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. Disease resistance is an important goal of crop improvement. The molecular mechanism of resistance
requires further study. Here, we report the identification of a rice leaf color mutant, [c7, which is
defective in chlorophyll synthesis and photosynthesis but confers resistance to Xanthomonas oryzae pv.

Oryzae (Xoo0). Map-based cloning revealed that [c7 encodes a mutant ferredoxin-dependent glutamate

synthasel (Fd-GOGAT1). Fd-GOGAT1 has been proposed to have great potential forimproving

nitrogen-use efficiency, but its function in bacterial resistance has not been reported. The [c7 mutant

. accumulates excessive levels of ROS (reactive oxygen species) in the leaves, causing the leaf color

. to become yellow after the four-leaf stage. Compared to the wild type, [c7 mutants have a broad-

. spectrum high resistance to seven Xoo strains. Differentially expressed genes (DEGs) and qRT-PCR
analysis indicate that many defense pathways that are involved in this broad-spectrum resistance are
activated in the [c7 mutant. These results suggest that Fd-GOGAT1 plays an important role in broad-
spectrum bacterial blight resistance, in addition to modulating nitrogen assimilation and chloroplast
development.

Bacterial blight (BB) is a serious disease in rice that is caused by the Gram-negative bacterium Xanthomonas
oryzae pv. oryzae (Xoo) and can cause yield losses of up to 50%. Xoo is a serious threat to agriculture and global
food security® The use of resistance genes in breeding programs has been regarded as the most effective and
economical strategy for controlling bacterial blight. To date, a total of 38 BB resistance genes (R genes) have been
. identified®. Of these genes, eight BB resistance genes, namely Xa21*, XaI’, Xa26°, xa5"%, xal3°, Xa27'°, Xa10" and
© Xa23'%, have been cloned, and the protein structures that they encode are diverse. This diversity indicates that the
. molecular mechanism of BB resistance is very complicated in rice. In addition, all of these genes are race specific,
. which restricts their direct use in rice production as the single resistance resource. A rice variety containing one
. of these genes can easily lose resistance owing to the rapid variation of the cognate pathological race. The incor-
: poration of multiple resistance genes into rice cultivars is a very effective method to increase rice resistance!®.
. However, gene pyramiding is a very tedious and complicated process. Plants have evolved complex resistance
mechanisms to fend off microbial pathogens, in addition to these R genes, providing several layers of constitutive
. and inducible defenses. Many of these defenses are controlled by development- or metabolism-related genes
© that trigger a long lasting systemic acquired resistance (SAR) to defend the plant against a broad spectrum of
. pathogens.
: Glutamate synthase (GOGAT) is a key enzyme in the synthesis of glutamate. Glutamate is a central molecule
© in amino acid metabolism in higher plants® and is the precursor of chlorophyll synthesis in leaves'. There are
© two forms of glutamate synthase in plants that differ in electron donor: NADH-GOGAT requires pyridine nucle-
. otides, and Fd-GOGAT requires reduced ferredoxin (Fd)!*>. NADH-GOGAT is located primarily in the plastids
of non-photosynthetic tissues, such as roots, and Fd-GOGAT is located primarily in leaf chloroplasts'®!”. The
major role of Fd-GOGAT is the re-assimilation of the ammonium that is liberated during photorespiration'®.
In Arabidopsis thaliana, Fd-GOGAT is encoded by GLUI (Fd-GOGAT1, At5g04140) and GLU2 (Fd-GOGAT?2,
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Figure 1. Phenotype of the Ic7 mutant. (A) Plant at the seedling stage. (B) Plant at the seedling stage grown

in the field for two months. (C) Plant at the tillering stage. (D) Plant at maturity. (E-G). The investigation of
agronomic traits, including grain weight per plant, tiller number seed-setting ratio, and thousand-grain weight.
Asterisks indicate the significance of differences between wild-type and Ic7 mutant plants as determined by
Student’s t-test. These data were obtained from three independent replicates, **P < 0.01 (¢-test). Each scale bar is
indicated.

At2g41220), which exhibit contrasting expression patterns. Fd-GOGATT1 is highly expressed in leaves, whereas
Fd-GOGAT 2 is mostly expressed in roots. Fd-GOGAT 1 contributes the most to glutamate synthase activity'®. In
rice, there are two NADH-dependent and two ferredoxin (Fd)-dependent GOGATs!”2°. Although the amino acid
sequence of OsFd-GOGAT?2 is not comparable to that of Arabidopsis thaliana, OsFd-GOGAT1 is homologous to
GLU1 and GLU2 and is expressed in most tissues, especially in the leaf and leaf sheath.

Our data indicate that glutamate is a central molecule in ROS metabolism in higher plants. The mutation of
OsFd-GOGAT1 increases the level of ROS and confers upon rice broad-spectrum resistance to BB.

