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Abstract

Spotted leaf mutant belongs to a class of mutants that can produce necrotic lesions spontaneously in plants without
any attack by pathogens. These mutants have no beneficial effect on plant productivity but provide a unique opportu-
nity to study programmed cell death in plant defense responses. A novel rice spotted leaf mutant (sp/30) was isolated
through low-energy heavy ion irradiation. Lesion expression was sensitive to light and humidity. The sp/30 mutant
caused a decrease in chlorophyll and soluble protein content, with marked accumulation of reactive oxygen species
(ROS) around the lesions. In addition, the sp/30 mutant significantly enhanced resistance to rice bacterial blight (X.
oryzae pv. oryzae) from China (C1-C7). The use of SSR markers showed that the sp/30 gene was located between
markers XSN2 and XSN4. The genetic distance between the sp/30 gene and XSN2 and between sp/30 and XSN4
was 1.7 cM and 0.2 cM, respectively. The sp/30 gene is a new gene involved in lesion production and may be related
to programmed cell death in rice. The ability of this mutant to confer broad resistance to bacterial blight provides a
model for studying the interaction between plants and pathogenic bacteria.
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Introduction

Plants that develop spontaneous necrotic lesions in
the absence of infection by pathogens, environmental stress
and mechanical damage are known as lesion mimic mu-
tants (Wang, 2005). Such mutants have been reported in
many plants, including maize (Hoisington et al., 1982),
Arabidopsis (Lorrain et al., 2003), soybean (Badigannavar
et al., 2002) and rice (Takahashi et al., 1999). The pheno-
type of these mutants resembles cell death induced by the
hypersensitive response (HR), which suggests that the le-
sion mimic mutation results in the activation of defense
gene expression. In addition, several reports have shown
that cell death in lesion mimic mutants is regulated by envi-
ronmental factors such as temperature (Xiao et al., 2003),
light (Arase et al., 2000), humidity (Yoshioka et al., 2001)
and photoperiod (Ishikawa et al., 2001). Lesion mimic phe-
notypes have also been reported in a number of transgenic
plants expressing foreign or modified genes.

In plants, reactive oxygen species (ROS) such as
superoxide (O;"), hydrogen peroxide (H,0O,) and hydroxyl
radicals (-OH) are produced under environmental stress or
as byproducts of normal biochemical processes (Jabs et al.,
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1996). These ROS usually adversely affect cellular metab-
olism and membrane structure (Lorrain ez al., 2003). Plants
have several physiological mechanisms and structural ad-
aptations for detoxifying ROS and for protecting them-
selves from different types of stress, including pathogens.

Numerous lesion mimic mutants have been identified
and cloned, e.g., acd?2, acdll and Isdl in Arabidopsis, mlo
in barley and Lls/ in maize, that were cloned in the 1990s.
These genes encode proteins that regulate plant defense to
pathogens and/or cell death (Dietrich ef al., 1994, 1997,
Buschges et al., 1997; Gray et al., 1997,2002). In rice, sp/7
was the first lesion mimic mutant gene to be cloned and en-
codes a heat stress transcription factor (Yamanouchi et al.,
2002). Other mutants cloned shortly after sp/7 included
spl5, splll, spll8 and spl28 (Zeng et al., 2004; Mori et al.,
2007; Qiao et al., 2010). Recent studies have shown that the
spl5 gene encodes a putative splicing factor 3b subunit 3
(SF3b3) and may be involved in the splicing of pre-mature
RNAs, thereby participating in the regulation of cell death
and plant resistance responses (Chen et al., 2012). The
cloning of these genes has contributed to our understanding
of the molecular mechanisms of lesion formation, cell de-
velopment and apoptosis in plants (Wu et al., 2008). Many
of the rice lesion mimic mutants identified so far, including
spld, spl5, spl7, spll0, splll, spli2, spll3, spli4, spll5,
spll7, spll8, spl26 and spl28, show enhanced resistance to
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rice blast and/or bacterial blight pathogen (Mizobuchi et
al., 2002; Mori et al., 2007; Yin et al., 2000).

In this report, we describe the isolation and character-
ization of a novel spotted leaf mutant (sp/30) in rice irradi-
ated by low-energy heavy ion irradiation. SSR markers
were used to determine the location of the sp/30 gene. The
resistance of the mutant to rice bacterial blight from China
(C1-C7) was also examined.

