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Production of disease symptoms represents the final phase of infectious diseases and is a main cause of crop loss and/or
marketability. However, little is known about the molecular basis of disease symptom development. In this study, a genetic
screening was conducted to identify Arabidopsis (Arabidopsis thaliana) mutants that are impaired specifically in the
development of disease symptoms (leaf chlorosis and/or necrosis) after infection with the bacterial pathogen Pseudomonas
syringae pv tomato (Pst) DC3000. An ethyl methanesulfonate-induced Arabidopsis mutant (1o chlorosis1 [noc1]) was identified.
In wild-type plants, the abundance of chlorophylls decreased markedly after Pst DC3000 infection, whereas the total amount of
chlorophylls remained relatively unchanged in the nocl mutant. Interestingly, nocl mutant plants also exhibited reduced
disease symptoms in response to the fungal pathogen Alternaria brassicicola. Genetic and molecular analyses showed that the
nuclear gene STAYGREEN (SGR; or Mendel's I locus) is mutated (resulting in the aspartic acid to tyrosine substitution at amino
acid position 88) in nocl plants. Transforming wild-type SGR cDNA into the nocl mutant rescued the chlorosis phenotype in
response to Pst DC3000 infection. The SGR transcript was highly induced by Pst DC3000, A. brassicicola, or coronatine (COR), a
bacterial phytotoxin that promotes chlorosis. The induction of SGR expression by COR is dependent on COIl, a principal
component of the jasmonate receptor complex. These results suggest that pathogen/COR-induced expression of SGR is a

critical step underlying the development of plant disease chlorosis.

Tissue chlorosis and necrosis are among the most
frequently observed disease symptoms associated
with infection by diverse plant pathogens. These dis-
ease symptoms generally occur at the late stages of
disease, but are highly relevant to agriculture because
they cause actual damage to plant tissues, resulting in
yield loss and/or poor marketability of crops. Symp-
tomless infection is often associated with benign or
symbiotic plant-microbe associations. Despite its im-
portance in disease, the molecular basis of disease
chlorosis and necrosis remain poorly understood.
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Pseudomonas syringae pv tomato (Pst) DC3000, the
bacterial pathogen used in this study, is well known
for causing localized necrosis and diffuse chlorosis
in its hosts tomato (Solanum lycopersicum) and Arabi-
dopsis (Arabidopsis thaliana; Ma and Cuppels, 1991;
Whalen et al., 1991; Katagiri et al., 2002). Many viru-
lence genes are needed for Pst DC3000 to cause dis-
ease, among which two virulence systems have been
studied extensively: the type III secretion system and
the phytotoxin coronatine (COR). The type III secre-
tion system delivers dozens of effector proteins into
plant cells (Alfano and Collmer, 2004; He et al., 2004;
Biittner and He, 2009). Many of these effectors sup-
press host immune responses (Boller and He, 2009; Cui
et al., 2009; Lewis et al., 2009) and some are also linked
to production of disease necroses (Badel et al., 2003;
DebRoy et al., 2004; Cohn and Martin, 2005). COR, a
molecular mimic of the plant hormone jasmonate, is
not only involved in suppression of host immune
responses, but also is important for the development
of chlorosis symptoms (Feys et al., 1994; Mittal and
Davis, 1995; Bender et al.,, 1999; Kloek et al., 2001;
Brooks et al., 2004, 2005; Block et al., 2005; Melotto
et al., 2008b). However, because effector- and COR-
deficient bacterial mutants are generally affected
in multiple steps of pathogenesis, it is often difficult
to determine whether these virulence factors contrib-
ute to symptom development directly or indirectly
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through promoting bacterial colonization and/or mul-
tiplication.

An alternative approach to elucidate the molecular
control of disease symptom production would be to
isolate plant mutants that exhibit reduced disease
necroses and/or chlorosis in response to pathogen
infection. Indeed, numerous Arabidopsis constitutive
defense mutants that show no or reduced disease
symptoms to P. syringae infection have been isolated
since the early 1990s (Bowling et al., 1994). However,
similar to the situation with effector- or COR-defective
Pst DC3000 mutants, bacterial populations in such
plant mutants are often reduced compared to those
in susceptible plants, making it difficult to conclude
whether corresponding plant genes have a direct role
in mediating symptom development or indirectly
through affecting bacterial multiplication. There are
a few exceptions: The Arabidopsis mutant ethylene-
insensitive2 and the Arabidopsis mutant suppressor of
G2 allele of skpl (affected in jasmonate signaling) ex-
hibit reduced disease symptoms to Pst DC3000 infec-
tion without significantly affecting bacterial growth
(Bent et al., 1992; Uppalapati et al., 2011), implicating
the involvement of ethylene and jasmonate signaling
in the production of Pst DC3000-elicited disease symp-
toms. How ethylene or jasmonate signaling lead to
downstream disease symptom is not understood.