Results

Characterization of the [c7 mutant. Leaf color not only is an important identification characteristic but
also plays an important role in the development and yield of rice. To study the physiological and biochemical
mechanisms of leaf color, we previously generated, through Co?! radiation, a large rice mutation population and
identified the novel chloroplast-deficient mutant Ic7. The lc7 mutant is characterized by yellow leaves with some
brown streaks at the four-leaf stage that gradually spread over the entire leaf surface during development. At the
seedling stage, the Ic7 mutants are slightly larger than those of the wild-type, and the Ic7 mutant shows a leaf
color similar to that of wild-type (Fig. 1A). However, after the four-leaf stage, the wild-type leaves are larger than
those of the Ic7 mutants, and the leaf color of the [c7 mutant begins to turn yellow (Fig. 1B-D). Compared to the
wild-type Nipponbare, other characteristic indexes, such as the plant height, tiller number, seed-setting ratio and
thousand-grain weight, were significantly affected (Fig. 1IE-H).

lc7 mutant is defective in chlorophyll synthesis and photosynthesis. The yellow color of the Ic7
mutant leaf caused us to speculate that there were some changes in its chlorophyll content or chloroplast struc-
ture. Transmission electron microscope (TEM) observation indicated that the mesophyll cell and chloroplast
structures of Ic7 were abnormal. Compared to those of the wild-type (Fig. 2A,C), the volume and number of
chloroplasts in Ic7 were low, lacking any lamellar structures and even chlorophyll in some cells (Fig. 2B,D). The
chlorophyll a and b contents of the Ic7 mutant significantly decreased, and the total amount of chlorophyll of
Ic7 was half that of the wild-type, but there was no significant difference in the carotenoid content or the ratio
of chlorophyll a and b (Fig. 2E). The decreased chlorophyll content influenced the photosynthesis rate in the Ic7
mutant, consistent with its yellowish leaf phenotype (Fig. 2F), suggesting that the mutation of Ic7 impaired the
development of chloroplasts.

lc7 activates the gene expression in the ROS scavenging pathway. Reactive oxygen species (ROS)
are messenger molecules and inducers of oxidative damage; they have been implicated in the regulation of innate
immunity in plants. We examined the histochemical characteristics of Ic7 mutant and wild-type plants. DAB
staining indicated that significant H,O, accumulation occurred in the Ic7 mutant, and the H,0, content was
positively correlated with brown streak formation. Interestingly, the leaves of the Ic7 mutant plants did not stain
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Figure 2. The ultrastructure and physiological-biochemical analysis of chloroplasts. (A,C) The chloroplast
ultrastructure of wild-type and Ic7 at maturity. (B,D) The chloroplast structure of the [c7 mutant at maturity.
(E) The pigment contents of chla, chlb, and chla+chlb; the rate of chla/chlb; and the contents of carotenoids.
(F) The photosynthetic rate of the wild-type and Ic7 at the four-leaf stage. These data were obtained from three
independent replicates. *P < 0.05, **P < 0.01 (-test).

with trypan blue, indicating that no membrane damage or cell necrosis occurred in Ic7 leaves. We also performed
decolorizing and shading treatments on the Ic7 leaves. The brown spots of the yellow leaves were still visible after
decolorizing; however, no spots were detected on the shaded leaves (Fig. 3A). In addition, the enzyme activity of
the reactive oxygen scavenging system, such as SOD, MDA, CAT and GST, was typically induced in Ic7 mutants
compared to the wild-type (Fig. 3B). These results suggest that an excessive accumulation of ROS but not cell
death occurred in the Ic7 mutant leaves and that light was involved in the formation of yellow leaves with brown
streaks. We speculated that the Ic7 gene may be involved in disease resistance.

The lc7 mutant shows a broad-spectrum disease resistance to bacterial blight. Because the Ic7
mutant can activate the ROS scavenging pathway and the expression of defense-related genes, we wondered
whether the Ic7 mutant also confers disease resistance to pathogens. We inoculated Ic7 mutant leaves with 10
Xanthomonas oryzae pv. oryzae (Xoo) strains approximately two months after sowing. Compared to the wild-type,
the Ic7 mutants showed a broad-spectrum high resistance to seven of these strains (PXO86, PX079, PXO71,
PX099, PX0145, PX0280 and PX0339). Twenty days after inoculation, the average lesion length on the
wild-type leaves was 13.9cm, 9.2 cm, 15.4cm, 15.8 cm, 13.5cm, 18.1 cm and 12.8 cm, respectively, whereas that of
the lc7 mutants was 1.4cm, 1.5cm, 1.7 cm, 1.7 cm, 1.8 cm, 1.6 cm and 1.5 cm, respectively. (Table 1 and Fig. 4A,B).
These data indicate that the pathogen defense response was dramatically activated in lc7 mutant plants. In addi-
tion, we examined the expression of pathogen-related genes (PR genes), and found that five of these genes, includ-
ing OsPR1a, OsPR1b, OsPR2, OsPR3, and OsPR5, were greatly induced in the Ic7 mutant after challenge with Xoo
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Figure 3. Active oxygen-scavenging enzyme activity in the Ic7 mutant. (A) DAB and Trypan blue staining
for H,0, accumulation and cell death. Leaves were treated at 30 days after sowing. (B) The assay of oxygen
scavenging enzyme activity in the lc7 mutant. SOD, superoxide dismutase; MDA, malondialdehyde; CAT,
catalase; GST, glutathione-S-transferase. These data were obtained from three independent replicates. *P < 0.05,
P <0.01 (t-test).

