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Comparative Phenotypic and Physiological
Characteristics of Spotted Leaf 6 (sp/6) and Brown
Leaf Spot2 (b/2) Lesion Mimic Mutants (LMM) in Rice

Mohammad Nurul Matin, Saifullah Ahmed Saief, Mohammad Mominur Rahman, Dong Hoon Lee‘,

Hoduck Kang®, Dong Sun Lee®, and Sang Gu Kang*

Spontaneous necrotic lesions were found in a lesion
mimic mutant brown leaf spot 2 (b/2) without pathogenic
infection. Small spots in the seedlings appeared at the four
leaves stage and gradually grew into a large round and
black area with a gray center on the leaf surfaces. Lower
growth habit and lower agronomic trait values with re-
duced stature, tiller, and panicle number, as well as lower
yield potential were noted in the mutants relative to the
trait values of the wild-type plants. Microscopic analysis
revealed that mesophyll chloroplast was severely dam-
aged or absent in the spotted area of the mutant leaves.
Total chlorophyll content, hydrogen peroxide level, and
catalase activity were increased at up to 45 days after

germination and were dropped at 60 d in the mutant leaves.

However, the total protein contents were reduced slightly
with a growth period of up to 45 days and were increased
at 60 days after germination. A gradual increment of the
total ascorbic acid contents in the mutants were observed
with advanced plant age, but increased until 45 days and
dropped comparatively at 60 days in the wild-type leaves.
Increased gene transcriptions of OsPDI and OsGPX1 were
noted in the spotted leaves as compared to the non-
spotted leaves of the mutant and wild-type leaves, where-
as transcripts of OsTPX were transcribed at lower levels in
the spotted leaves as compared to the non-spotted leaves.
The genetic nature of the b/2 mutant indicated that the F,
plants evidenced the wild-type phenotype and that b/2 was
governed by a single recessive gene.

INTRODUCTION

Rice mutants expressing spots on the leaf surface resembling
disease symptoms in the absence of pathogen attack are re-
ferred to as lesion mimic mutant (LMM) (Balague et al., 2003;
Dietrich et al., 1994; Gray et al., 2002). Throughout the life cy-

cle, plants are exposed to a variety of biotic and abiotic stresses.

To protect against stresses, they generate stress elicitors via
metabolic and structural adjustments (Dietrich et al., 1994;
Yamanouchi et al., 2002). The hypersensitive response (HR) is
one of the mechanisms underlying protection against pathogen
attack, in which plants kill their own cells around the invasion
area, thus protecting against foreign agents and further patho-
genic spread (Lam et al., 2001; Mittler et al., 1997). However,
the cell death phenotype of LMMs is similar to the HR phenom-
ena. In fact, LMM symptoms induce cell death in plants, result-
ing in the formation of lesions on the leaves, which is a pro-
grammed cell death process that has been previously de-
scribed in many organisms (Kang et al., 2007; Tsunezuka et al.,
2005). This cell death behavior has been programmed in the
rice genome to occur spontaneously, mimicking modes of plant
protection against stresses; this phenomenon is referred to as
lesion resembling disease (/rd), and produces spots on the
leaves without any type of pathogenic infection.

Lesion formation induced by cell death in the leaves is due
primarily to defense responses triggered by pathogens that
control the hypersensitive response (Greenberg et al., 1994;
Morel and Dangl, 1997). Moreover, the involvement of several
stresses, such as high light intensity as well as temperatures
unsuited to plants have been recognized as triggers of and
regulators of phenotypic expression in the LMMs (Bouchez et
al., 2007; Dietrich et al., 1994; Matin et al., 2010; Noutoshi et al.,
2006; Yamanouchi et al., 2002).

Lesion development in lesion mimic mutants has been previ-
ously described in many organisms, including rice (Kang et al.,
2007; Liu et al., 2004; Matin et al., 2006; 2010; Mizobuchi et al.,
2002; Mori et al., 2007; Qiao et al., 2010; Wu et al., 2008),
Arabidopsis (Dietrich et al., 1994; Mosher et al., 2010; Noutoshi
et al., 2006), barley (Buschges et al., 1997; Persson et al.,
2009; Rostoks et al., 2006), maize (Hoisington et al., 1982; Johal
et al., 1995; Simmons et al., 1998), and wheat (Sugie et al.,
2007). Most of the LMM genes described thus far have been
shown to control specific functions to regulate resistance me-
chanisms, some of which include ion channels (Balague et al.,
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2003), zinc-finger protein (Dietrich et al., 1997), heat shock
protein (Yamanouchi et al., 2002), U-Box domain containing
protein (Zeng et al., 2004), and clathrin-associated adaptor pro-
tein (Qiao et al., 2010). Some other genes have been impli-
cated in the biosynthetic pathway (Brodersen et al., 2002; Ishi-
kawa et al., 2001). More than 12 genes controlling the lesion
mimic phenotype have been identified thus far (Buschges et al.,
1997).

Although several LMM mutants that induce lesion formation
have been identified thus far, little is currently known regarding
the genetic, developmental, physiological, and phenotypic prop-
erties of each individual mutant of the LMM family. In this study,
we describe a specific bl2 mutant of rice LMMs. In an effort to
gain greater insights into the mechanisms underlying lesion
expression and the gene causative of the bl2 phenotype, it is
first necessary to understand the phenotypic characteristics.
Therefore, we described herein the comparative phenotypic
characteristics between naturally grown bl2 and spl6 mutants.
Specifically, patterns of lesion formation, genetic segregation,
agronomic characteristics, and the morphological and physio-
logical properties of spot formation in the bl2 mutant have been
recorded and discussed. Thus, we have suggested herein that
the rice bl2 mutant may prove a useful material for investigation
of the underlying nature of disease resistance and anti-
oxidative stress in plants.

