene
(LUC"; Promega Corp, Madison, WI, U.S.A.), and Tyos. The
Pywriy20::LUC reporter gene cassette was inserted into pBIB-
HYG (Becker 1990) with Sall and Kpnl. Reporter gene cas-
settes for eight other reporter lines were constructed using the
promoter sequences of the respective genes (Supplementary
Table S1).

For complementation of awfl, a 4.0-kb fragment containing
the ERFOI19 gene and its native promoter was amplified and
inserted into pBI101 with BamHI and Sacl by In-Fusion HD
Cloning Kit (Takara Bio, Shiga, Japan). For awf2, awf5, and
awf16, a 5.2-kb fragment containing THOS, a 4.4-kb fragment
containing CDKS, and a 6-8 kb fragment containing HSI2/VALI,
respectively, were amplified and inserted into pBI101 with Sall
and Sacl. For awf4, awf9, and awfl8, a 5.1-kb fragment con-
taining FLS2 was amplified and inserted into pBI101 with Sall
and Sacl.

Plant transformation.

Agrobacterium tumefaciens floral dip was used to transform
plants, with minor modifications (Clough and Bent 1998). We
used A. tumefaciens strains LBA4404 or GV3101::pMP90
(Koncz and Schell 1986; Weigel and Glazebrook 2002). For
constructs in pBIB-HYG, hygromycin B-resistant T; plants
were selected and grown using standard techniques. We se-
lected T, plants that showed a 3:1 segregation ratio for both
hygromycin B resistance and bioluminescence, suggesting that
they contained a single T-DNA, and obtained T; plants from
these selected plants. These T3 plants were selected as homo-
zygous by lack of segregation for hygromycin B resistance and
bioluminescence. Bulk T4 seed were generated from the se-
lected Tj plants. For transformation with pBI101-derived vec-
tors, kanamycin was used for selection.

Measurement of bioluminescence response.

The bioluminescence response of seedlings treated with
flg22 was performed as follows. Surface-sterilized seed were
incubated at 4°C in the dark for 2 days and sown into wells of a
96-well microplate (Luminunc Plates White F96; Thermo
Fisher Scientific K.K., Tokyo, Japan) containing 150 pl of half-
strength liquid MS medium containing 0.5% sucrose and
50 uM D-luciferin-K (Biosynth, Naperville, IL, U.S.A. or
Promega Japan, Tokyo, Japan) and germinated in continuous
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light. After 7 days, seedlings were treated with 0.5 uM flg22
(GenScript, Piscataway, NJ, U.S.A.), 0.5 uM elf18 (Life
Technologies Japan Ltd., Tokyo, Japan), or chitin (NA-COS-Y;
Yaizu Suisan Kagaku Industry Co., Ltd., Shizuoka, Japan) at
1 mg/ml, and 96-well plates were sealed with a plate seal (Excel
Scientific, Victorville, CA, U.S.A. or Plate Seal T, Sanplatec
Corp., Osaka, Japan) instead of a plastic cover.

Bioluminescence from each well was measured automati-
cally using a commercially available automated bioluminescence
monitoring system (model CL96-4; Churitsu Electric Corp.,
Nagoya, Aichi, Japan) with a robotic plate conveyor (model CI-
08L; Churitsu Electric Corp.). Bioluminescence data were ana-
lyzed using commercially available software (SL00-01; Churitsu
Electric Corp.).

Mutagenesis of W29-1-4 reporter line and
mutant screening.

Approximately 8,000 T, seeds from the W29-1-4 reporter line
were mutagenized by treatment with 0.3% (vol/vol) EMS (Merck
KGaA, Frankfurter, Darmstadt, Germany) for 15 h at 25°C. M,
seed were collected and grouped into six pools, each of which
contained seed from approximately 1,300 M, plants. Approxi-
mately 4,000 seedlings from each M, pool were screened for an
altered bioluminescence response following flg22 treatment.

WGS of nine awf mutant lines (Supplementary Table S8)
showed that our EMS mutagenesis resulted in 1,000 to 1,500
nucleotide substitutions incorporated per line. If we extrapolate
1,000 SNPs per line to the total 24,000 lines screened, we
expect 24,000,000 SNPs in the 24,000 lines. In the arbitrary 1-
kb region of the Arabidopsis genome (135 Mb), we expect
approximately 178 SNPs, on average, after screening all of the
lines (178 = 24,000,000 [135 Mb/1 kb]). This figure suggests
that the majority of the genes of Arabidopsis genome has been
mutated by our condition of EMS mutagenesis.

In M, screening, we assayed the bioluminescence response
from seedlings treated with 0.5 uM flg22 using a high-
throughput real-time bioluminescence monitoring system
(Churitsu Electric Corp.) equipped with Electron Multiplying
Charge-Coupled Device image sensors (Andor Japan, Tokyo,
Japan), essentially as described by Kondo and Ishiura (1994).

