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Abstract The Ragged leavesl (Rgl) maize mutant fre-
quently develops lesions on leaves, leaf sheaths, and ear
bracts. Lesion formation is independent of biotic stress.
High-level accumulation of H,O, revealed by staining Rg/
leaves, with 3’,3’-diaminobenzidine and trypan blue, sug-
gested that lesion formation appeared to be due to cell
death. Rgl was initially mapped to an interval around
70.5 Mb in bin 3.04 on the short arm of chromosome 3.
Utilizing 15 newly developed markers, Rg/ was delimi-
tated to an interval around 17 kb using 16,356 individuals
of a BCI segregating population. There was only one gene,
rp3, predicted in this region according to the B73 genome.
Analysis of transcriptome data revealed that 441 genes
significantly up-regulated in Rg/ leaves were functionally
over-represented. Among those genes, several were
involved in the production of reactive oxygen species
(ROS). Our results suggested that lesions of Rg/ maize
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arose probably due to an aberrant rust resistance allele of
Rp3, which elicited the accumulation of ROS independent
of biotic stress.

Introduction

Plant mutants that spontaneously develop patches of dead
cells in the absence of stress, pathogen attack or injury are
defined as lesion-mimic mutants, because their phenotypes
are similar to disease symptoms or pathogen-induced
hypersensitive response (HR) cell death. These mutants
were first reported in maize (Hoisington et al. 1982) and
later in many other plants, including barley (Rostoks et al.
2006; Wolter et al. 1993), Arabidopsis (Dietrich et al. 1994;
Greenberg and Ausubel 1993; Greenberg et al. 1994), rice
(Mori et al. 2007; Qiao et al. 2010; Wu et al. 2008), and
wheat (Li and Bai 2009; Yao et al. 2009). These mutants,
particularly those with HR (Lorrain et al. 2003), are
important tools for dissecting the genetics of programmed
cell death (PCD) in plants. In recent years, studies in a
variety of plants suggested that the lesions produced by
lesion-mimic mutants resemble HR, because of the
involvement of disease-resistance and defense-related
genes in the formation of lesions (Johal et al. 1995).
A number of lesion-mimic alleles have been cloned and
characterized, including splli, spl7, Spl18, and Spl28 in
rice (Zeng et al. 2004; Yamanouchi et al. 2002; Mori et al.
2007; Qiao et al. 2010); mlo and necl in barley (Wolter
et al. 1993; Rostoks et al. 2006); and Les22 and LlsI in
maize (Hu et al. 1998; Gray et al. 1997).

In maize, except to lesion-mimic mutants that have
already been cloned, the mechanisms of lesion formation
for several lesion-mimic mutants remain largely unknown.
For example, Rg/, which was initially identified from a
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single plant growing in a block of sweet corn hybrids at the
Agricultural Experiment Station in Madison, Wisconsin in
1927, frequently causes “spontaneous” necrosis on leaves,
leaf sheaths, and ear bracts, which resembles the lesion-
mimic phenotype. Brink and Senn (1931) first reported that
Rgl was controlled by a single dominant gene and linked
with rassel seed4 and dwarf5 located on maize chromo-
some 3; Rgl lesions occur not only on the leaf blades, but
also on the leaf sheaths and ear bracts, while the roots and
stems of Rgl plants show no developmental or anatomical
differences from the control. Lesions formation results
from cytolysis of mesophyll cells (Mericle 1950). Bongard-
Pierce et al. (1996) found that the appearance of these
lesions was correlated with the loss of epicuticular wax. In
a small population of 427 individuals, Rg/ was found to be
completely linked with Rp3, which conditions race-specific
resistance to Puccinia sorghi (Sanz-Alferezet al.1995). The
Rp3 locus is a complex locus at which at least six different
haplotypes occur (Rp3A—Rp3F) conferring different resis-
tance specificities to eight Puccinia sorghi biotypes
(Wilkinson and Hooker 1968). In most Rp3-carrying lines,
the locus was composed of at least nine nucleotide-binding
site-leucine rich repeat (NBS-LRR) gene family members
(Webb et al.2002). In this study, the phenotype of the Rg/
was further characterized. A high-resolution genetic map
was constructed using a large BC1 segregating population.
Finally, the Rg/ was delimitated to a small interval (17 kb
in the reference B73 genome). There was only one gene,
(Rp3) predicted in this region in B73 genome suggesting
Rg1 was likely a novel Rp3 allele. Transcriptome analysis
revealed that Rg/ triggered the accumulation of ROS,
which then induced HR including, the up-regulation of
defense-related genes and the production of antimicrobial
compounds.