To increase our understanding of the molecular
basis of disease symptom development during Pst
DC3000 infection of Arabidopsis, we conducted a
genetic screen for Arabidopsis mutants that are re-
duced in disease symptom development, but not Pst
DC3000 multiplication. In this article, we report the
identification and characterization of such an Arabi-
dopsis mutant and cloning of the corresponding gene.
Our results suggest that pathogen-responsive STAY-
GREEN (SGR)/NON-YELLOWING/Mendel’s I locus
plays a critical role in controlling disease chlorosis
induced by Pst DC3000 and, interestingly, also by a
fungal pathogen, Alternaria brassicicola.

RESULTS
Identification of the no chlorosis1 Mutant

Approximately 10,000 ethyl methanesulfonate-
mutagenized Arabidopsis ecotype Columbia-0 (Col-0)
glabrous1 (g11) plants were screened for altered symp-
tom development after the plants were dipped in a
suspension containing 1 X 10° colony forming units
(CFU)/mL Pst DC3000 bacteria. One mutant isolated
from this screen, no chlorosis1 (nocl), was found to be
defective in symptom development. In all experi-
ments, nocl leaves remained green whereas wild-
type leaves began to show chlorosis between 48 and
72 h after inoculation (Fig. 1A). In most experiments
reduced severity of necrosis symptom was also ob-
served in nocl plants, although this phenotype was not
as obvious as the lack-of-chlorosis phenotype. There
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Figure 1. The phenotypes of the nocT mutant following Pst DC3000
infection. A, Arabidopsis Col-0 g/7 plant exhibiting typical chlorosis
and water-soaking phenotype associated with Pst DC300 infection at
72 hpi (left); nocT mutants display water soaking but little chlorosis
following Pst DC3000 infection (right). B, Col-0 g/7 and nocT plants
were dip inoculated with Pst DC3000 at 10° CFU/mL. Bacterial
populations were determined at 1 and 3 dpi. C, Chlorophyll amounts
in the nocT mutant and wild-type Col-0 g/7 subsequent to Pst DC3000
infection at 0, 24, 48, 72, and 96 hpi.

were no noticeable differences between wild-type and
nocl plants in size, morphology, growth, or develop-
ment in the absence of pathogen inoculation. Most
importantly, the reduction in disease symptoms in
nocl plants was not caused by reduced bacterial mul-
tiplication because Pst DC3000 populations in Col-0
gl1 and nocl plants were similar at 1 and 3 d postin-
fection (dpi; Fig. 1B). Thus, nocl is a bona fide disease
symptom mutant.

In addition to the nocl mutant, we also isolated
several other mutants that exhibited reduced disease
symptom development during this study. However,
these other mutants were dwarf and/or necrotic,
suggestive of constitutive activation of nonspecific
disease resistance (Bowling et al., 1994). We did not
conduct further characterization of such mutants.
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Maintenance of the Chlorophyll Level in nocl Plants
after Infection with Pst DC3000

To quantify the chlorotic response to Pst DC3000, we
conducted a chlorophyll abundance assay using leaf
tissue infiltrated with 2 X 10° CFU/mL of Pst DC3000
and collected at 0, 24, 48, 72, and 96 h postinoculation
(hpi). The results from one representative experiment
are shown in Figure 1C. Prior to inoculation with Pst
DC3000, noc1 and wild-type plants had approximately
equal amounts of total chlorophyll (25.2 and 28.6 mg/
cm?, respectively). Wild-type plants began to lose chlo-
rophyll by 24 hpi, with levels decreasing through 96
hpi. At 72 hpi, nocl plants contained almost 3 tlmes
more chlorophyll than wild- type plants (27.0 mg/ cm?
in nocl plants versus 9.5 mg/cm?” in wild-type plants).
This experiment demonstrates that wild-type plants
lose chlorophyll much faster than nocl plants after Pst
DC3000 infection.