Generation of F, progeny and WGS.

To generate the F, progeny used for bulk sequencing, each
mutant was crossed to the W29-1-4 reporter line (the parental
line of the mutants) and the resulting F; progeny were self-
pollinated to produce F, seed. Bulk DNA for MutMap analysis
was prepared from equal amounts of 30 F, mutant individuals.
For WGS, DNA samples were extracted from young leaves with
the DNeasy Plant Mini Kit (Qiagen K.K., Tokyo, Japan). We
prepared 11 sequence libraries for WGS: the WRKY29 reporter
line T3_W29-1-4 and awf3 (read length; 75 bp, paired-end se-
quencing [PE]) and awfl, awf2, awf5, awf8, awf9, awfl4, awf16,
awf19, and awf21 mutant lines (150 bp, PE). Sequence libraries
for PE short reads were constructed using an Illumina TruSeq
DNA LT Sample Prep Kit (Illumina K.K., Tokyo, Japan). The
libraries were sequenced on a HiSeq high-output (150 bp, PE),
NextSeq500 (75 bp, PE), or MiSeq (75 bp, PE). WGS data has
been deposited with the DNA Data Bank of Japan BioProject
under PRIDB6767. WGS of the 10 independent mutants in-
dicated that each line had 1,470 + 266 (mean + standard de-
viation; range 944 to 1,795) SNPs relative to the W29-1-4, the
wild-type reporter strain (Supplementary Table S8).

MutMap analysis.

The W29-1-4 reference sequence was constructed by replac-
ing nucleotides in Col-0 with those of W29-1-4 at the 581 SNP
positions identified by aligning 3.4 Gb of Illumina W29-1-4
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short reads to the Col-O reference genome (EnsemblePlants
Arabidopsis thaliana TAIR10 release-36), as previously de-
scribed (Takagi et al. 2015).

[lumina short reads generated from the bulked DNA samples
were filtered by Phred quality score and aligned to the W29-1-4
reference sequence using BWA (Li and Durbin 2009). Alignments
were converted to SAM/BAM files using SAMtools (H. Li et al.
2009), and low-quality SNPs were excluded with a Coval filter
(Kosugi et al. 2013). Additionally, SNPs that were detected by self-
alignment of the parental W29-1-4 short reads to the W29-1-4
reference sequence were judged to be spurious and were excluded
from the analysis. SNP index was calculated at all SNP positions
with Coval (Kosugi et al. 2013). All steps were automatically
processed using the MutMap_v1.4.5 pipeline. The mutation re-
sponsible to the given phenotype should have SNP index = 1.
However, sometimes NGS short reads contain sequence errors and
they may cause SNP index < 1. Also, there is a possibility that
wild-type F, plants were erroneously included in the mutant bulk,
which may cause SNP index < 1. Therefore, we sought the caus-
ative SNPs from the SNPs showing SNP index being close to 1.

RNA extraction and gRT-PCR.

Gene expression assays were performed on 8-day-old seed-
lings and 5-week-old mature leaves. Seedlings and leaves were
treated with 0.5 uM flg22 for 60 or 180 min and frozen in liquid
nitrogen. Total RNA was extracted using the RNeasy Plant Mini
kit (Qiagen K.K.) according to the manufacturer’s instructions.
The RNA samples were treated with TURBO DNase (Thermo
Fisher Scientific K.K.). cDNA was synthesized using ReverTra
Ace (Toyobo, Osaka, Japan). The qRT-PCR was performed as
previously described by Kobayashi et al. (2017). Gene EFloa
(At1g07920) was used as internal control. Primers used for
quantitative PCR for EFla (Jung et al. 2009), WRKY29 (Hsu
et al. 2013), FRKI (He et al. 2006), CYP81F2 (At5g57220), and
LUC are listed in Supplementary Table S7.

Bacterial inoculation assay.

Inoculation was performed as previously described by
Jelenska et al. (2010), Yamada et al. (2016), and Zhang et al.
(2017), with some modifications.

Briefly, P. syringae pv. tomato DC3000 was preincubated in
King’s B (KB) liquid medium with rifampicin at 50 pg/ml at
28°C overnight and incubated 4 to 6 h at 28°C. Freshly grown
bacteria from KB liquid medium with 50 pg of rifampicin per
milliliter were used to prepare the inoculum. After washing with
10 mM MgSO,, the inoculum was resuspended in 10 mM
MgSO, containing 0.01% (vol/vol) Silwet L-77 to a final optical
density at 600 nm = 0.01 and subsequently sprayed on 5-week-
old Arabidopsis. Inoculated plants were kept in a box covered
with plastic for 3 days. Two leaf discs from four or five in-
dependent plants were pooled and serially diluted with 10 mM
MgSQO,. Each dilution was plated on Luria-Bertani agar medium
containing antibiotics and incubated at 28°C for 2 days.
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