Materials and methods
Plant materials and growth conditions

The Rgl mutant was obtained from the Maize Genetics
Cooperation Stock Center. For fine mapping, the Rgl
mutant was grown at Shang Zhuang Experimental Station
of China Agricultural University for phenotype observa-
tion. It was back-crossed one or more times into a B73
genetic background to generate a backcross population.

A BC3 segregating population was grown to determine
when the lesion-mimic phenotype appeared and whether
lesions in Rg/ mutants formed independent of biotic stress
under aseptic conditions. BC3 segregating population seeds
were sterilized with 20 % bleach for 30 min, rinsed three
times in sterile water, and germinated on MSO medium
containing 0.3 % phytagel in an autoclaved glass bottle.
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Plants were grown until lesions formed in a greenhouse
with a temperature range from 22 °C (night) to 28 °C (day)
and 16-h light/8-h dark (Yin et al. 2000).

Scanning electron microscopy

The BC3 segregating population was grown in a climate
chamber. When the fourth leaf was not fully expanded, but
the lesions emerged, the fourth leaf was excised from Rg/
and the control plants and immediately observed under
scanning electron microscopy (TM3000, Hitachi) to
determine the number and morphology of stoma in the
epidermis.

Histochemical analysis

Leaves for 3/,3’-diaminobenzidine (DAB) and trypan blue
staining were collected from a BC3 segregating population
grown for 3 weeks. Hydrogen peroxide was detected using
the DAB staining method as described previously with
some modification (Li et al. 2005). Five centimeter leaf
sections were excised from the fourth leaf of each plant.
The cut ends of the leaves were immersed in water with
DAB at 1 mg/ml and adjusted to pH 3.8 to dissolve the
DAB. Leaves were then incubated in the growth chamber
for an additional 8-h period to allow DAB uptake and
reaction with H,O, and peroxidase. For fixation, 3-cm
segments cut from the center of inoculated leaves were
bleached in 75 % ethanol and then heated for 10 min. The
leaf segments were afterward transferred into 50 % glyc-
erol for storage or 10 % glycerol for microscopic analysis.
Trypan blue staining was done as previously described
(Bowling et al. 1997). Briefly, leaves were submerged in
trypan blue solution (2.5 mg/ml of trypan blue, 25 % [w/V]
lactic acid, 23 % water-saturated phenol, 25 % glycerol) at
70 °C and infiltrated for 10 min, then heated in boiling
water for 2 min, and left to stain overnight. After
destaining in a chloral hydrate solution (25 g in 10 ml of
H,0) for 3 days, samples were equilibrated with 70 %
glycerol for microscopic analysis (Yin et al. 2000).
Samples were observed under a dissecting microscope
(Olympus, SZX16-DP72).

DNA extraction

Genomic DNA was extracted from leaves of 3-week-old
plants by the CTAB method (Saghai-Maroof et al. 1984).
Genomic DNA from seeds was isolated by the following
method: endosperm the size of a sesame seed was cut from
the apex of the seeds and boiled with 100 pl 0.1 mol/L
NaOH for 10 min at 100 °C in a thermal cycler. Then
100 pl of TE (pH 2.0) was added and the mixture was
centrifuged at 2,000 rpm (Eppendorf) for 2 min at room
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temperature. The supernatant was used as the template for
genotype analysis.