Materials and Methods

Isolation and phenotypic analysis of spotted leaf
mutant

A mutant (spl30) showing lesion mimic phenotypes
on leaves was identified in M, lines of 9311 rice muta-
genized with low-energy heavy ions. The mutant displayed
irregular brown spots that usually occurred on the outer
margin of leaves. For phenotypic analysis, the sp/30 mutant
and wild-type plants were grown under natural field condi-
tions and in a greenhouse. The time required for spot forma-
tion as well as the color, structure and arrangement of spots
throughout the leaves at different developmental stages
were investigated. Scanning electron microscopy (SEM)
was used to examine the surface of the lesions. Some agro-
nomic traits, including plant height (PH), panicle length
(PL), tiller number per panicle (TN), grains per panicle
(GP), seed fertility (SF) and 1000-grain weight (GW), were
evaluated in sp/ mutant and wild-type plants. Most of the
agronomic data were evaluated during the eighth week af-
ter transplantation, which coincided with the end of vegeta-
tive growth in wild-type rice plants. Ten plants of each
accession were evaluated for each agronomic trait.

Biochemical analyses

The chlorophyll content and total soluble protein con-
tent of leaves were measured once a week after transplant-
ing until the eighth week. Chlorophyll was extracted from
the same position on leaves of wild-type and sp/30 plants
using ice-cold 80% acetone, and the chlorophyll content
was determined according to Lichtenthaler (1987). Soluble
proteins were extracted with 10 mM Tris-HCI, pH 6.8, fol-
lowed by centrifugation (10,000 rpm, 15 min, 4 °C) to ob-
tain a soluble protein-rich extract. Soluble protein content
was determined with a modified Lowry protein assay kit
(Sangon, Shanghai, CN).

Histochemical analysis

Trypan blue was used to detect dead cells in leaves af-
ter transplant. The samples were immersed in trypan blue
solution (2.5 mg/ml in 25% lactic acid, 23% water-
saturated phenol and 25% glycerol in H,O) and heated in
boiling water for 10 min followed by cooling for 2 h. The
samples were subsequently placed in chloral hydrate solu-
tion (25 g in 10 mL of H,0) and destained for 2-3 d (Yin et
al., 2000). After destaining, the samples were stored in 70%
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glycerol until examination. Superoxide anion (O,") was de-
tected by immersing the leaf samples in a solution of
nitroblue tetrazolium (NBT, 0.5 mg/ml dissolved in 10 mM
potassium phosphate buffer, pH 8.0, for 12 h in the dark.
Hydrogen peroxide (H,0,) was detected by immersing the
leaf samples in a solution of 3,3’-diaminobenzidine (DAB,
1 mg/ml, in 10 mM MES, pH 7.0, for 12 h in the dark. In
both cases, the samples were destained in 95% ethanol
heated in boiling water until chlorophyll was completely
removed. The samples were then stored in 70% glycerol
until observation (Kariola et al., 2005; Mahalingam et al.,
2000).

Resistance to rice bacterial blight disease

Rice plants (30 days after transplantation) were inoc-
ulated with bacterial suspensions (ODgy = 0.5 in 10 mM
MgCl,) of seven X. oryzae pv. oryzae strains from China
(C1-C7). Leaves of wild-type and sp/30 plants were cut
with scissors ~2 cm from the leaf opex and drenched with
bacterial suspension (Ogawa and Sekizawa, 1980). The
length of the lesions was measured 20 days after inocula-
tion.

Genetic analysis and gene mapping

For genetic analysis, the sp/30 mutant was used as the
maternal parent and crossed with japonica-type pollen do-
nors, specifically Balila (japonica) and Zhonghuall (ja-
ponica). The resulting F, was self-fertilized to produce the
F,. Large numbers of F, progeny were grown in the field
and phenotypic data related to the segregation of mutant
and wild-type traits were collected. Bulked segregant anal-
ysis was done using a DNA mixture contributed equally by
20 homozygous spotted leaf plants derived from the F,
mapping population.

The simple sequence repeats (SSR) technique was
used to evaluate the genomic variation between the sp/30
mutant and wild-type plants (Ishii e al., 2001). Genomic
DNA was extracted from each parent, F; and F, individuals
using the modified CTAB (cetyltrimethyl ammonium bro-
mide) method (Murray and Thompson, 1980). The primer
sequences of the SSR markers were downloaded from
http://www.gramene.org/ and the primers were synthesized
by Shanghai Sangon Inc. (Shangai, China).