MATERIALS AND METHODS

Plant materials

Ethyl methane sulfonate (EMS)-induced rice lesion mimic mu-
tant plants bl2, spl6, and wild type rice Milliang 23 (an indica
cultivar) were employed for the experiments conducted herein.
The rice plants were grown in a natural environment at a tem-
perature between 30°C to 35°C in a paddy field in Yeungnam
University, Gyeongsan, Korea. One month-old seedlings, grown
in a greenhouse were transplanted in the field.

Genetic analysis

To assess the inheritance pattern of the bl2 mutant, hybrid
crosses were generated between the bl2 mutant (indlica type)
and llpoombyeo (japonica type) as well as bl2 and Milliang 23
(indica type). The resultant F1 seeds were cultivated in the
greenhouse and were allowed to self-pollinate, thus generating
a large population of F, progenies. Both of the parental types
and F, progenies derived from bl2 crossed with llpoombyeo
and bl2 crossed with Milliang 23 were transplanted in the field
in order to analyze the segregation patterns. Plants evidencing
lesion spotted leaves were counted. The best-fitted data were
analyzed via Chi-square (x?) tests.

Phenotypes

Spot formation time and structures on the leaves at different
developmental stages were investigated. Pictures of leaves
from 60 day-old plants were obtained using a digital camera.
Agronomic traits including days to heading (DH), tiller number
(TN), culm length (CL), plant height (PH), leaf length (LL), pani-
cle exertion ability (PE), panicle length (PL), panicle number
(PN), panicle thresh ability (PT), spikelet number (SN), spikelet
fertility (SF), and 100 grains weight were evaluated in bl2 mu-
tant rice as well as wild-type (Milliang 23) plants. The Tiller
number per plant was scored as the number of reproductive
tillers for each plant and the average including standard error
(SE) was calculated from the data obtained from 15 plants.
Spikelet fertility percentage was scored as the number of grains
per panicle divided by the number of spikelets per panicle. The

day on which the first developing panicle emerged approxi-
mately 1 cm beyond the leaf sheath of the flag leaf was re-
corded as the heading date for each plant of each accession.
Days to heading (DH) values were converted from the day of
transplantation to the mean heading date. One hundred ripped
spikelets were dehulled and measured for gram weight. Pheno-
typic effects were also noted upon temperature and light treat-
ments. A few plants were grown in the low (15°C), normal
(30°C) and high (45°C) temperature conditions for 30 days in
the growth chamber and then were cultivated further under
normal environmental conditions. The phenotypic effect was
observed at mature stage.

Leaf anatomy

Light microscopic study was conducted using wild-type, non-
spotted, and spotted flag leaves of the bl2 mutant from 60 day-
old plants. Transverse sections were visualized under an Olym-
pus BX51 dissecting fluorescent microscope (Olympus, Japan).
Observations were made under bright light, and then subse-
quently under UV using a 365 nm excitation filter and a 488 nm
long pass emission filter. Images were captured with an Olym-
pus C-7070 digital camera (Olympus).

For transmission electron microscopy (TEM) analysis, leaf
segments (1 mm x 5 mm) were cut from the 60 day-old flag
leaves of non-spotted and spotted parts of bl2 mutant and wild-
type plants. The samples were then fixed with 2.5% (v/v) glu-
taraldehyde in 0.1 M sodium phosphate buffer (pH 7.0) and
incubated at 4°C with five buffer changes at 30 min intervals,
and then transferred and maintained for 12 h at 4°C. After fixa-
tion, the samples were washed with 0.1 M sodium phosphate
buffer, at neutral pH, over three 20-minute incubations at 4°C.
After washing, the samples were post-fixed for 6 h in 1% (v/v)
osmium tetroxide in sodium phosphate buffer (pH 7.0). Then,
after three buffer washes, the samples were dehydrated through
a graded ethanol series. After 15 min of incubation in propylene
oxide, they were incubated further in epoxy resin solution [0.46
M EMBED-818, 0.28 M nadic methyl anhydride, 0.25 M dode-
cenyl succinic anhydride, 17.2 mM 2,4,6-Tri (Dimethylamino-
ethyl) phenol in propylene oxide at 1:1 (v/v) volume] for 4 h at
room temperature. The samples were subsequently incubated
in a 2:1 v/v epoxy resin solution for 12 h at room temperature,
and then embedded in fresh epoxy resin solution and polymer-
ized overnight at 70°C. Ultrathin sections were prepared with an
MT-X ultramicrotome (RMC, USA). Sections were viewed using
an H-7600 transmission electron microscope (Hitachi Ltd., Ja-
pan) operated at 80 kV at the microscopic analysis center at
the Center for Facility at Yeungnam University, Gyeongsan,
Korea. Three biological replicates were used for all microscopic
analyses.

Chlorophyll content measurement

Leaf samples were collected from 15, 30, 45, and 60 day-old
plants of bl2, spl6, and wild-type rice for measurements of chlo-
rophyll content. Fresh and fully expanded 20 mg leaf tissues
were extracted overnight with 1 ml of 95% ethanol at 60°C. The
extracts were measured at wavelengths of 645 and 663 nm
with an Optizen2120 UV Spectrophotometer (Mecasys Co. Ltd.,
Korea). Chlorophyll a, chlorophyll b, and total chlorophyll con-
tents were calculated using MacKinney’'s (1941) specific ab-
sorption coefficients, as previously described by Chory et al.
(1989). The total chlorophyll per gram tissue was converted via
the following formula: chlorophyll (mg/g) = chlorophyll (mg/L) x
0.001 (L) / fresh weight (g). Three biological replicates were
used for this experiment.
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Enzyme extraction and catalase activity Assay