Marker development and gene prediction

Simple sequence repeats (SSR) were searched by SSR-
Hunter1.3 (Li and Wan 2005) and BLAST against the high
throughput genomic sequences (HTGS) database of maize
(http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=Dblastn
&BLAST_PROGRAMS=megaBlast&PAGE_TYPE=Blast
Search& SHOW_DEFAULTS=on&LINK_LOC=blasthome)
for picking unique sequences. Primers flanking microsat-
ellite repeats were designed by Primer Premier 5.0 (Palo
Alto, CA) and tested by polymerase chain reaction (PCR)
amplification using DNA from the parents. The amplifica-
tion products were run on 6 % denaturing polyacrylamide
gels for polymorphism tests. In addition to the development
of SSR markers, indel polymorphism (IDP), and cleaved
amplified polymorphic sequence (CAPS) markers were also
developed using single-copy DNA segments with allelic
diversity. The unique sequences with insertion or deletion
between parents were used to develop IDP markers, and the
unique sequences with single-nucleotide polymorphism
(SNP) diversities were utilized to develop CAPS markers
by SNP2CAPS (Thiel et al. 2004). The gene prediction was
conducted by Softberry (http://linux1.softberry.com/berry.
phtml?topic=fgenesh&group=programs&subgroup=gfind).

Transcriptome sequencing and gene annotation

The BC3 segregating population was grown in a green-
house. When the plants had eight leaves, total RNA was
extracted (RNAprep pure Plant Kit, TTANGEN) from the
eighth leaves of ten Rg/ plants and ten wild-type siblings,
respectively, and used for Illumina sequencing.

The sequencing reads were aligned and assembled using
TopHat v.1.3.1 and Cufflinks v.1.0.2, respectively, and the
B73 5b genome was used as a reference sequence. Com-
parison with a reference GTF annotation file was per-
formed using Cuffcompare, when all short read sequences
were assembled with Cufflinks v.1.0.2. Cuffdiff was used
to identify genes with differential expression by tracking
changes in the relative abundance of genes in different
samples. Differentially expressed genes were determined
by using two cutoffs: statistical significance of p < 0.05
and a three-fold change in gene expression. Over-expressed
genes were assigned into different categories according to
their functions in biological process, cellular component,
and molecular function compared with the corresponding
functional categories of all the genes in maize (http://
bioinfo.cau.edu.cn/agriGO/analysis.php) finally, the over-
represented genes were obtained (p value and false dis-
covery rate <0.05).

Semi-quantitative RT-PCR

To validate the transcriptome sequencing data, primers for
amplifying randomly selected defense-related genes for
semi-quantitative RT-PCR were designed. Of the seven
primers, five were designed by wus. The two for
GRMZM?2G028393 and GRMZM2G156632 came from
previous studies (Chintamanani et al. 2010; Feng et al.
2007).

Results
Characterization of the Rg/ mutant

The maize elite inbred line B73 used as the recurrent parent
was crossed to Rg/ mutant to generate the backcross
population. At the seedling stage, almost none of the Rg/
plants with two to three leaves in the BC3 segregating
population could be distinguished from wild-type siblings.
The emergence of lesions was generally first visible on the
fourth leaf of the heterozygous plants, both in the field and
in the greenhouse (Fig. 1a). These lesions were initially
confined to the small local regions and gradually enlarged;
eventually, the whole leaf blades became a mosaic of dead
and live areas (Fig. 1b—d). Scanning electron microscopy
was used to carefully observe the difference between Rg!
necrosis areas and wild-type leaves. The epidermal cells
from necrosis areas of Rg/ plants appeared small with
smooth outlines, and the epidermis lacked stomata (Fig. le,
f). Lesions not only occurred on the leaf blades, but also
appeared on the leaf sheaths and ear bracts (Fig. 1g—j).
Lesions on the leaf sheaths did not seem as severe as those
on the leaf blades.

In addition to the effects of Rg/ on the leaf blades, leaf
sheaths, and ear bracts, the architecture of plants was also
affected. In the BC3 segregating population, it was clear
that heterozygous Rg! plants were thinner and shorter than
wild-type siblings. Most of the Rgl/rgl plants could pro-
duce viable pollen and seeds, and only a few heterozygous
Rg1 plants could not produce normal tassels and ears.