The PCR mixture consisted of 2.0 uL of 10PCR
buffer, 2.0 uL of 25 mM MgCl,, 1.0 uL of 2.5 mM dNTPs,
12.0 pL of ddH,0, 2.0 pL of 10 uM primers, 1.0 pL of
DNA and 1.0 pL of Taq DNA polymerase (1 U/pL) in a fi-
nal volume of 20 uL. The amplification conditions con-
sisted of denaturation at 94 °C for 5 min, followed by
39 cycles of denaturation at 94 °C for 30 s, annealing at
55-60 °C (according to the specific primer) for 30 s, exten-
sion at 72 °C for 1 min and a final extension at 72 °C for
10 min. The PCR products were subsequently analyzed on
3% agarose-cthidium bromide gels (Liu ef al., 2008).
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Linkage  groups were  determined  using
MAPMAKER/EXP 3.0 (Lander et al., 1987). The Kosambi
mapping function was used to transform the recombination
frequency to mapping distance (cM) (Kosambi, 1944).
Linkage maps were constructed based on a limit of detec-
tion (LOD) threshold of 3.0 and a maximum genetic dis-
tance of 30 cM.

Semi-quantitative RT-PCR

Total RNA was extracted from leaves of 9311 plants
and sp/ 30 mutants with TRIzol reagent (Invitrogen, USA).
The first-strand synthesis of cDNA was done with a
TransScript™ one-step gDNA removal and cDNA synthe-
sis SuperMix (TransGen, China) according to the manufac-
turer’s instructions. The first-strand cDNA was used as a
template for amplification by PCR (30 cycles for spl5,
spll1 and spl28 and 25 cycles for the actin control). The re-
action mixture was cycled through the following tempera-
ture profiles: 94 °C for 210 s for one cycle, followed by
94 °C for 45 s, 60 °C for 45 s, and 72 °C for 60 s for 30 cy-
cles, and a final incubation at 72 °C for Smin. The primers
for RT-PCR were as follows: spl5-Forward (5’-TTGCAG
CAAACTTCATCAGGAC-3’) and spl5-Reverse
(5’-GAGGGACTCCAAGGAAAGTGTTAT-3’) for spl5,
spll11-Forward (5’-GATGCTTGCCTTATTGTCCTCA-
-3’) and spll1-Reverse (5’-ACGGATTGATATGCCTGA
CGAT-3’) for splll, spl28-Forward (5’-GTGAAAGCA
AGAAGTCAGTTTAAGG-3") and spl28-Reverse
(CTAACAAGATGAACAACGAGACAGA-3’) for spl28,
actin-Forward (5’-TGTCATGGTTGGAATGGGCCA-3’)
and actin-Reverse (5~ AGGCAGTCAGTCAGATCA
CGA-3’) for actin. Each analysis was repeated independ-
ently three times using different biological samples each
time.

Results

Phenotypic analysis of the sp/30 mutant

Typical spots (brown lesions) appeared on the leaves
of sp/30 mutants after 15-20 days. The number and size of
the spots increased with growth but stopped expanding at
the tillering stage. The distribution of spots differed be-
tween plants grown in natural field conditions (average
temperature 25.6 °C, humidity 81.1% and light intensity
3241.8 1x) and those grown in a greenhouse (average tem-
perature 25.9 °C, humidity 36.1% and light intensity
1108.1 Ix) (Figure 1). SEM showed that the surface of
wild-type leaves was very clean while that of sp/30 mutants
containing lesions had many spheres ~1 um in diameter
(Figure 2); these spheres were suspected to be apoptotic
bodies formed during apoptosis.

To understand the effects of the lesions on the agro-
nomic characteristics of the sp/30 mutants, various agro-
nomic traits of the mutants were analyzed and compared
with those of the wild-type. Ten plants of each accession
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Figure 1 - Phenotype of wild-type and mutant leaves. (a) Leaves of
wild-type plant grown in the field, (b) Leaves of sp/30 mutant grown in the
field and (c) Leaves of sp/30 mutant grown in a glasshouse.

were evaluated for each agronomic trait. The mean + SE of
the values are given in Table 1. The sp/30 mutant showed
abnormal developmental phenotypes with varying degrees
of agronomic characteristics and significantly lower trait
values than those of wild-type plants. The plant height, seed
fertility rate and 1000-grain weight of sp/30 mutants were
significantly lower than those of wild-type plants. These re-
sults indicate that the formation of spots and plant growth
are interrelated processes.