One gram of leaf tissue from 15, 30, 45, and 60 day-old plants
were ground in liquid nitrogen using a chilled pestle and mortar,
and subsequently homogenized in 4.0 ml of chilled 50 mM
potassium phosphate buffer (pH 7.0) containing 1.0% (w/v)
insoluble polyvinylpolypyrrolidone and 1.0 mM phenylmethylsul-
fonylfluoride, 1.0 mM EDTA, 1.0 mM dithiothreitol (DTT), and
0.2% (v/v) Triton X-100. The homogenates were filtered
through 2-fold muslin cloth and centrifuged for 10 min at 10,000
x g at 4°C. The supernatants were stored at 4°C and used for
catalase assays within 4 h. The total protein content of the en-
zyme extracts was determined in accordance with the Bradford
method (1976). Catalase (EC 1.11.1.6) activity was measured
in a reaction mixture containing 500 umoles HO, in 10 mL of
100 mM phosphate buffer (pH 7.0) and one ml of tissue extract.
Decomposed H,O, was assayed after a 5 min reaction by read-
ing the spectrometric absorbance at 240 nm of both blanks and
samples (Aebi et al., 1983; modified after Bisht et al., 1989).
Corresponding blanks were maintained via the addition of 1 ml
of 2 N HSO;, prior to the addition of enzyme extract. Catalase
activity is expressed as units (umol H,O, decomposed min™)
mg" protein. Three independent samples were assayed and
standard errors among them were considered in the final re-
sults.

Total protein content measurement

To determine the total leaf protein content, leaf extraction was
conducted according to the method previously described by Ali
(2005). In brief, leaves were homogenized in 80% acetone and
the pellets were dissolved overnight in 1 N NaOH. The super-
natant was boiled at 90°C for 30 min and centrifuged prior to
use for protein determination. Bovine serum albumin was used
as a standard. Protein content was calculated against a stan-
dard curve. The results were expressed in mg protein/g leaf
tissue with standard error within three biological samples.

H,0. level measurement

H.O, concentrations in the lesion-bearing leaves and normal
leaves were determined via the method of Brennan and Fren-
kel (1977). One gram of fresh leaves from 15, 30, 45 and 60
day-old plants were homogenized in 5 ml of cold acetone and
centrifuged for 10 min at 10,000 x g. One ml of the supernatant
was mixed with 0.1 ml of 20% titanic tetrachloride in concen-
trated HCI (v/v) and 0.2 ml of concentrated NH,OH. The reac-
tion mixture was then centrifuged for 10 min at 10,000 x g, the
supernatants were discarded and the pellets were dissolved in
0.75 ml of 2N H,SO,. Absorbance was measured at 415 nm
against a water blank. The H.O. concentration was calculated
via comparisons of absorbency against a standard curve repre-
senting the titanium-H>O. complex from 0.1 to 1 mM. The re-
sults were expressed in pg H.O./mg leaf tissue with standard
error within three independent experiments.

Ascorbic acid measurement

The ascorbic acid concentrations were determined via the
ascorbate oxidase method, according to the methods devel-
oped by Tokunaga and Esaka (2007). In brief, the leaf samples
were ground in liquid nitrogen and suspended in 6.0% (v/v)
perchloric acid, followed by 10 min of centrifugation at 14,000
rpm at 4°C. The supernatant was appropriately diluted and 50
wl of the sample was added to 445 ul of 200 mM succinate
buffer (pH 12.7, adjusted with KOH) in a spectrophotometer.
The absorbance of the solution was recorded immediately and
then again 5 min after the addition of 2.5 U of ascorbate oxi-
dase at 265 nm. The ascorbic acid content was calculated via

comparison with the standard curve.

Reverse-transcription PCR for cDNA cloning
Reverse-transcription PCR was conducted according to the
methods of Kang et al. (2004). First-strand cDNA was synthe-
sized using the Universal Riboclone® cDNA Synthesis kit
(Promega, USA), according to the manufacturer’s instructions.
Several full length cDNAs including protein disulfide isomerase
(OsPDI, accession: AY987391), thyrodoxin peroxidase (OsTPX,
accession: AMO039889), glutathione peroxidase (OsGPX1,
accession: AY100689) and rice actin (OsActin1, accession:
NM_001062196) were PCR amplified. Tag DNA polymerase
(Promega) was used for PCR using the following thermal cy-
cles: denaturing at 95°C for 2 min, followed by 29 cycles of
denaturing at 95°C for 1 min, annealing at 55°C for 2 min and
extension at 72°C for 2 min, and one cycle of extension at 72°C
for 5 min. Gene-specific primers were as follows, OsPDI-183F,
5-CGT CGA GTT CTA CGC CCC GTG-3; OsPDI987R, 5'-
CAG CCC AAA GTA CTG GAA GGC-3, OsTPX-1F, 5'-ATG
GCC GCC TGC TGC TCC TCC-3'; OsTPX-786R, 5-TTA GAT
GGC CGC GAA GTA CTC-3, OsGPX1-F, 5'- AAC GAATTC
CCG CCG CGC CGT CCG C-3; OsGPX1-R, 5- TTC TCG
AGA GAG CTC CCA AGC AG-3; and Osactin1-1F, 5'- ATG
GCT GAC GAG GAT ATT CAA-3'; Osactin1-1310R, 5-TCA
GAA GCA CTT CAT ATG GAC-3'. PCR products were cloned
into pGEM-T Easy vector (Pro-mega). Nucleotide sequencing
was conducted via the Bigdye termination method using ABI
3700 DNA analyzer (Applied Biosystem, Hitachi, Ltd.) at the
Institute of Biotechnology, Yeungnam University, Gyeongsang,
Korea. The cloned PCR products were then isolated and puri-
fied from the plasmid for use as probes.