PXO086 13.9+1.8 1.4+0.3 129+ 1.6
PXO71 13.2+1.7 1.5+£04 8.2+1.6
PX0O79 145+1.6 1.7+0.4 13.5+1.5
PX09%9 153+1.3 1.7£0.7 123+1.7
PXO145 13.5+1.9 1.8+£0.5 11.3+1.6
PX0280 154+1.2 1.6+£0.4 16.7+1.3
PXO0339 123+1.6 1.5+£0.7 13.0+1.4

Table 1. Virulence assays of Nipponbare, Ic7 and Ic7-C from seven strains of Xoo.

strain PXO99 when the leaf became yellow and when the brown-streak phenotype appeared (Fig. 4C), indicating
that disease resistance was activated in the lc7 mutant.

Map-based cloning of Ic7. The genetic analysis of the Ic7 mutant was carried out by crossing with
Nipponbare (the parent, Japonica), Zhefu 802 (Indica) or Minghui 63 (Indica). The similar phenotypes of leaf
color and disease resistance between the F, plants from these crosses and the wild-type indicate that the yellow
and brown-streak leaf trait is controlled by a pair of homozygous recessive genes in the Ic7 mutant. Subsequently,
the two derived F, populations, including 2,575 and 23,461 plants, were further investigated. Within these pop-
ulations, 621 and 5,846 plants exhibited the mutant phenotype, respectively. The segregation ratios also meet
Mendel’s laws of inheritance as a pair of homozygous recessive genes. Then, we used map-based cloning to
isolate the Ic7 gene. The Ic7 locus was mapped primarily between two simple sequence repeat (SSR) markers,
S7 and S4, on chromosome 7. This locus was further narrowed to a 78-kb region between S16 and S22 with
sequence-tagged site markers (STS) (Fig. 5A). Nine ORFs were predicted in the 78-kb region (candidate genes
are listed in Supplemental Table S1). After sequence analysis of the 10 candidate genes in the /c7 mutant, we
found that the LOC_Os07g46460 gene with a single-nucleotide A-to-G substitution at the 983" position, causing
a change from asparagine (AAC) to serine (AGC), is a potential candidate of Ic7. LOC_Os07g46460 encodes the
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Figure 4. The Ic7 mutants showed high broad-spectrum resistance to Xoo. (A) Resistance phenotype of the
Ic7 mutants 14 days after inoculation with seven Xoo strains. (B) Average lesion length of the lc7 mutants 14 days
after inoculation with seven Xoo strains. (C) RT-PCR analysis of pathogen-related genes (PRs) in the Ic7 mutant,
OsActin was used as an internal control. These data were obtained from three independent replicates. The scale
bar is indicated.

rice ferredoxin-dependent glutamate synthasel (OsFd-GOGAT1) and has extremely high sequence similarity
with Fd-GOGAT in Arabidopsis thaliana. To verify the hypothesis, a genetic complementation test was carried
out. The full-length cDNA of OsFd-GOGAT1 driven by its native promoter was introduced into Ic7 plants and
generated 60 hygromycin-positive T, transgenic plants (Fig. 5B,D). As expected, the yellow leaf and brown streak
phenotype was not observed in most of the positive Ic7-C transgenic lines. Except for low fertility, other traits of
these positive transgenic plants were similar to those of the wild-type (Fig. 5G). In addition, the enzyme activity
of Fd-GOGAT1 was analyzed. The results showed that the Ic7 mutant had a lower enzyme activity, while the
Nipponbare and complemented transgenic plants had a higher enzyme activity (Fig. 5F). The disease resistance
of these positive transgenic plants was also analyzed with Xoo race PXO99. Two weeks after inoculation, the
disease resistance was surveyed. The average lesion lengths were 6.2 cm, 0.3 cm and 5.0 cm in the wild-type, Ic7
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Figure 5. Map-based cloning of the Ic7 gene. (A) The Ic7 gene was mapped to a 78-kb region between the
markers S16 and S22 on the long arm of chromosome 7 with nine candidate genes. The LOC_Os07¢46460
gene encoding Fd-GOGATT in the Ic7 mutant with a single-base substitution at the 983" position is the
best candidate gene of Ic7. (B,C) PCR amplification of Hyg and LC7 from the control and transgenic plants.
M = Trans2k plus DNA Marker (http://www.transgen.com.cn). (D,E) The relative expression level of Fd-
GOGAT] in transgenic plants. (F) The expression patterns of F&-GOGAT1 in different tissues as analyzed by
gRT-PCR. (G) The Fd-GOGAT activity in wild-type, Ic7 and complemented Ic7 plants. (H) The phenotypes
of T, transgenic plants and their parents at the booting stage. (I) The lesion length of Ic7 mutant and
complemented Ic7 plants 14 days after inoculation with Xoo strain PX099. Nip-V and Ic7-V are transgenic
plants from the Nipponbare and Ic7 mutant transformed with the pPCAMBIA1301 vector, respectively; Ic7-C is
the function-complemented Ic7 plant; and NRi is the OsFd-GOGAT1 RNAi plant. The scale bar is indicated.

and Ic7 complemented transgenic plants (Fig. 5H). Similarly, the OsFd-GOGAT1 RNAI silence binary plasmid
was constructed, and transferred into the rice variety Nipponbare to yield 15 hygromycin-positive independ-
ent T lines (Fig. 5C,E). Ten of these lines showed a similar phenotype to that of the Ic7 mutant (Fig. 5G,H).
In addition, the full-length cDNA of Lc7 driven by the 35S promoter was transferred into Nipponbare, and 18
hygromycin-positive T, plants overexpressing Lc7 were obtained. No obvious difference was observed in the
growth or morphology among the control and Lc7-overexpressing plants under normal growth conditions;
similarly, there was no different susceptibility phenotype between these transgenic plants and wild-type plants
(data not shown). Together, these results indicate that Fd-GOGAT]1 is LC7 and that the amino acid change of
OsFd-GOGAT1 causes the phenotype of the Ic7 mutant. qRT-PCR revealed that the expression of OsFd-GOGAT1
varied in the roots and leaves and is especially high in the leaves (Fig. 5F).