Senescence indicators in sp/30 mutants

Since chlorophyll and soluble protein contents gener-
ally reflect the degree of leaf senescence, the levels of these
two indicators was measured at the same position in leaves
from wild-type plants and sp/30 mutants once a week up to
the eight week after transplant. The chlorophyll content in
spl30 mutants decreased from 5.57 mg/g in the first week to
1.56 mg/g at the eighth week (Figure 3A). In contrast, in
wild-type plants, the chlorophyll content decreased slowly,
from 5.93 mg/g in the first week to 3.45 mg/g in the eighth
week. The soluble protein content showed a similar pattern
of changes to that observed for chlorophyll. The soluble
protein content of sp/30 mutants decreased from 62.75 pg/g
in the first week to 24.98 ng/g in the eighth week, whereas
in wild-type plants the corresponding values were
75.75 ng/g and 45.3 ng/g, respectively (Figure 3B). These
results indicated that the early senescence in mutant leaves
may be caused by the formation of spots.
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Figure 2 - Scanning electron micrographs of the surface of wild-type (a) and sp/30 mutant (b) leaves.

Table 1 - Agronomic traits of wild-type and sp/30 mutant plants.

Material pH (cm) PL (cm) ™N GP SF (%) GW(g)
Wild-type 126.2£6.01 22.1+0.69 44+1.14 340.4 £17.64 87.1+£1.49 31.1£0.19
spl30 109.8 +3.70%* 20.0 £0.52 44+1.14 244.8 +3591 55.9 +7.99%* 28.3+£0.23*

GP = grains per panicle, GW = weight of 1000 grains, pH = plant height, PL = panicle length, SF = setting fertility, TN = tiller number per panicle. The
values are the mean = SD of 10 plant determinations. ***p < 0.05 and p < 0.01, respectively, compared to wild-type plants.
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Figure 3 - Analysis of chlorophyll content (a) and soluble protein (b) content, two indicators of senescence.

Histochemical analysis

Trypan blue is a vital stain used to selectively stain
dead tissues or cells (stained cells have irreversibly dam-
aged membranes that permit dye entry). The sp/30 mutants
showed strong blue staining of cells in the spots whereas
wild-type plants had no trypan blue staining (Figure 4A,B).
Furthermore, the pattern of NBT staining, which reflects
the formation of blue formazan precipitates and indicates
O,  accumulation, correlated strongly with lesion formation

in cleared sp/30 mutant leaves; there was no evidence for
ROS accumulation in wild-type leaves (Figure 4C,D). Sim-
ilar results were obtained when DAB staining was used to
assess H,O, accumulation (Figure 4E,F). These findings
suggest that ROS accumulation in the early and middle pe-
riods could account for spot formation.

Resistance to bacterial blight pathogens

The resistance of spl30 to bacterial blight was as-
sessed using seven strains of bacterial blight (X. oryzae pv.
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Figure 4 - Photographs of leaves stained with Trypan blue, NBT and
DAN. Trypan blue: (a) wild-type and (b) sp/30; NBT: (c) wild-type and (d)
spl30; DAB: (e) wild-type and (f) sp/30.

oryzae). Twenty days after inoculation, the lesion lengths
were measured as an indicator of the severity of symptoms
in the mutants and wild-type controls. The lesion length for
the different bacterial isolates ranged from 0.4 to 2.5 cm in
spl30 plants and from 1.9 to 18.5 cm in wild-type plants
(Figure 5A). The spotted leaf mutant was significantly
more resistant to three X. oryzae pv. oryzae (C4,C6 and C7)
isolates than were wild-type plants (Figure 5B). These re-
sults indicate that the sp/30 mutant is resistant to bacterial
blight pathogens from China (C1-C7).

255

20

B 9311 Wspl30

Cl C2 c3 C4 C5 Co Cc7
Bacterial blight isolates
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Genetic analysis and gene mapping

The pattern of inheritance of the mutant gene in sp/30
was deduced by observing the segregation of the parental
phenotypes in the F; and F, generations after crosses be-
tween mutant and wild-type cultivars, as indicated in Ta-
ble 2. The traits examined were inherited in a 3:1 ratio,
which indicates that the sp/30 mutant is controlled by single
recessive genes (Table 2).

PCR was done with DNA from two parents; F; and F,
mixing pool (DNA from 20 random mutants equivalent
mixed in F, population) with the polymorphic SSR mark-
ers. The chromosomal location of sp/30 was determined by
observing the genotypes of the spl30 mutant and the sp/30
locus was then mapped to chromosome 9, with genetic dis-
tances of 8.5 ¢cM and 0.6 cM for RM6543 and RM7697, re-
spectively. For finer mapping of the target gene, ten new
SSR markers (XSNI-XSN10) between RM6543 and
RM7697 were designed, with four of them being polymor-
phic. The sp/30 gene was mapped between markers XSN2
and XSN4 and the genetic distances of the two markers
were 1.7 ¢cM and 0.2 cM, respectively (Figure 6). The re-
sults indicated that the sp/30 locus was located on the long
arm of chromosome 9.