The nocl Phenotype Results from a Single Nucleotide
Change in AtSGR1 (At4g22920)

To identify the NOC1 gene, nocl plants were crossed
with Landsberg erecta (Ler) plants and the F1 progeny
were selfed to create an F2 population for mapping. The
nocl mutation shows normal Mendelian genetics and is
recessive. We initially used bulk segregant analysis to
analyze a pool of approximately 100 F2 individuals that
exhibited the mutant phenotype (homozygous for the
nocl mutation). One marker, NGA107, located on
the long arm of chromosome 4, showed linkage to
the mutation. We tested a larger population of F2
individuals using additional chromosome-4-specific
insertion and deletion (INDEL) markers identified
from the Monsanto Arabidopsis Polymorphism, Ler
Sequence Collection (St. Louis, MO). This delimited
the region of the nocl mutation to the area between
two INDEL markers (T12H17-13C and F16G20-22)
located on chromosome 4 at 11.96 Mb and 12.25 Mb,
respectively (Fig. 2A).

Based on the impaired chlorosis phenotype of the
nocl mutant, we reasoned that the mutation might lie in
a gene coding for a chloroplast-targeted protein. The
mapped region for the noc1 mutation includes six genes
encoding predicted chloroplast localization signals. The
cDNA clones of candidate genes from nocl and Col-0
gl1 plants were subjected to sequencing and revealed
a single guanine to thymidine nucleotide mutation,
resulting in an Asp (D) to Tyr (Y) amino acid sub-
stitution at position 88 of At4g22920/AtSGR/NON-
YELLOWING/Mendel’s I locus (AtSGR hereafter; Fig.
2B). Orthologs of AtSGR (Ren et al., 2007) in monocot
and dicot species are tightly conserved overall with no
variation occurring at this particular residue (Fig. 2C).

To determine whether the D88Y mutation in AtSGR
is responsible for the nocl phenotypes, we trans-
formed nocl plants with the full-length AtSGR cDNA
from Col-0 gl1 cloned in pBAR-35S, which contains
the cauliflower mosaic virus 35S promoter and Basta
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(glufosinate)-resistance gene. Ten independent T2
lines were confirmed to exhibit Basta resistance and
to harbor the AtSGR transgene. Three homozygous T3
lines were chosen for disease symptom observations
after infection by Pst DC3000. In preliminary tests, all
three were restored in chlorosis symptom develop-
ment. We then focused on line 1 for further disease
symptom and bacterial growth analyses. Results from
this line are shown in Figure 3. By 72 to 96 hpi, Pst
DC3000-infected noc1/355:AtSGR plants showed dis-
ease symptoms, including chlorosis, that were more
pronounced than Pst DC3000-infected Col-0 gl1 plants
(Fig. 3, A-C). Interestingly, in these experiments we
noticed that noc1/355:AtSGR plants did not support
bacterial multiplication to the level observed in either
nocl or Col-0 gl1 plants at day 3 (Fig. 3E). This
observation raised the possibility that accelerated dis-
ease symptoms may negatively affect Pst DC3000
growth and, accordingly, the noc1 mutant may allow
better bacterial growth. However, we did not observe
an enhanced Pst DC3000 growth at day 3 in noc1 plants
(Figs. 1B and 4E). We commonly use a 3-d period for
assessing Pst DC3000 multiplication in the laboratory;
however, bacterial infection in the field involves longer
durations. We therefore extended our multiplication
assay to 6 d, which led to an interesting finding.
Pst DC3000 populations declined in Col-0 g/1 and
nocl/355:AtSGR plants, as infected tissues senesced,
whereas Pst DC3000 maintained a high population in
the nocl plants (Fig. 3E). These results suggest that
disease symptom development restricts Pst DC3000
persistence in infected tissues.

Effect of the nocl Mutation on
A. brassicicola-Induced Chlorosis

To determine whether nocl plants are also affected
in disease symptoms caused by a fungal pathogen,
Col-0 g/1 and nocl plants were inoculated with spores
of the necrotrophic fungus A. brassicicola. A necrotic
lesion developed at the site of inoculation in Col-0 g/1,
nocl, and complemented nocl/355:AtSGR plants at
5 to 10 dpi. In some experiments, a chlorotic halo,
surrounding the necrotic lesion, may also develop
within 5 to 10 dpi in only Col-0 g/1 and nocl/35S:
AtSGR plants (Fig. 4A). However, the chlorosis pheno-
type induced by A. brassicicola was variable between
experiments and could not be quantified reproducibly.
To quantify disease symptoms, we therefore measured
necrotic lesion areas using Image] software. The area of
necrotic lesion development was smaller in nocI plants
infected with A. brassicicola than that in Col-0 g/1 plants
infected in the same manner (Fig. 4). Fungus-induced
disease necroses were restored in nocl/35S:AtSGR
plants infected with A. brassicicola (Fig. 4). Plants inoc-
ulated with buffer control (0.1% Tween 20) alone
showed no signs of chlorosis or necroses (Fig. 4A).
These results demonstrate that AtSGR1 is required for
the development of disease symptoms caused by a
necrotrophic pathogen.
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Figure 2. Map-based identification of the noc7 mutation. A, A portion of the long arm of Arabidopsis chromosome 4 where the
nocT mutation is located between the two INDEL markers (T12H17-13C and F16G20-22; indicated by black arrowheads) at
chromosomal positions (cp) 11963745 and 12254730, respectively. B, Gene structure of AtSGR (At4g22920; cp: 12016525—
12018492), showing the location of the nocT mutation, an Asp to Tyr substitution at position 88 resulting from a guanine to
thymidine nucleotide mutation. C, The residue D88 is conserved among SGR orthologs in diverse plants, including Zea mays (gi
58866285), Sorghum bicolor (gi 59506606), Oryza sativa (gi 58866281), Hordeum vulgare (gi 58866283), and Glycine max (gi
58866291). Orthologous sequences were arranged using CLUSTALW software.