Differential gene expression analysis of the c7 mutant. To study the influence of Ic7 on disease
resistance and nitrogen metabolism, a digital expression profiling sequencing analysis was carried out. A total of
51,279 transcripts were analyzed to check for differences between Ic7 and Nipponbare plants 8 hours after being
inoculated with or without Xoo race PX099. Differentially expressed genes (DEGs) were detected according
to the conventional criteria (2-fold cutoff, p-values <0.05). A total of 684 and 1,121 genes were up-regulated,
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respectively, in the lc7 mutant compared to the wild-type plant after H,O treatment and bacterial inoculation.
Likewise, 622 and 838 genes were down-regulated, respectively. Most of these DEGs were further verified by
real-time quantitative PCR; the qRT-PCR primer sequences are listed in Supplemental Table S2. A functional
cluster analysis of the differentially expressed genes revealed that the genes that were involved in nitrogen absorp-
tion, ammonium assimilation and defense were greatly activated in the Ic7 plants. For example, PAL, GST, PRs,
NPRI, nitrate reductase, asparagine synthetase, glutathione S-transferase, and ferric reductase genes and dozens
of WRKY transcription factor genes were significantly induced in the Ic7 mutant (Table 2).

The substitution of amino acids in lc7 results in its conformational change. Glutamate synthase
(GOGAT) can be divided into two groups: ferredoxin-dependent glutamate synthase and NADH-dependent
glutamate synthase. Fd-GOGAT is found in all plants, and its amino acid sequence is conserved. Specifically,
OsFd-GOGAT]1 is highly homologous to ZmFd-GOGAT], as determined through an alignment analy-
sis of sequences from different plants (Fig. S1A,C). The large (alpha, GItB) subunit of this protein consists of
three domains: N-terminal domain (aminotransferase domain), central domain (FMN-binding domain), and
C-terminal domain. Compared to the amino acid sequence of wild-type, the mutation site is located in the con-
served glutamine amidotransferases class-II domain in Ic7 mutant. Though asparagine and serine are both neu-
tral polar, the polar group of serine is a hydroxyl and finally results in the conformational or functional change
of glutamine amidotransferase domain (http://swissmodel.expasy.org/; Fig. S1A,B). Previous study showed that
there are six steps in the glutamate synthase reaction. The transfer of the ammonia molecule from the glutaminase
site to the synthase site through a 30 A long intramolecular tunnel is catalyzed by the glutamine amidotransferase
with certain conformation??. The mutation may greatly influence the ammonia molecular transfer.

Discussion

Many leaf color mutants have been reported in plants, including in Zea mays®, Pisum sativum?*, Nicotiana
tabacum?®, Arabidopsis thaliana®® and Oryza sativa®’. All of these mutants are characterized as having
chlorophyll-deficient mutations, and most of them exhibit an albino, etiolated or green-white-stripe phenotype.
Here, we characterized a defective Fd-GOGAT enzyme in the rice Ic7 mutant, in which chlorophyll synthesis is
dramatically blocked and anti-oxidant defense is activated, resulting in the activation of broad-spectrum bacterial
blight resistance. These results indicate that glutamate synthase plays an important role in photosynthesis, chloro-
phyll biosynthesis and defense response, in addition to ammonium assimilation.

Nitrogen (N) not only is the most important nutrient for plants, but also is a major component of chlorophyll.
Nitrogen deficiency can cause leaves chlorosis due to decreased levels of chlorophyll?. Nitrogen-deficient plants
tend to be stunted, grow slowly, and produce fewer tillers than normal. N-deficient crops may reach maturity
earlier than do plants with adequate nitrogen. In contrast, nitrogen-excessive plants experience increased sus-
ceptibility to disease and insect attacks. Extremely high levels of nitrogen may actually result in decreased yield,
and excess nitrogen may negatively affect seed quality. Thus, the use of nitrogen in equilibrium is very important.
Among the many enzymes in nitrogen metabolism, Fd-GOGAT is a key enzyme that converts the ammonium
that is generated from nitrogen metabolism or photorespiration. Plants that are deficient in Fd-GOGAT activity
are significantly affected in photosynthesis, the photorespiratory cycle and chlorophyll biosynthesis and have
been described in A. thaliana, such as gluS?, gltS, gls'8, and glu1*’, and in other species, such as barley’! and
tobacco®. Mutants that are defective in Fd-GOGAT show reversible yellow phenotypes and adverse agronomic
traits, resulting in decreased yield*, which agrees with our results. The Ic7 mutant phenotype of yellow leaves with
brown streaks after the four-leaf stage indicates that the Ic7 gene may be involved in photosynthesis and chloro-
phyll biosynthesis. The Ic7 gene encodes a mutant Fd-GOGAT1 protein as determined by map-based cloning.
There is a single-nucleotide A-to-G substitution at the 983™ position that causes an asparagine-to-serine change
in the aminotransferase domain. The conversion of ammonium that is generated from nitrate assimilation or
photorespiration into glutamate and other amino acids is controlled sequentially by glutamine synthetase and
glutamate synthase. The conformation change of OsFd-GOGAT1 may result in a lower aminotransferase activity
and lower glutamate synthesis and ammonia accumulation. Excess ammonia has toxic effects on cells by quickly
passing through the biomembrane to stimulate the production of excessive levels of ROS molecules. However, it
is worth noting that the presence of excess ROS did not lead to cell death. Although the mechanisms of ROS are
extremely complex and controversial, there are two possible explanations for this phenomenon. One explanation
is that the change from asparagine to serine in the Ic7 aminotransferase domain does not result in a significant
loss of function and that the elevated ROS concentration is far a destructive level; the other explanation is that
Ic7 mutant leaves mainly produce excess H,0,. Previous reports have suggested the superoxide, but not H,0,,
causes cell death®". To prevent the excessive accumulation of ROS from reaching destructive levels and to main-
tain cellular redox balance, ROS increases the activity of some ROS-scavenging enzymes, such as Glutathione
S-transferase, SOD, MDA, CAT, and GST. In addition, ROS can act as transmissible signal to induce the expres-
sion of defense-related genes, such as MAPK, PR-1, GST and GPx, resulting in a systemic defense response®=7.