Expression of known spotted leaf genes

Some sp/ mutants can enhance resistance to rice
bacterial blight pathogens, and spl5, sp/l/] and spl28

Cl C2 C3 C4 C5 Co C7

Figure 5 - Analysis of lesions in leaves of wild-type and sp/30 plants after inoculation with bacterial blight isolates. (a) Lesion length in wild-type and
spl30 plants. (b) Phenotypes of leaves from wild-type and sp/30 plants (from left).

Table 2 - Segregation of wild-type and mutant plants in F, populations of sp/30.

Hybrid combination F, phenotype F, Population x*3:1
Population Wild-type Mutant Wild-type/ mutant ratio Coos =384

spl30/Balila WT 180 137 43 3.19 0.0395

spl30/Zhonghual 1 WT 3977 3025 952 3.18 2.3938

WT = wild-type.
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Figure 6 - Linkage relationships of sp/30 with its markers on chromosome
9 of rice.

have been cloned. RT-PCR was used to assess the levels
of spl5, splll and sp/28 mRNA in spl30 mutant and
wild-type plants. Approximately 20 days after sowing
(DAS), lesion mimics began to appear on the leaves of
mutant plants and at 30 DAS, the leaves were used for
mRNA detection. Figure 7 shows that the mRNA levels
of spl5, spll1 and spl28 were similar in wild-type plants
and sp/30 mutants. Hence, the resistance to bacterial
blight pathogens observed in sp/30 mutants was not at-
tributable to these spl genes and sp/30 was apparently a
new gene capable of conferring bacterial resistance to
rice.

Figure 7 - Expression analysis of Sp/5, Spll1 and Sp/28 by assessed by
RT-PCR.
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Discussion

Programmed cell death (PCD) is a physiological pro-
cess involved in the selective elimination of unwanted cells
(Yeung and Meinke, 1993). In plants, selective cell death is
necessary for growth and survival and can occur on a small
or large scale. The formation of plant lesion mimics corre-
lates with disturbances in the regulation of metabolic path-
ways mediated by mutated genes and associated with vari-
ous environmental factors, including light, temperature,
humidity and nutrition. The size of the lesion in spl/, sp/3
and sp/4 mutants increases with increasing temperature and
light intensity (Matin et al., 2010). The sp/7 mutant shows
variable lesion density at different temperatures, with the
density decreasing at low temperature (Yamanouchi et al.,
2002). In physiology, high levels of ROS around the lesions
have been identified in s/ms mutants and ROS production is
considered to be the causal agent of cell death (Lorrain et
al., 2003). In spl30 mutants, lesion development is unre-
lated to growth conditions, which suggests that the lesions
may result from spontaneous cell death. The expression of
lesion spots is sensitive to light and humidity. The sp/30
mutants showed an excessive accumulation of O, and
H,0,. The staining of wild-type and mutant leaves with
trypan blue, NBT and DAB revealed a hypersensitivity-like
reaction without the involvement of distinct external fac-
tors. This finding suggested that sp/30 spot formation and
development probably resulted from PCD in leaves.

In Arabidopsis, [sd] mutants are resistant to the fun-
gal pathogen Peronospora parasitica and the bacterial
pathogen Pseudomonas syringae (Dietrich et al., 1997). In
rice, spotted leaf mutants such as sp/1, spll 1, cdr (cell death
and resistance) and b/m (blast lesion mimic mutants) show
broad-spectrum resistance to rice blast fungus (Magna-
porthe grisea) and rice bacterial blight (Xanthomonas
oryzae pv. oryzae), while others show specific resistance to
certain diseases or races. As shown here, the sp/30 mutation
conferred broad-spectrum resistance to various strains of
rice bacterial blight from China (C1-C7). This mutant could
therefore be useful for studying the mechanism of disease
resistance in rice. Based on this conclusion, we reasoned
that investigation of the genetics of spotted leaf mutants
could be useful in elucidating the molecular mechanisms
involved in plant defense against pathogens and in under-
standing the resistance of the sp/30 mutant to rice blast.

Gene mapping indicated that the sp/30 locus was lo-
cated on the long arm of chromosome 9, a location not pre-
viously reported for spotted leaf mutant genes. RT-PCR
showed that the expression of some sp/ genes related to re-
sistance was not unaltered. These findings indicate that we
have uncovered new genes involved in mimicking lesions;
these genes could be useful for studying the mechanisms
underlying leaf death and disease resistance. We are cur-
rently expanding the size of the mapped population and are
developing new markers for fine-mapping, cloning and
functional analysis of sp/30.
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