Northern blot analysis

Northern blot analysis was conducted in accordance with the
methods developed by Kang et al. (2004). In brief, 20 ug of
total RNA was electrophoretically separated on 1.4% denatur-
ing agarose gel using 1x MOPS [3-(N-morpholino)-propanesul-
fonic acid] buffer, then transferred to Nytran® nylon mem-
branes (Schleicher & Schuell Bioscience, USA) with 25 mM
sodium phosphate buffer (pH 7.0) for 12 h. The membranes
were exposed to UV at 1200J. Radioactive-labeled probes
were generated from the RT-PCR cloned OsPDI, OsTPX,
OsGPX1 and Osactin1 genes using a random labeling system
(Promega). Prehybridization was conducted at 42°C for 3 h in
50% (v/v) formamide, 6x SSC (1x SSC is 0.15 M NaCl, 0.25 M
NaH.PO, and 25 mM Na,EDTA), 5x Denhardt’s solution [1%
(w/v) Ficoll, 1% (w/v) polyvinylpyrrolidone, 1% (w/v) bovine
serum albumin], 0.5% (w/v) SDS, and 0.1 mg/ml Herring sperm
DNA. Hybridization was conducted for 14 h using o-[*P] dCTP
labeled probes at 42°C. The membranes were then washed
twice in 2x SSC and 0.1% SDS solution at room temperature
for 5 min, followed by washing in 1x SSC and 0.1% SDS solu-
tion at room temperature for 10 min, in 0.1x SSC and 0.1%
SDS solution at room temperature for 20 min and in 0.1x SSC
and 0.1% SDS solution at 42°C for 5 min. For autoradiography,
the membranes were exposed to X-ray film (Fuji Photo Film
Co., Japan) for 24 h.

RESULTS

The b/2 mutant phenotype was unique in LMMs

A bl2 mutant germplasm evidenced a phenotype characterized
by dark reddish-brown spots of various sizes on the leaf sur-
face. As is shown in Fig. 1, spots were spread over the entire
leaf surface with advanced aging. The irregular lesions were
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wt bi2 (nsp)

bi2 (sp) bi2 spi6

Fig. 1. Light microscopy analysis of spotted and non-spotted leaf blades of the bl2 mutant and the wild-type rice. (A-C) Parts of the fully ex-
panded 90-day old fresh leaves of the wild-type and bl2 mutant. (D-F) Transverse sections of the boxed parts of A, B and C, respectively,
observed under white light and (G-1) observed under UV light at 488 nm. (J-L) Magnified view of boxed area of G, H, and |, respectively. A, D,
G and J are wild-type (wt) leaf sections. B, E, H and K are non-spotted (nsp) and C, F, |, and L are spotted (sp) leaf sections of the mutant.
Indications in D are LB, large vascular bundle; LE, lower epidermis; M, mesophyll cell; P, phloem; SB, small vascular bundle; UE, upper epi-
dermis and X, xyleme. Bars indicate 100 um in D-l and 25 um in J-L. Full leaves of the wild type, bl2 and spl6 mutants are represented in the

right box.

visible as early as the four-leaf stage, which was unique among
our previously studied lesion mimic mutants (Kang et al., 2007;
Matin et al., 2010). At the seedling stage, a few small brownish
spots appeared over the leaf surface, which became larger and
more visible at the tillering stage and spanned the entirety of
the leaf surface. Interestingly, lesions also formed on the leaf
sheaths of the bl2 mutant. Spots were noted at all developmen-
tal stages and formations of new spots were observed with
plant maturity, and thus the lesions covered the leaf blades at
flowering time. Although the majority of the spots were small in
the tillering stage, they became much larger with maturity (Fig.
1). At maturity, aimost all of the leaves were affected by the
spots. Owing to the profound severity of spot formation at the
maturation stage, senescence occurred earlier than in the wild-
type plants. The lesions developed from older to younger
leaves throughout the stages of plant development.
Environmental factors including light and temperature af-
fected the phenotypic severity of the mutant plants. Mutant
plants were grown in the growth chamber with high-intensity
light for 10 days and under high temperatures (45°C for 30
days). The treated plants produced increased numbers and
larger-sized spots on the leaves relative to the plants grown
under normal environmental conditions. Moreover, the chlorotic
sectors became more extensive in the treated plants. However,
plants grown under 10 days of continuous dark conditions and
leaf areas covered by aluminum foil before spot formation evi-
denced less severe spot coverage than was observed in the
plants grown under normal conditions (data not shown). This
may be attributable to the profound photo-oxidative damage

observed under higher light intensity and temperature.

Leaf anatomical features of the b/2 were similar to those

of spl6é

To characterize the differences in the mesophyll chloroplasts of
the wild-type and bl2 leaves, microscopic analysis was con-
ducted as described by Kang et al. (2007). The anatomical
features of the flag leaves of the wild-type (Fig. 1A) and bl2
plants (Figs. 1B and 1C) were observed under fluorescent light
with and without UV emission, using a light microscope. In the
wild-type leaf section, as well as the non-spotted part of the bl2
leaf, the mesophyll cells were green, indicating that they were
filled with chloroplasts (Figs. 1D and 1E). In the spotted parts,
however, the mesophyll cells were dark brown, with very few
greenish parts (Fig. 1F), indicating the absence of chloroplasts
and the death of the mesophyll cells. The clear differences in
color reflection noted among the leaf sections were noted under
UV light at 488 nm. The mesophyll cells of the wild-type and
non-spotted parts of the mutant leaves were reddish (Figs. 1G
and 1H), implying the reflection of non-absorbed light by the
chloroplasts. Conversely, the mesophyll cells of the spotted
area did not turn red, thus reflecting the degradation of the
chloroplasts in the mesophyll cells (Fig. 11). This indicates that
those cells were dead. Transmission electron microscopy
(TEM) analysis of the wild-type and non-spotted and spotted
leaf sections of the mutant indicated a clear cellular difference
among the samples. In the wild-type section, the mesophyll
chloroplasts were phenotypically normal with a typical lens
shape, chloroplast wall, well-developed thylakoid and granal



Mohammad Nurul Matin et al. 537

Table 1. Phenotypes of wild type cultivar (YUC013, Milliang23) and two bl2 mutant germplasms (YUMO013 and YUMO57) grown under natural
field conditions

ID DH+SE CL+SE LL+SE LW+SE PH+SE TN+SE PE PL+SE PN+SE PT SN+SE SF+SE GW*SE
YUCO013 73+1.3 615+12 509+09 1.7+0.1 111.5+52 23+10 1 225+06 2110 1 130+34 925+05 25+0.1
YUMO013 65+1.1** 555+ 0.6* 54.5+0.6™ 1.6+0.1 108.6+3.8 11+14"™ 1 241+05" 10+1.4™ 1 70.6+24" 66.7+1.422+0.1"
YUMO057 76+1.4* 453+0.4" 454+0.7*20+02*90.5+7.2" 6+1.1™ 2 220+08 04+1.1™ 2 53.4+7.3" 49.3+23"20+£0.1*