The digital expression profiling sequencing analysis shows that many defense pathways that are involved in
broad spectrum resistance are activated in the Jc7 mutant. In addition to the genes that are involved in detoxifica-
tion mechanisms, the expressions of numerous stress-related genes, such as WRKY, P450 and NBS, were affected in
the Ic7 mutant (Table 2). WRKY proteins are a large family of transcription factors that mainly participate in plant
biotic stress responses. So far, more than one hundred WRKY genes have been predicted in the rice genome, and
most of the genes that are involved in the defense response have been characterized: OsWRKY6%, OsWRKY13%,
OsWRKY22%, OsWRKY30*, OsWRKY31**, OsWRKY33%, OsWRKY45*, OsWRKY53%, OsWRKY62%°,
OsWRKY71%, OsWRKY76*, OsWRKY77*, and OsWRKY89%. In the Ic7 mutant, OsWRKY19, OsWRKY23,
OsWRKY47, OsWRKY65, OsWRKY70 and OsWRKY?79 are up-regulated, while OsWRKY68 is down-regulated.
Thus, Ic7 participates in broad-spectrum resistance to Xoo, possibly being involved in three ways. The first way is
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Ferredoxin-relative protein
LOC_0s05g04120 Ferroportin 8.5 7.9 5.4 3.7
LOC_0s08g35210 Ferric reductase -1.0 - —0.2 2.3
LOC_0s09g26660 Ferric reductase -1.5 - -0.3 1.8
LOC_0s07g46460 Ferredoxin-dependent glutamate synthase 1.0 - 0.6 0.8
Glutathione S-transferase
LOC_0s01g27340 Glutathione S-transferase 10.6 7.9 5.3 5.9
LOC_0s10g34020 Glutathione S-transferase 8.1 - - -
LOC_0s03g04250 Glutathione S-transferase 7.8 - - -
LOC_0s10g38590 Glutathione S-transferase 4.2 - - -
Pathogenesis and disease resistance related
LOC_0s03g20840 Disease resistance RPP13-like protein 8.9 - 2.4 4.7
LOC_0Os01g08370 | Symbiosis-related disease resistance protein -13 - 0.4 22
LOC_0s01g65920 F-box/LRR-repeat protein 12 - 0.1 0.7
LOC_Os12g13550 NBS-LRR disease resistance protein -7.8 - 0.3 -17
LOC_0s05g34550 MLO domain containing protein -1.1 - - -
LOC_Os11g41210 Disease resistance protein RPM1 22 - - -
LOC_Os11g37700 Pleiotropic drug resistance protein 3.7 - - -
LOC_0s01g06900 | Verticillium wilt disease resistance protein Ve2 —8.0 - - -
LOC_0Os06g51050 | CHIT?7 - Chitinase family protein precursor 4.6 - - -
Transcription factor
LOC_0s03g21710 OsWRKY79 4.8 - 4.6 7.0
LOC_0s03g23270 OsWRKY23 7.9 - 1.1 2.6
LOC_0s04g51560 OsWRKY68 -1.8 - -0.3 0.7
LOC_0s07g48260 OsWRKY47 1.3 - 0.8 1.9
LOC_0s12g02470 OsWRKY65 8.4 - 21 0.6
LOC_0s05g49620 OsWRKY19 8.2 - 2.4 4.5
LOC_0s05g39720 OsWRKY70 1.9 - 0.8 =
LOC_0s03g32230 Z0$3-12 - C2H2 zinc finger protein 83 - 34 -
LOC_0s05g02390 Z0S$5-02 - C2H2 zinc finger protein 8.1 - 4.3 -
LOC_0s07g22730 AP2 domain containing protein 9.2 - - -
LOC_0s02g49480 Helix-loop-helix D-binding protein 33 - - -
Nitrogen absorption and ammonium assimilation
LOC_0s02g53130 Nitrate reductase -79 - -1.7 -12
LOC_0s02g02210 Aminotransferase 11.2 - 8.6 -
LOC_0s03g18130 Asparagine synthetase 2.6 - 34 -
LOC_0s08g02030 Transferase family protein 10.9 - 4.3 -
LOC_Os04g38680 Transmembrane l;r:tieniz acid transporter 96 _ 21 _
P450 family protein
LOC_0s03g40540 Cytochrome P450 —1.4 - -0.7 0.4
LOC_Os11g18570 Cytochrome P450 1.6 - 1.0 -
LOC_0s10g30390 Cytochrome P450 8.0 - - -
LOC_0s06g19070 Cytochrome P450 8.1 - - -
LOC_0s07g44140 Cytochrome P450 32 - - -
LOC_0s02g36190 Cytochrome P450 2.9 - -
Redoxreaction
LOC_Os11g25160 Tropinone reductase 2 1.14 - 0.1 -
LOC_0s01g01660 Isoflavone reductase -1.9 - 1.5 -
LOC_0s07g02440 Peroxidase precursor 1.7 - 0.8 -
LOC_Os04g41260 Amine oxidase 15.6 - 33 -
LOC_0s05g10930 OsGrx_C15 - glutaredoxin subgroup III —12 -1.2 —1.0 1.1
LOC_0Os04g59200 Peroxidase precursor 9.3 - - -
Abiotic stress
LOC_0Os12g43380 Thaumatin 2.4 - 1.3 -
LOC_0s10g35070 Alpha-galactosidase precursor 4.2 - 33 -
Continued
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Hormone
LOC_0s02g06910 Auxin response factor 6 -1.1 - - -
LOC_0s10g34230 Cytokinin dehydroge-se precursor 8.1 - - -
LOC_0s03g38600 | Secretory carrier-associated membrane protein 2.6 - - -
LOC_0s02g51930 cytokinin-O-glucosyltransferase 2 43 - - -