To determine whether lesions in Rg/ mutants formed
independent of biotic stress, both normal plants and het-
erozygous Rg/ mutants from the BC3 segregating family
were grown under sterile conditions. The emergence of
lesions showed no apparent difference from those plants
grown in the greenhouse (data not shown). The results
strongly confirmed that lesion formation in the Rgl
mutants was independent of biotic stresses. The leaves
taken from 3-week-old mutants and their wild-type sib-
lings were stained with DAB, an indicator for high-level
H,0,. As shown in Fig. 1k, 1, brownish precipitates were
only observed in the Rg/ leaves. These results suggested
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Fig. 1 Phenotypic analysis of heterozygous Rg/ plants and its wild-
type siblings. a Phenotypic observation of heterozygous Rgl plants
grown at Shang Zhuang Experimental Station in Beijing for 3 weeks.
b Phenotypic observation of wild-type leaves. ¢, d Phenotypic
observation of the ragged leaves of Rg/ plants. e, f Stomata
observation of the fourth leaves of wild-type and Rg/ plants under

that a high level of H,O, accumulated in the Rg/ leaves.
Leaves of Rgl/ plants and their wild-type siblings were
also stained with trypan blue, a histochemical indicator of
irreversible membrane damage or cell death. On the sur-
face of Rgl leaves with large tears, deep blue staining was
localized on the edges of the necrotic lesions (Fig. 1n) but
also occurred in “normal” areas, where cells may have
been dying, but were too small to be observed by the

@ Springer

scanning electron microscopy. g, h Phenotypic observation of leave
sheaths of wild-type and Rg/ plants under a dissecting microscope.
i, j Phenotypic observation of ear bracts of wild-type and Rg/ plants
under a dissecting microscope. k, 1 DAB staining of developing Rg/
leaves and its wild-type siblings. m Trypan blue staining of wild-type
leaves. n, o Trypan blue staining of Rg/ leaves

unaided eye (Fig. 1o). No area was stained blue in the
control (Fig. 1m).

Genetic analysis and preliminary mapping of the Rg/
The BC1 population segregated for 1,800 Rg/ mutants and

1,803 wild-type plants, and these numbers fell within the
statistical limits of the expected 1:1 pattern (3> = 0.0025).
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Fig. 2 Fine mapping of Rg/. a
a The Rg! locus was delimited
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The phenotypic segregating ratio suggested that the Rgl
character was governed by a single dominant gene, which
was in agreement with the original research (Brink and
Senn 1931). Rgl was first reported to be located on chro-
mosome 3 (Brink and Senn 1931), and it was later mapped
to bin 3.04 (Maize GDB, IBM2 2008 Neighbors).

Preliminary mapping of Rg/ was conducted using BC1
segregating population. A total of 43 SSR core markers
available from the public database on maize GDB in the
bin3.04-3.05 on maize chromosome 3 were screened by
polyacrylamide gel electrophoresis. Five SSR markers had
genetic polymorphisms between Rg/ and B73. The two
markers, umc2117 and umc2127, were first used to screen
the 372 Rg! plants of the BCI segregating population, and
38 recombinants combined with phenotypes indicated the
loci of Rgl was between marker umc2117 and umc2127.
Other three markers, umc2260, umc2263 and umcl773,
were also used to screen the 38 recombinants, and Rg/ was
mapped to a 1.7-cM region between umc2263 and
umc1773 in bin 3.04, which is the centromeric region of
chromosome 3 (Farkhari et al. 2011). The physical distance
between markers umc2263 and umc1773 is about 70.5 Mb,
according to the reported B73 whole genome sequence
(Fig. 2a).

Fine mapping of Rgl

To determine the precise position of Rgl, eight SSR
markers, two CAPS markers, and five IDP markers with
genetic polymorphisms between two parents were newly
developed (Table 1). Meanwhile, a large BC1 segregating
population consisting of 5,603 plants was used to obtain

27.0Kb

more plants with crossovers. A total of 143 and 33
recombinants were screened out by umc2263 and
umc1773, respectively, and were further analyzed by the
newly developed markers. Rg/ was mapped to a region
about 600 kb between marker P5 and P7 (Fig. 2b, c). No
recombinant was detected between marker P6 and Rgl,
suggesting that this marker was closely linked to Rgl. To
further narrow down the Rgl locus, 10,752 seeds of the
BC1 segregating population were screened, and Rgl was
finally delimited to a region of 17 kb of the B73 genome
flanked by marker P15 and P14 (Fig. 2d), while the cor-
responding region in the Rg/ line was probably at least
50 kb.