ID, identity of the wild type cultivar (YUC013, Milliang23) and independent two mutant lines (YUM013 and YUMO057) that showed similar phenotypes; DH,
days to heading (defined as duration from transplantation to emergence of the first panicle); CL, culm length in centimeter (cm); LL, leaf length in cm; LW,
leaf width in cm; PH, plant height; TN, number of reproductive tiller per plant; PE, panicle exsertion ability (Scale: 1; well exserted, 2; moderately well
exserted); PL, panicle length in cm; PN, panicle number per plant; PT, panicle thresh ability [Firmly grasp and pull the hand over the panicle and esti-
mate the percentage of shattered grains, scale: 1, difficult (less than 1%); 2, intermediate (6-15%)]. SN, spikelet number per panicle; SF, spikelet fertility
percentage per plant; GW, 100 grains weight in gram; SE, standard error of five observation for each trait. *, ** indicate that phenotypes between wild

type and mutants were significantly different (+-test, P < 0.05, 0.01 respectively).

bi2 nsp

¥

\r‘\‘i‘i“-

Fig. 2. Transmission electron microscopy
(TEM) analysis of the wild-type and b2
leaves. (A-C) TEM of the ultrastructure of
chloroplasts of wild-type and non-spotted
(nsp), and spotted (sp) leaf blades of bl2
mutant, respectively. (D-F) Close-ups of one
chloroplast of wild type, nsp and sp leaves,
respectively. (G, H) Close-ups of thylakoids
with lamella of wild type and nsp of mutant
leaf sections. (I) Close-up of cell inside of sp
section of the mutant. Indications in the fig-
ures are CP, chloroplast; CW, chloroplast
wall; LA, lamella; MC, mesophyll chloroplast;
TC, thylakoids, and ST, stroma. Arrow heads
in the H indicate broken lamella. Developed
and matured flag leaves of the plants were
used. Bars: A-C; 0.5 um, D; 0.5 um, E; 2 um,
F; 0.1 um, G-I; 0.1 um.

stacking and lemma (Figs. 2A, 2D and 2G). By way of contrast,
a large proportion of the chloroplasts observed in the bl2 non-
spotted leaf sections evidenced an abnormal shape with fewer
and more damaged chloroplasts, as well as disorganized thyla-
koid membrane, and damaged or broken lamella (Figs. 2B, 2E
and 2H). Whereas the mesophyll cells in the spotted leaf area
were empty and evidenced broken chloroplast walls, damaged
cellular organelles, shrunken cell size, and visible osmophilic
and electron-dense particles such as plastoglobules were noted
within the cells. (Figs. 2C, 2F and 2l).

Agronomic characteristics of the b/2 mutant were
disgraceful

In an effort to gain insight into the agronomic features of the bl2
mutant, several important agronomic traits were observed in the
two germplasms of the bl2 mutant variants (YUM013 and
YUMO057), which were independent mutant lines identified from

EMS mutagenesis, as well as in the wild-type plant (Milliang23).
Apart from the spotted phenotypes, significant differences be-
tween the mutant and the wild-type plants were noted in terms
of several agronomic traits including days to heading, plant
stature, tillering ability, leaf structure, grain structure and quality,
and panicle structure (Table 1). The mutant plants evidenced
abnormal developmental phenotypes with various degrees of
agronomic characteristics and significantly lower trait values
than the controls (Table 1). The mutants evidenced reduced
tiller and panicle numbers, 11 and 10 for YUMO013, and 6 and 4
for YUMO57 relative to the wild-type, 23 and 21, respectively
(Table 1). Owing to the early senescence occurring due to cell
death in the bl2 variants, it evidenced a shorter lifespan than
the wild-type plants grown under identical environmental condi-
tions. Plant stature, tillering ability, panicle formation ability, and
seed setting rates were lower than those of the cultivar controls.
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Table 2. Segregation of bl2 mutant phenotype in the F, generation

Comparison of Lesion Mimic Mutant bl2 and sp16

F, segregation for bl2 gene

Cross F, phenotype 2 (311 value
P P Number Wild type Mutant Total x @1 F
. ) Observed 192 52 244 1.77 0.90-0.10
bl2/lilpoom Wild type
Expected 183 61 244
) Observed 134 42 176 0.12 0.90-0.10
bl2M23 Wild type
Expected 132 44 176

Phenotype of the female parent (bl2) was mutant and pollen donor, llpoombyeo and Milliang23 (M23) was wild type. Probability of acceptance of the x2

value is calculated using df=1.

_ J

Fig. 3. Genetic segregation of bl2 mutant at F1 and F, progenies.
Cross was made between wild type normal rice and b/2 mutant.
Whole plant and magnified leaves are indicated. Fy had wild type
phenotype, whereas, in the F,, mutant and wild type segregation
was observed.

The inheritance pattern of the b/2 mutant was followed

by a single recessive gene

The genetic nature of the bl2 mutant was analyzed from the
cross between the mutant and wild type japonica (llpoombyeo)
and indica (Milliang23) cultivars used either as pollen donors or
pollen receptors. The F; plants from all of the cross-combina-
tions evidenced phenotypes similar to those of the wild-type
plants (Table 2; Fig. 3). Large numbers of F, seeds were col-
lected from each single F; plant and were further grown under
natural field conditions. Among the F, segregation progenies,
52 plants evidenced a recessive spotted phenotype, whereas
192 plants evidenced the dominant wild type (non-spotted)
phenotype from the cross between the mutant and llpoombyeo
variants (Table 2; Fig. 3). The results of y* analysis revealed
that F. progenies segregated at a 3 wild-type: 1 mutant ratio
with the bi2 gene, with a value of % 1)= 1.77 (Table 2). More-
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Fig. 4. Relative total chlorophyll content in the spl6, bl2 and wild-
type plants grown under natural environmental conditions. Fully
expanded fresh leaves of 15, 30, 45 and 60 days old plants were
used. Concentrations are expressed as mg/g fresh tissue. Values
are average of three replicates (mean + SE).

over, the F, population of the cross of bl2 and Milliang23 also
segregated at a 3: 1 (wild type: mutant) ratio with a satisfactory
fit (x* 1) =0.12) (Table 2). The segregation of F» populations
confirmed that the mutant characteristics are governed by a
single recessive gene.