Secondary metabolism
LOC_0s02g36140 Terpene synthase 10.2 - - -
LOC_Os01g64910 Anthocyanidin 5,3-O-glucosyltransferase 9.8 - - -
LOC_Os11g42200 Laccase precursor protein 9.4 - - -
LOC_Os04g56030 Glycine-rich ce;lr\e,\::al.}l Ss(iuctulral protein 83 B B B

Others
LOC_0Os01g71670 Glycosyl hydrolases family 17 2.0 - 3.1 -
LOC_0Os06g43630 Sucrose-phosphate synthase —1.1 - - -
LOC_0s01g24710 | Jacalin-like lectin domain containing protein 8.0 - 1.7 -
LOC_0s02g35329 RING-H2 finger protein ATL3F 4.3 - 4.4 -
LOC_0Os04g21130 F-box protein PP2-B1 9.8 - 34 -
LOC_0s07g43240 SKP1-like protein 1B 8.6 - 3.8 -
LOC_Os08g31140 Heavy metal—assox}:)iraézli rzfomain containing _34 _ _13 _
LOC_Os06g35060 Heavy metal-atsso;i;ict’zli Ic:llomadn containing 104 B B B
LOC_0s02g16940 OsSub13 - Putative Subtilisin homologue 8.8 - - -
LOC.0s09g34250 | omtainin proten 138 - - -
LOC_0s10g29650 Retrotransposon protein 2.5 - 1.1 -
LOC_0Os04g45920 Protein kinase domain containing protein 0.4 - 1.1 -
LOC_Os01g06310 Glycine-rich ce;lr\e,\::a{g Ss;uctulral protein a1 _ 13 _
LOC_0s01g01660 Isoflavone reductase -1.9 - 0.4 1.5
LOC_0Os01g01880 Expressed protein - - —0.7 —33
LOC_Os01g06310 Glycine-rich celilr:vca:lli Ss(t]l;‘uctural protein 41 _ —10 21
LOC_0s01g34970 MDR:-like ABC transporter - - 0.0 —0.3
LOC_0s01g48360 Expressed protein —1.1 - 0.1 2.1
LOC_0Os01g71670 Glycosyl hydrolases family 17 - - 0.0 3.1
LOC_0s02g42330 nitrilase 1.5 - 0.3 0.4
LOC_0s03g18130 Asparagine synthetase 2.6 34 35 6.7
LOC_0s04g21230 Glycosyl hydrolases family 17 - - 0.8 —0.3
LOC_0s04g45920 Protein kinase domain containing protein - - 1.1 2.6
LOC_0s07g01340 Gibberellin 2-beta-dioxyge-se 7 - 25 0.1 0.1
LOC_0s07g02440 Peroxidase precursor 1.7 —24 0.1 -13
LOC_0s07g03730 SCP-like extracellular protein 8.4 44 6.1 5.5
LOC_Os08g31140 Heavy metal—asso;i:;zii rcllomain containing _ 5.0 08 31
LOC_0s10g29650 Retrotransposon protein 2.5 —14 0.3 1.1
LOC_0s10g35070 Alpha-galactosidase precursor - 9.9 —0.2 2.1
LOC_Os11g25160 Tropinone reductase 2 11 —1.4 —0.2 12
LOC_Os11g37970 WIP5 - Wound-induced protein - 4.6 0.9 4.0
LOC_0Os12g43380 Thaumatin 2.4 —-1.0 3.7 2.8
LOC_0s01g01880 Expressed protein - - —3.3 -0.3
LOC_0Os01g48360 Expressed protein -1.1 1.4 -1.3 2.6