Gene prediction was conducted on the 17-kb region of
the B73 genome. The only one predicted gene in this
region encoded a putative rust resistance protein rp3. In
Rg1 mutant, the corresponding region was a complex locus
probably containing multiple Rp3 alleles. It is likely that a
novel Rp3 allele possibly generated by an intragenic
recombination event underlies the Rg/ phenotype.

Transcriptome analysis

Transcriptome sequencing have resulted in a total of
21,074,174 and 21,201,466 reads of 100 base pairs from
Rgl leaves and the control plants, respectively. The
sequencing reads were mapped on the B73 genome, cov-
ering 17,828 and 17,466 genes in the Rg/ leaves and the
control, respectively.

Differentially expressed genes were determined by
using two cutoffs: statistical significance of p < 0.05 and a
threefold change in gene expression. A total of 830 and 65
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Table 1 Newly developed markers used for fine mapping of Rg/

Physical BAC accession Marker Forward primer (5'-3') Reverse primer (5'-3') Type Product Restriction
location number size (bp) enzymes
(Mb)

99.2 AC207816.4 Pl CAGCCTCATCCCTCATGCTC GGTTTCTCCTGGCCCTTCA SSR 256

112 AC216864.3 P2 AAGAGGATGATGACGGACAGG TGCCGTATAGCAAGCAGAGC SSR 268

113.2 AC190622.1 P3 CGCTCACAACACTCCAAC TAGCCTACCCCAACTTCC SSR 178

113.3 AC185252.4 P4 GCAAAGGAATGGACAAGT TGGGAAAAACAAAGGCAG SSR 178

113.5 AC194302.3 P5 ATCCAGGCAACAAGACGA GGAGTAGGAGGGAACAACAT CAPS 569 Taql
113.6 AC213856.4 P6 CCTATGGTGGAGGTCAAG TGTGAGGCAATGGAAAG IDP 153

114.1 AC197777.3 P7 TTCTATGAAGTATTCCCTCCG TTCTATGAAGTATTCCCTCCG IDP 748

114.3 AC190513.1 P8 CAAAGTGTTTGGTTTGGTAGC AGATGTATTTGCACAAGAGGC IDP 238

114.5 AC207336.2 Po GTTTACCATGCTCACGTCTGATTAA CATCTCCTACCTTGAGTCCCTGC SSR 260

114.8 AC207414.3 P10 ACGGCGTTGCGTGGTCT GTGCCATGTGGTTAGATGGATAA SSR 155

114.9 AC220955.3 P11 TTGAGATGGTGAGGGAGC TTGATTTGGAATGCGACA SSR 149

115 AC210189.3 P12 GTTCACCACCGCCATCAC CGCAAGACAAAGCACTCC SSR 186

113.8 AC204926.3 P13 AACTAACTTTAACCATAATTGG GCTGAGCCAAGCATATT IDP 139

114 AC230011.2 P14 CGATGGCGATTTCTGACG TGGGCTCAAGGAATGAAGG CAPS 999 Rsal
114 AC230011.2 P15 CTGTCTCGAGTGGGGTGTCT ACTTGTTCCAATTTGGTGCTT IDP 1,222

genes were shown to be significantly up-regulated and
down-regulated in Rg/ leaves compared with the control,
respectively (Supplementary material: Table S1-S4).
When assigned the 830 up-regulated genes into different
functional categories and compared with the number of all
genes in maize genome of the corresponding functional
categories, 441 genes belonging to 58 categories were
shown to be over-represented (Table S5, S6). These 441
genes were called “over-represented” genes. Most of the
over-represented genes have functions related to catalytic
activity (16.72 %), followed by transferase activity (6.4 %)
and oxidoreductase activity (4.15 %).