Chlorophyll content in b2 and spl6é mutants were higher
than that of normal rice

Total chlorophyll was measured from the leaf extraction of the
wild-type, spl6, and bl2 mutants to compare the chlorophyll
content within the samples at 15, 30, 45 and 60 days of plant
age, as well as between the wild-type and mutants. At 15 days
of age, the total chlorophyll content of the samples was almost
identical for all samples, whereas the total chlorophyll contents
increased with further plant development until 45 days in the
mutant variant (Fig. 4). In the wild-type leaves, chlorophyll con-
tents were almost identical, with a slight reduction at day 60;
however, a sizeable difference was noted between the wild-
type and mutants at day 45, whereas the total chlorophyll con-
tents were 38.79% higher in spl6 and 48.44% higher in bl2
relative to the wild-type leaf samples (Fig. 4). Total chlorophyll
contents were almost 10% higher in the bl2 mutant than the
spl6 mutant at day 45. The mutant evidenced a dramatic reduc-
tion in chlorophyll content by more than 2-fold at day 60 from
that of day 45, whereas, an insignificant reduction was ob-
served in the wild-type (Fig. 4).

Hydrogen peroxide levels were elevated in the b/2 mutant

H.0. levels, a symptomatic indicator of cell death in plants,
were measured in the wild-type and mutant leaves. The H.O»
levels also followed the same trend as that of the chlorophyll
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Fig. 5. Relative H,O, concentrations in wild-type, spl6 and bl2 mu-
tants occurring in the plants grown under natural conditions. Sam-
ples were used from 15, 30, 45, and 60 days old plants. Concentra-
tions are expressed as pmol/g fresh leaf tissue. Each value is the
mean of three individual replicates (mean + SE).

contents in the wild-type, spl6, and bl2 mutant leaves (Fig. 5).
Initially, at day 15, similar levels of H,O,were observed among
the leaf samples. Thereafter, the level of hydrogen peroxide
increased differentially and reached a maximum at day 45,
which was 12.21% higher in the spl6 variant and 34.63% higher
in the bl2 variant than in the wild-type. However, these levels
were reduced dramatically at day 60 in the mutants (Fig. 5).
Higher levels of H-O.in b2 leaves relative to the wild-type and
spl6 variants were closely related with unique spot formation
pattern in the mutant.

Total protein content did not differ significantly among bi2,
spl6, and wild-type

To evaluate the relative levels of total proteins in the wild-type
and mutant leaves, the total protein contents were spectropho-
tometrically measured at differential developmental stages of
the plant age. We noted no significant differences in total pro-
tein content among the wild-type, sp/6, and bl2 leaves (Fig. 6).
However, slight reductions with growth period and lower con-
tents were detected at 45 days and then increased slightly at 60
days of plant age (Fig. 6).

Catalase activity increased in the mutant

Catalase activity was measured in the mutant and wild-type
leaves at different developmental stages. The lowest level of
activity was found at 15 days of age in all samples (Fig. 7).
Thereafter, the catalase activity gradually increased up to 45
days of plant age and declined later on, regardless of the sam-
ples. In the case of bl2, the elevation level of catalase activity
was highest at 45 days among all samples, whereas a drastic
reduction was apparent at 60 days (Fig. 7). The activity was
20.03% higher at 45 days than the other growth stage in the bl2
leaves, whereas it was almost identical in the wild-type and spl6
leaves (Fig. 7).

Total ascorbic acid contents evidenced a gradual
increment during growth period in the mutants

Ascorbic acid contents were measured in the leaves at various
developmental stages of the mutants and wild-type plants. In-
creasing similar levels of ascorbic acid contents were noted
among samples from 15 days to 45 days of age, and differed
significantly at 60 days of age (Fig. 8). In the wild-type leaves,
ascorbic acid contents were reduced slightly at day 60 relative

_ 18 ¢ bt
e N
= 1.0
+ 08 r
5 06
o 04 §
g 02
00 1 1 1 J

15d  30d 454 60 d
Plant age

Fig. 6. Total protein content in wild type, spl6 and bl2 leaves at 15,
30, 45 and 60 day old rice plants. Protein contents are expressed
as mg/g fresh leaf tissue. Total protein content was reduced with
growth period in the wild-type, spl6, and bl2 leaves. No significant
differences were detected between the wild-type, spl6, and b2
leaves.
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Fig. 7. Catalase activity in the wild-type, spl6, and bl2 leaves at 15,
30, 45 and 60 days of growth. Activity was expressed as pmol H,O,
decomposition per min per mg protein. Activity was increased until
45 days of growth after germination and reduced activity was noted
at day 60 after germination.

to the 45 day-old leaf samples, even though these levels were
higher than measured in the 15 day-old leaf samples. Until 60
days of age, ascorbic acid contents increased in the spl6 leaves,
whereas the levels of ascorbic acid increased slightly in the bl2
leaves (Fig. 8). AlImost two-fold higher contents of ascorbic acid
were noted in the bl2 leaves, whereas the levels were almost
three-fold as high in the spl6 leaves relative to the wild-type at
60 days of age (Fig. 8). Specifically, the ascorbic acid contents
of the spl6 mutant plants were almost one and-a-half fold that of
the bl2 variant at 60 days.