Table 2. Selected differentially expressed genes that were functionally classified in the Ic7 mutant
compared to the wild-type by microarray analysis.

that excessive ammonia results in the significant production of active oxygen species; the second way is that the
decreased glutamate supply will cause a shortage of some nutrients for Xoo growth in host or some regulatory fac-
tors for the activation/suppress of susceptibility/resistance genes; and the third way is that a molecular signal, such
as ROS or SA, triggers the inner immune system to confer upon Ic7 systemic acquired resistance (SAR).
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In brief, chlorophyll synthesis, nitrogen metabolism and disease resistance are the three most important fac-
tors affecting rice production. OsFd-GOGAT1 is involved in the three pathways, indicating that it plays a key role
in the regulation of three important agriculture traits in rice production. The functional study of OsFd-GOGAT1
will lead to the development of new high-yielding varieties.

Materials and Methods

Plant materials and growth conditions. The rice (Oryza sativa L.) Ic7 mutant was isolated from Co?!-
radiated Nipponbare (ssp japonica). Most of the plants were cultivated in the experimental field of the Institute of
Genetics and Developmental Biology (IGDB) in Beijing. An F, mapping population was constructed by crossing
lc7 with Minghui 63 (ssp. indica). The other plants that were used for the treatment were grown under greenhouse
conditions (25°C, 60-80% relative humidity) to the five-leaf stage.

Transmission electron microscopy analysis. The wild-type and lc7 mutant leaf samples were collected
from 6-week-old seedling and mature plants. All of the plants were grown under a controlled environment with
the same light intensity, temperature and living conditions. First, the leaves were cut to approximately 5mm in
length and fixed in a solution of 2% glutaraldehyde. Next, these samples were further fixed in a solution of 1%
Os0,, stained with uranyl acetate and dehydrated in an ethanol series. These samples were embedded in Spurr’s
medium, sliced to 50 nm in thickness, and stained again. Then, these slices were examined using aJEM-1230 elec-
tron microscope (JEOL, Tokyo, Japan) at the voltage of 80kV.

Histochemical Detection. Because the leaves of the Ic7 mutant exhibited the yellow-leaf phenotype three
weeks after sowing, leaf samples were harvested for histochemical analysis after the yellow-leaf phenotype
appeared. ROS accumulation was detected as described previously with some modifications. H,O, was detected
by DAB staining as described previously with some modification®. The fully expanded leaves of 2-month-old
wild-type and Ic7 plants were detached and infiltrated with a 0.1% DAB solution. The sampled leaves were placed
in a growth chamber for 5hours at 28 °C and placed in boiling ethanol (95%) for 10 min. The chlorophyll was
removed by incubating in 95% (v/v) ethanol overnight before photographing. Superoxide (O,) accumula-
tion in rice leaves was visualized by 0.1% NBT staining as previously described*. The fully expanded leaves of
2-month-old wild-type and Ic7 plants were stained with NBT solution. After staining overnight, the chlorophyll
was removed by incubating in 95% (v/v) ethanol overnight. Dead cells were stained using detached leaves®.
Leaves of 2-month-old wild-type and Ic7 plants were submerged in trypan blue solution at 70 °C for 10 min
and then heated in boiling water for 2 min and left to stain overnight. After destaining in chloral hydrate solu-
tion (25 g of chloral hydrate in 10 ml of H,O) for 3 days, the samples were equilibrated with 70% glycerol for
microphotography.

Preparation of tissue extracts. Individuals were also dissected on a board to remove the gills and digestive
gland. After dissection, the tissues from each specimen were immediately placed on ice and frozen at —70°C. In
the laboratory, the tissue samples were homogenized in ten volumes (w/v) of 100 mM Tris-HCl buffer (pH 7.5).
Each homogenate was sonicated briefly (2-3 s) using an ultrasonic processor and centrifuged at 9,000 g at 4 °C for
15 min®. After centrifugation, the supernatants were collected and immediately used for the biochemical analy-
ses. All of the assays were performed in duplicate.

Biochemical assays. Malondialdehyde (MDA) is a marker of lipid peroxidation® and was determined
with an MDA assay kit (Beyotime, China) with some modifications. Briefly, leaves (0.02 g fresh weight) were
homogenized in 2 ml of phosphate buffer (pH 7.8) containing 1% PVP and centrifuged at 2,500 g for 10 min. The
concentration of MDA in the supernatant was determined according to the reaction with thiobarbituric acid,
and the absorbance was measured at 450, 532, and 600 nm. According to the formula 6.45 x (OD532-0D600)
—0.56 x OD450, the MDA content was expressed as micromolar of MDA per gram fresh weight.

The thioredoxin reductase (TR) activity was measured with an endpoint method using a thioredoxin-coupled
insulin reduction assay*®. The CAT activity was measured based on the decomposition of H,0,%. The SOD activ-
ity was determined by the degree of inhibition in the reduction of cytochrome c by the superoxide anion that
was generated by xanthine oxidase/hypoxanthine following the method described by McCord and Fridovich®.
The glutathione S-transferase (GST) activity was measured by the method of Habig using reduced glutathione
(GSH) and 1-chloro-2, 4-dinitrobenzene (CDNB) as substrates*®. The enzymatic activities and MDA concentra-
tion were determined with a Shimadzu UV-2100 spectrophotometer at 37 °C. The MDA concentration and all of
the enzyme activities were measured in duplicate for each sample. The total protein content was determined by a
colorimetric method (Bio-Rad Protein Assay) using bovine serum albumin (BSA) as a standard to normalize all
of the biochemical results.