Among the 441 over-represented genes, NADPH oxi-
dase, peroxidase, and polyamine oxidase are significantly
up-regulated with fold changes ranging from 3.29 to 6.12.
One peroxidase (GRMZM2G061230) is exclusively
expressed in Rg/ leaves. It has been reported that NADPH
oxidase, peroxidase, and polyamine oxidase functioned in
the production of ROS (Mittler et al. 2004). Proteins
involving in the production of ROS are typically localized
at plasma membrane (such as NADPH oxidase) or apoplast
(such as peroxidase and polyamine oxidase) (Daudi et al.
2012; Sebela et al. 2001). The sub-cellular localization of
the highly up-regulated NADPH oxidase, peroxidase, and
polyamine oxidase is therefore predicted by ProtComp
Version 9.0 (comprehensive score of more than 9.0). The
results show that 1 of the 2 up-regulated polyamine oxi-
dases and 6 of 16 up-regulated peroxidases are predicted to
be in the apoplast, and the up-regulated NADPH oxidase
is predicted to be in plasma membrane. Therefore, we
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consider that these genes probably participate in the pro-
duction of ROS (Table 2).

Among the 441 over-represented genes, there are also a
set of genes related to defense response, including beta-1,3
glucanase, chitinase, protease inhibitor, rust resistance
kinase Lrl0, pathogenesis-related protein classl, and
dehydrin (Table 2). The fold change of these genes ranges
from 4.67 to 31.79. There are three chitinase (GRMZM2G
358153, GRMZM2G005633, GRMZM2G051921) and one
wound-induced serine protease inhibitor] (GRMZM2G15
6632), exclusively expressed in Rgl leaves. It is worth-
while to note that dehydrin, a gene frequently reported to
be induced by abiotic stress, is up-regulated to 31.26-fold
in Rgl leaves as compared to wild type.

Additionally, a group of genes encoding key enzymes
involved in the phenylpropanoid pathway are also over-
represented (Table 2). These genes had expression level of
3.4- to 7.11-fold more in Rgl leaves than in that of wild-
type plants. One such enzyme, laccase (GRMZM2G3363
37), is exclusively expressed in Rg/ leaves.

To validate the results of transcriptome sequencing,
primers were designed for semi-quantitative RT-PCR to
amplify randomly selected defense-responsive genes
(Table 3). It had previously been reported that PLD
(phospholipase D), LOX (lipoxygenase), chitinases, JIP
(jasmonate-induced protein), peroxidase3, WIPI (wound-
induced serine protease inhibitorl), and MPI (maize pro-
teinase inhibitor) were involved in response to biotic stress
(Kawano 2003; Rohrmeier and Lehle 1993; Sandhu et al.
2007; Schweizer et al. 1997; Van Der Luit et al. 2000;
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Table 2 Over-represented genes associated with the production of ROS, defense response, and phenylpropanoid pathway in Rg/ leaves

Gene ID Annotation FDR Fold change Sub-cellular localization
Genes related to production of ROS
GRMZM2G341934 Peroxidase 0.00008 3.29 Apoplast
GRMZM2G061230 Peroxidase 0.00008 a Apoplast
GRMZM2G126261 Peroxidase 0.00018 6.12 Apoplast
GRMZM2G122853 Peroxidase 1 0.00018 5.36 Apoplast
GRMZM2G135108 Peroxidase 0.00018 3.80 Apoplast
GRMZM2G450233 Peroxidase 0.00018 5.08 Apoplast
GRMZM2G441541 NADPH oxidase 0.00018 4.41 Plasma membrane
GRMZM2G071343 Polyamine oxidase 0.00018 5.61 Apoplast
Genes related to defense response
GRMZM2G125032 Beta-1,3-glucanase precursor 0.0000082 29.08
GRMZM2G431039 Putative beta-1,3-glucanase 0.0000082 8.30
GRMZM2G065585 Beta-1,3 glucanase 0.0000082 16.57
GRMZM2G129189 Class iv chitinase 0.0000082 5.31
GRMZM2G162359 Class iii chitinase homolog 0.0000082 9.39
GRMZM2G358153 Chitinase 1 0.0000082 a
GRMZM2G005633 Chitinase 0.0000082 a
GRMZM2G051921 Chitinase 0.0000082 a
GRMZM2G051943 Chitinase 0.0000082 15.14
GRMZM2G145518 Chitinase 0.0000082 21.80
GRMZM2G156632 Wound-induced serine protease inhibitor 0.00008 a
GRMZM2G075315 Bowman-Birk type trypsin inhibitor 0.00008 20.94
GRMZM2G055802 Bowman-Birk type trypsin inhibitor 0.00008 10.42
GRMZM2G465226 Pathogenesis-related protein class 1 0.00008 4.67
GRMZM2G079440 Dehydrin7 0.0094 31.26
GRMZM2G373522 Dehydrin cor410 0.0094 9.96
GRMZM2G079219 Rust resistance kinase Lr10 0.00018 9.35
GRMZM2G034611 Rust resistance kinase Lr10 0.00018 11.82
GRMZM2G077914 Rust resistance kinase Lr10 0.00018 12.58
GRMZM2G113421 Rust resistance kinase Lr10 0.00018 31.79
Genes involving in the phenylpropanoid pathway
GRMZM2G081582 Phenylalanine ammonia-lyase 0.00018 343
GRMZM2G127948 Caffeoyl-CoA O-methyltransferase 0.00018 3.70
GRMZM2G147245 Cinnamate-4-hydroxylase 0.00018 3.80
AC210173.4_FG005 Ferulate-5-hydroxylase 0.00018 5.52
GRMZM2G336337 Laccase 0.00008 a
GRMZM2G090087 Aldehyde dehydrogenase 0.00018 3.40
GRMZM2G124365 Chorismate mutase 0.00018 7.11