Some stress response genes were expressed indelibly

in the b/2 mutant

Phenotypic expression in the bl2 mutant is affected by stress
conditions. Therefore, we evaluated the expression of the me-
tabolism and stress-associated genes OsPDI, OsTPX and
OsGPXT1 via Northern blot analysis. Northern blotting was con-
ducted using total RNA isolated from the wild-type and non-
spotted and spotted leaves of the mutant. Owing to severe spot
formation during the maturation stage, the bl2 mutant leaves
become chlorotic and exhibit early senescence. Therefore, we
evaluated the expression of genes associated with stress re-
sponse in the mutant leaves before lesions development and
after severe lesion formation. The expression of the OsActin1
gene was also analyzed as an experimental control. The ex-
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pression of the OsPDI transcript was significantly increased in
the spotted leaves relative to the non-spotted leaves, whereas,
the increment in the spotted leaves was more than 2-fold that of
the wild-type controls (Fig. 9). The expression of OsTPX oc-
curred in a precisely opposite fashion, in that expression was
reduced slightly in the non-spotted leaves than the wild-type,
whereas, the reduction in the spotted leaves was more than 4-
fold that of the non-spotted as well as wild-type leaves (Fig. 9).
OsGPX1 expression did not induce significant changes regard-
less of samples; however, expression was increased slightly in
the spotted leaves relative to the non-spotted leaves. The ex-
pression of OsActin1, which was used as an experimental con-
trol, was similar for all samples. The EtBr-stained RNA gels
predicted the non-degradation of total RNAs of the wild-type
and bl2 non-spotted and spotted leaves, respectively (Fig. 9).

DISCUSSION

In order to gain further insight into the basis of phenotypic ex-
pression in the bl2 mutant and to compare it with the rice spl6
lesion mimic mutant, we have evaluated the physiological,
morphological and anatomical phenotypes of the mutants at
various stages of development. We also evaluated the relation-
ships between total chlorophyll, hydrogen peroxides, ascorbic
acid, and total protein content and catalase activity with the
plant developmental stages corresponding to spot initiation and
severe lesion formation. The uniqueness of the spot structure
and formation pattern of the bl2 mutant reflected its differences

from many other identified rice lesion mimic mutants. Among
the several rice Ird families characterized thus far, the brown
leaf spot 2 (bl2) mutant included the brown leaf spot family
(Kinoshita, 1995; Singh et al., 1995). Tinny spots became visi-
ble at approximately 30 days of age in the seedlings and
gradually became larger and assumed a dark brown color.
Several Ird mutants have been identified in rice thus far, includ-
ing spl11--which evidences a spontaneous cell death pheno-
type on the leaves (Yin et al., 2000), Sp/7--which involves rela-
tively small and reddish-brown lesions scattered over the whole
surface of leaves (Yamanouchi et al., 2002), spl/7--which in-
volves spontaneous disease-like lesions in the absence of
pathogen (Liu et al., 2004), spl6--which involves spontaneous
necrotic lesions at the late tillering stage (Kang et al., 2007),
and SPL28--which is responsible for spotted leaves and early
senescence (Qiao et al., 2010). All of those mutants have been
extensively studied and specific genes were found to be asso-
ciated with phenotypic formation in the mutants, including heat
stress transcription factor, U-box, and armadillo repeat protein,
as well as the clathrin-associated adaptor protein (Qiao et al.,
2010; Yamanouchi et al., 2002; Yin et al., 2000). However, the
bl2 mutant, which evidences individual phenotypic characteris-
tics, has not yet been assessed in terms of its molecular func-
tions.

Many important agronomic characteristics of rice-- including
yield, plant height, and flowering time--have been described,
and shown to be controlled by a number of quantitative trait loci
(QTL). Several genes have been implicated in the control of
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days-to-heading, plant height, and number of grains per panicle
(Wei et al., 2010). In the bl2 mutant, we have discussed several
important agronomic characteristics and compared them with
those of the mutant phenotype. In the mutants, some important
agronomic traits differed from those of the wild-type plants.
Thus, it is anticipated that the bl2 mutant gene might be associ-
ated with aspects of plant physiology and morphology. These
findings may prove useful in the identification of gene functions
and in exploring mechanisms in the mutant phenotype related
to flowering time and day length, as well as heading time. The
inheritance pattern of the bl2 mutant was assessed in a cross
between a pollen receptor with the LMM mutant phenotype bl2
and a normal wild-type rice pollen donor. F; phenotypes and
segregation phenotype of F; progenies revealed that the b2
mutant was recessive. Several lesion mimic mutants (LMM)
have also been studied in different crops. Most rice lesion
mimic mutants have been characterized as recessive (Matin et
al., 2010; Nagato and Yoshimura, 1998; Sing et al., 1995).
However, the majority of the lesion mimic mutants studied in
maize were found to be dominant (Johal et al., 1995).

During cell death or leaf senescence, the chloroplast is one
of the earliest targeted cellular organelles to be broken down.
Therefore, we have evaluated the relationship between chloro-
phyll content and the stage of spot severity. Total chlorophyll
content was increased during severe spot formation, and then
drastically reduced. This led us to predict that cell death occurs
as the result of an oxidative burst resulting from higher photo-
synthesis, which might be explained by the higher total chloro-
phyll contents in the mutant leaves. A significant correlation was
determined to exist between the chlorophyll contents and the
rate of photosynthesis (Hu et al., 2009). A positive correlation
was found to exist between the chlorophyll content and plant
age, and during senescence, it was reduced slightly in the rice
plant (Wang et al., 2008). The drastic reduction observed at the
later stage might have resulted from the degradation of chloro-
plasts in the mutants due to severe cell death and early senes-
cence. Moreover, we evaluated chlorophyll degradation from
the leaf anatomy of the mutants (Figs. 1 and 2).