Enzyme assays. For the enzyme assay of Fd-GOGAT®’, 200 mg of cotyledon was homogenized on ice with
a mortar and pestle using 2 ml of extraction buffer (50 mM HEPES/KOH pH 7.5, 0.5 mM ethylenediamine-
tetraacetic acid (EDTA), 100 mM KClI, 0.5% (v/v) TritonX 100, 0.1% (v/v) mercaptoethanol, and 1 mM PMSF
(added just before extraction)) in the presence of 1 g of quartz sand and 0.3 g of Dowex 1, 1 x 2-400 (equilibrated
with extraction buffer). After the addition of another 4 ml of extraction buffer, the homogenate was clarified
by centrifugation (20 min, 39,000 g), and the supernatant was used for the enzyme assay. The enzyme activity
Fd-GOGAT was measured by determining the formation of glutamate in the reaction between oxoglutarate and
glutamine. The reaction mixture (final volume 1.5 ml) consisted of 100 pul of 100 mM glutamine in 50 mM HEPES/
KOH, pH 7.5; 100 ul of 100 mM oxoglutarate in 50 mM HEPES/KOH, pH 7.5; 100 pl of 150 mM methylviologen;
and 400 ul of crude extract.
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After preincubation at 30 °C, the reaction was started by the addition of 100 ul of reductant (47 mg Na,S,0,, 50 mg
of NaHCO; dissolved in 1 ml of distilled water). After a 20-min incubation at 30 °C, the reaction was terminated
by adding 1 ml of ethanol. This mixture was transferred completely to a Dowex-acetate column (1 x 8, 200-400
mesh size, 12-mm QS, 35-mm length). Glutamine was eluted from the column with 15 ml of distilled water. To
remove residual water, the column was centrifuged for 2min at 1500 rpm. Glutamate was then eluted from the
column with 5ml of 3 M acetic acid, and the centrifugation step was repeated. An aliquot of 5 ml of acetic acid was
found to be sufficient to elute more than 95% of the glutamate. The concentration of glutamate in the eluate was
determined by a ninhydrin assay. An aliquot of 500 ul of the eluate was added to 1 ml of a ninhydrin solution (0.4 g
of ninhydrin, 80 ml of 95% ethanol, 1 g of CdCl,, 10 ml of acetic acid, and 20 ml of H,O). After 10 min of incuba-
tion at 80 °C in a water bath, the samples were cooled, and the absorbance was measured at 506 nm. To note any
side reactions, control samples were tested, from which oxoglutarate, glutamine or methylviologen were omitted.
One unit of enzyme activity represents 1 pmol of glutamate formed/min at 30 °C, The protein was measured by
spectrophotometry at 595 nm.

Map-based cloning of [c7.  For the map-based cloning of Ic7, an F, mapping population was constructed
by crossing Ic7 with the Indica cultivar Minghui 63. The Ic7 locus was first mapped between markers S7 and S4
of chromosome 7 using 621 F, mutant plants, and the targeted gene was further narrowed to 78-kb region using
markers S16 and S22 and 5,846 F, mutant plants. Nine predicted ORFs exist within this interval (Supplemental
Table S1). Sequencing analysis revealed that LOCOs07g046460 containing a single-base substitution is the most
probable candidate gene of Ic7.

Complementation of [c7 vector construction. For the complementation of Ic7, the 4,848-bp cDNA
fragment of LC7 (OsFd-GOGAT) driven by its native promoter was obtained by digestion with XhoI and SacI
and subsequently ligated into binary vector pCambia 1301. The plasmid was introduced into Agrobacterium
tumefaciens AGL-1 by freeze-thaw transformation. Then, the mutant Ic7 callus was transformed by an
Agrobacterium-mediated method as described previously®!. The full-length cDNA of amplified OsFd-GOGAT
was digested with Sacl and Sall and subsequently ligated into the pXQAct?!, resulting in pOsFd-GOGAT-O vector.
The primer sequences that were used for vector construction are listed in Supplemental Table S3.

Quantitative RT-PCR analysis. Total RNA was extracted from the leaves of rice plants using a TRIzol Kit
according to the user’s manual (Invitrogen, CA, USA). Three micrograms of total RNAs were treated with DNase I
and used for cDNA synthesis with M-MLV Reverse Transcriptase (Promega, Madison, WI, USA). Real-time PCR
experiments were performed using gene-specific primers and SYBR Green I Mix with the CFX96 Real-Time PCR
Detection System (Bio-Rad, USA). Rice Actinl was used as an internal control.

Bacterial inoculation. To evaluate bacterial blight disease resistance, plants were inoculated with the
Xanthomonas oryzae pv. Oryzae strain at the tillering stage by the leaf-clipping method®. The disease was scored
by measuring the lesion length two weeks after inoculation. Ninety leaves obtained from 30 plants (three leaves
per plant) were inoculated, measured and subjected to statistical analysis. Three independent replicates were
performed.
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