Fold change indicates those genes were significantly up-regulated more than threefold in Rg/ leaves compared to its wild-type siblings

FDR false discovery rate
 Indicates the genes exclusively expressed in Rgl leaves

Xu et al. 2007). As shown in Fig. 3, these genes showed the
same expression profiling with the transcriptome
sequencing. Chitinase, JIP, and WIP] were specifically
activated; PLD, LOX, MPI, and peroxidase 3 were pre-
dominantly activated in Rg/ plants compared with wild-
type siblings.

Discussion

Rgl is characterized as a lesion-mimic mutant, which
resembles the phenotype of HR. Previous research reported
that the Rp3 locus was tightly linked to Rg/ (Sanz-Alferez
et al. 1995). Our fine mapping results show that Rp3, a
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Table 3 Primers for semi-quantitative RT-PCR

Gene 1D Annotion Forward primer (5'-3") Reverse primer (5'-3") Product
size (bp)
GRMZM2G054559 Phospholipase AGCGAGGAGGACGAGACGA CACCTGTGCGGCTCATAGTTC 667
D (PLD)
GRMZM2G009479 Lipoxygenase (LOX) GCCATCCGCAGCATCGT CCGCCGCTCATGTGCTT 272
GRMZM2G051921 Chitinase ATGGCTATGGCAAACTCGG TGTTCTTGTTGACCTCGCTGAC 472
GRMZM2G017629 Jasmonate-induced protein (JIP) CTGGTCTTGGCTACTGCTTCACTGG TGATTCACTTCATTTGCATCCGTCC 665
GRMZM2G085967 Peroxidase 3 CACCCACTTCCACGACTGCT GGCGAGGTTGAGGCTCTTGT 364
GRMZM2G028393* Maize proteinase ACAACCAGCAGTGCAACAAG GAAGATGCGGACACGGTTAG 370
inhibitor (MPI)
GRMZM2G156632% Wound-induced serine TGCTGATCCTGTGCCTCCAG CTCTCTGATCTAGCACTTGGGG 294
protease inhibitor (WIP1)
Internal standard Actin TCACCCTGTGCTGCTGACCG GAACCGTGTGGCTCACACCA 278

* These two primers came from previous studies (Chintamanani et al. 2010; Feng et al. 2007)

PLD

LOX

Chitinase

S

Peroxidase3

3

S

g
5

Actin

Fig. 3 Semi-quantitative RT-PCR analysis of seven defense-respon-
sive genes in Rg/ leaves and its wild-type siblings. MT heterozygous
RgI plants, WT wild-type plants

resistant (R) allele, probably underlines the phenotype of
Rgl. Therefore, Rgl is likely an aberrant Rp3 allele. In
many lesion-mimic mutants, the phenotype is controlled by
the aberrant R gene. In maize, another mutant Rp/-D21
with disease lesion mimicry was caused by mutation in the
rust resistance gene rp/ (Hu et al. 1996). Additionally,
some mutant R genes also have been cloned in Arabidop-
sis, rice, and barley; these abnormal R genes cause
the phenotype of lesion mimicry (Biischges et al. 1997;
Shirano 2002; Tang et al. 2011).