The formation of lesions in spl6 and bl2 leaves was associ-
ated with developmental stage. Chlorophyll content was obvi-
ously increased in leaves at 45 days of age, resulting in higher
rates of photosynthesis; additionally, elevated oxidative toxicity
might result in cell death and expose the leaf surface to severe
lesion formation. With regard to the most important agronomic
traits, bl2 evidenced lower trait values relative to the wild-type
controls. This observation was similar to that reported for spl6
(Matin et al., 2006; 2010). Lower quality in LMM rice and rice
resistance against rice fungal blast and bacterial blight were
commonly observed (Mizobuchi et al., 2002; Wu et al., 2008;
Yin et al., 2000). Therefore, damage to photosynthetic leaves
might be a principal cause of lower quality in the mutants. How-
ever, our observations verified that damage to chloroplasts is
the principal reason for cell death and spot formation in mutant
leaves. The intracellular pattern observed via TEM also showed
less significant differences between spot formation in the bl2
and spl6 variants. In both cases, the exposure to spots owing to
damage to the cellular organelles resulted in cell death.

Plant responses to environmental stress have been associ-
ated with activated forms of oxygen, including HxO,, singlet
oxygen, superoxide, and the hydroxyl radical. The uncontrolled
production of reactive oxygen can inactivate biomolecules or
initiate chain reactions that destroy membrane structure and
function. H,O, would be endogenously generated by the meta-
bolic pathway, and excess H.O. production is indicative of PCD
in plant cells (Brodersen et al., 2002). Therefore, we assessed

H.0O, concentrations in the mutant cells. High levels of H.O»
accumulation were noted in the rice with increasing numbers of
lesions in the OsSRT1 downregulated plants (Huang et al.,
2007). In this study, the highest levels of H,O,accumulation in
the mutant leaves were detected when severe cell death began
at 45 days of plant age (Fig. 5), which might indicate that toxic
levels of H,O. cause plants to kill their own cells. Thereafter,
reductions in the later stage (Fig. 5) may be attributable to the
activation of scavenging enzymes, as well as complete cell
death. Many cellular compounds function as scavengers,
thereby detoxifying ROS. Enzymatic defenses include superox-
ide dismutases which convert the superoxide radical to H.O,
and the catalases and peroxidases which trigger the conversion
of H2O. to water and oxygen under normal conditions, which
are adequate to handle the oxidative load (Walker and McKer-
sie, 1993). Lower levels of catalase activity can impair the
plant’s ability to detoxify the product of oxygen photoreduction
(Baker, 1994). It is generally assumed that an increase in cata-
lase activity results in a simultaneous reduction in H,O. con-
tents. If catalase is the preliminary detoxifier of hydrogen perox-
ide, then there should be a correlation between higher CAT
activity and lower H,O, concentrations. Presumably, when le-
sion development was accelerated in the spl6 and bl2 mutants,
thereby resulting in higher ROS accumulation, then CAT was
also upregulated, thereby scavenging ROS in the damaged
cells, and thus lowering the levels of H,O,. It has been previ-
ously observed that spots formed earlier in the bl2 leaves than
the spl6 leaves and spot severity exposure was also observed
in bl2 leaves earlier than in spl6 leaves; this may help to explain
the higher H.O-levels in bi2 leaves, which evidenced a 22.43%
higher yield than the spl6 plants at 45 days of age.

We have analyzed the ascorbic acid quantity in the mutants
and wild-type leaves (Fig. 8). Ascorbic acid is an abundant
small mole-cule in plants and constitutes a key substance in the
network of anti-oxidants. In plants, it has also been shown to
perform multiple roles in developmental processes (Asada, 1999;
Conklin, 2001; Shin et al., 2008; Smimoff, 1996) as well as cell
division and expansion (Kato and Esaka, 1999). Ascorbic acid
is a signal molecule involved in defense responses in plants
(Pastori et al., 2003). In wild leaves, in the present study, ascor-
bic acid contents were correlated with total chlorophyll content,
H-0,, or catalase activity, but in the mutant leaves the ascorbic
acid contents evidenced different patterns as they gradually
increased upon increasing plant age corresponding to spot
severity (Fig. 8). Although the evidence is not dispositive, differ-
ences in ascorbic acid contents between wild-type and mutant
leaves and the correlation between increasing amounts of
ascorbic acid and increasing spot quantity suggest that ascor-
bic acid plays a role in the detoxification of ROS generated in
the mutant leaves. By way of contrast, reduced levels of ascor-
bic acid content were noted subsequent to wound stress in the
leaves (Badejo et al., 2009), whereas ascorbic acid-associated
genes were induced during wounding (Badejo et al., 2009).

Upon lesion formation in the LMM, the chloroplast is the first
target to be damaged, resulting in effect on the photosynthetic
machinery. Therefore, we investigated the genes associated
with components of the chloroplast via Northern blot analysis.
As shown in Fig. 9, PDI and GPX1 transcripts were upregulated
in the spotted leaves of the mutant strain. This may imply that
overexpression is linked to lesion formation and cell death in
the bl2 mutant, thereby facilitating the mechanisms underlying
protection against stress conditions. PD/ was found to be multi-
functional in plants. These functions may include various roles,
most notably a physiological role in stress-induced cell death
(Ray et al., 2003). OsGPX1 is a stress-inducible gene that pro-
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tects cells against oxidative stress and its transcription was
induced under stress conditions in the rice seedlings (Kang et
al., 2004). Upon the formation of hypersensitive responses,
such as spontaneous lesion formation on leaves, the upregula-
tion of defense-related marker genes was noted in the
OsACDR1 mutant rice (Kim et al., 2009). However, the TPX
transcript levels were severely reduced in all the spotted leaves
relative to the non-spotted and wild-type leaves (Fig. 9). Even
though TPXis a ROS scavenger which reduces hydrogen per-
oxide (H20,) via the intracellular redox signaling pathway (Hi-
raga et al., 2001; Schrdder et al., 1998), the reduced transcript
in the bl2 mutant leaves might be not directly associated with
this. Moreover, the internal experimental control, the actin, was
equally expressed regardless of the sample assessed (Fig. 9).

This study provides basic information regarding the bl2 type
LMM mutant. The genetic definition of the bl2 gene will be
documented further in the future. Additionally, further research
is expected to contribute to the cloning and identification of the
gene, as well as to our knowledge of gene functions and the
mechanisms underlying phenotypic expression.
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