The results of transcriptome sequencing indicate that a
number of genes involved in the production of ROS are
over-represented in Rgl leaves. It has been reported that
NADPH oxidase, peroxidase, and polyamine oxidase are
implicated in the production of ROS, including hydrogen
peroxide through the so-called oxidative burst processes

@ Springer

(Apel and Hirt 2004; Foreman et al. 2003; Yoda et al.
2003). The production of ROS is one of the earliest
responses to pathogen attack that occurred during HR. ROS
subsequently activate the plant defense system (Bindsche-
dler et al. 2006). H,0O, had been reported to play a key role
in antifungal activity, synthesis of defense-related proteins,
cell wall reinforcement, and induction of HR (Lanubile
et al. 2011; Levine et al. 1994). The result of the over-
representation of these ROS production enzymes (NVADPH
oxidase, peroxidase and polyamine oxidase) in Rgl leaves
is consistent with our results of DAB and trypan blue
staining, which suggests the production of H,O, in Rgl
leaves. Our result indicated that the aberrant Rp3 allele in
Rg1 elicits the accumulation of ROS, which then leads to
the formation of HR.

ROS are key points in response to pathogen attack. In
addition to acting as a toxic molecular, ROS can also
induce the expression of defense-related genes and the
production of antibacterial compounds (Greenberg et al.
1994; Mittler et al. 2004; Torres et al. 2006). It has been
reported that a set of genes encoding defense-related pro-
teins such as proteinase inhibitor, chitinase, and glucanase
are frequently induced by pathogen infection (Molina et al.
1993; Seevers et al. 1971; Sels et al. 2008; Shrestha et al.
2008). Chitinase and glucanase mainly participate in the
degradation of fungal and bacterial cell walls (Kombrink
et al. 1988), while proteinase inhibitors effectively inhibit
the activity of proteinase produced by phytopathogenic
microorganisms (Kim et al. 2009). It has been reported that
over-expression of the rust disease-resistance gene Lr/0 in
transgenic wheat plants confers enhanced resistance to leaf
rust (Feuillet et al. 2003). Greatly up-regulated expression
of two dehydrin genes in Rg/ leaves, which have been
reported to be involved in abiotic stress, supports the notion
of crosstalk between abiotic and biotic stress responses
(Fujita et al. 2006). The phenylpropanoid pathway, which
produces phenylpropanoids responsible for various biotic
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stresses, is a complex network of enzymatic reactions
(Heldt 1997; Ramos-Onsins et al. 2008). Many phenyl-
propanoids are classified as phytoalexins synthesized in
response to pathogen attack (Dixon and Paiva 1995;
Naoumkina et al. 2010).

Generally, R gene products can recognize the avirulent
pathogens, eliciting the ROS accumulation, which corre-
lates with disease resistance (Torres et al. 2006). But some
mutations in R genes have been found to be independent of
avirulent proteins for activation (Zhang et al. 2003; Chin-
tamanani et al. 2010). Our results of the DAB staining and
transcriptome sequencing suggest that Rg/ elicits the
accumulation of ROS, which triggers the up-regulation of
defense-related genes and the production of antimicrobial
compounds independent of pathogens.

In conclusion, we have further characterized the Rgl
mutant and fine mapped Rg/ to a locus about 17 kb in the
B73 genome, which harbors only one gene (rp3), but the
corresponding region in Rgl/ was probably at least 50 kb,
which is likely composed of multiple Rp3 alleles. Rgl
leaves stained with 3’,3’-diaminobenzidine and trypan blue
suggested that Rg/ mutant had undergone HR. Comparing
the data of transcriptome sequencing of Rg/ leaves with the
control, 441genes significantly up-regulated are over-rep-
resented. These up-regulated genes included genes related
to the production of ROS, defense response, and antimi-
crobial compounds. Our results suggest that Rg/ induces
the accumulation of ROS independent of avirulent patho-
gens, triggering the up-regulation of defense-related genes,
the production of antimicrobial compounds, and the for-
mation of HR. Our study provides important information,
which will be useful for the eventual cloning of Rg/ and
the mechanistic understanding of this lesion-mimic locus.
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