AtSGR Is Highly Induced during Pst DC3000 and
A. brassicicola Infection

Previous studies have shown that SGR expression is
critical for initiation of developmentally regulated
chlorophyll degradation in a number of plant species
(Armstead et al., 2006, 2007; Park et al., 2007; Ren et al.,
2007). The requirement of AtSGR for disease chlorosis
suggests that the expression of AtSGR might be in-
duced during pathogen infection. To examine this
possibility, we collected total RNA from water- and
Pst DC3000-inoculated noc1 and Col-0 gl1 plants at 36,
48, and 60 hpi and performed northern-blot analyses
using an AtSGR-specific probe. We found that the
AtSGR expression is strongly induced by Pst DC3000,
but not water, in both Col-0 g/1 and nocl plants at all
sampled time points (Fig. 5A). Thus, AtSGR expres-
sion is regulated during Pst DC3000 infection and the
nocl mutation does not significantly affect this ex-
pression. Quantitative reverse transcription (RT)-
PCR analysis was also performed with RNA from A.
brassicicola-infected leaves, showing that AtSGR ex-
pression was induced by fungal infection (Fig. 5B;
Supplemental Fig. S1).

We next investigated whether specific virulence
factors of Pst DC3000 could induce the expression of
AtSGR. COR is a well-known bacterial virulence factor
that promotes the development of disease chlorosis in
plants (Uppalapati et al., 2005, 2007; Ishiga et al., 2009).
Recent studies have demonstrated that COR mimics
the active form of the plant hormone jasmonate and
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directly targets the jasmonate receptor complex in
which the CORONATINE INSENSITIVE1 (COIl)
F-box protein is a principal component (Katsir et al.,
2008; Melotto et al., 2008a; Fonseca et al., 2009; Sheard
et al., 2010). To determine whether COR could induce
expression of AtSGR, we treated 8-d-old, Col-0 gl1
seedlings with buffer or 10 um COR. Seedlings were
collected at 3 h posttreatment and total RNA was
isolated for each group. Quantitative RT-PCR analysis
showed that, like JAZ9 (a known COR/jasmonate-
responsive gene; Thines et al., 2007), AtSGR expression
was induced by COR (Fig. 6A; Supplemental Fig.
S2A). We next examined whether COR-induced ex-
pression of AtSGR requires COIl-dependent jasmo-
nate signaling. As shown in Figure 6A, COR could not
induce AtSGR expression in the coil mutant (Feys
et al., 1994). These results suggest that COR induction
of AtSGR expression requires an intact jasmonate
signaling pathway.

Finally, we examined whether COR production is
necessary for Pst DC3000 to induce the expression of
AtSGR. Col-0 gI1 plants were infected with Pst DC3000
or a COR-deficient mutant strain, DB29 (Uppalapati
et al., 2007). Quantitative RT-PCR analysis revealed
that expression of AtSGR is strongly induced by 48
hpi, continuing through 72 hpi, in Col-0 g1 plants
infected with either DB29 or Pst DC3000 (Fig. 6B;
Supplemental Fig. 52B), although expression of AtSGR
was significantly higher in plants infected with
DC3000 as compared to those infected with DB29.
These data indicate that COR is sufficient but not

Plant Physiol. Vol. 157, 2011
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Figure 3. Complementation of the noc? mutation by 35S:AtSGR. Dis-
ease symptoms on Col-0 g/ (A), nocT (B), and noc1/35S:AtSGRline 1 (C)
leaves 4 d after dip inoculation with Pst DC3000 at T X 10® CFU/mL. D,
RT-PCR using AtSGR-specific primers showing native expression of
endogenous AtSGR in Col-0 g7 and nocT plants and increased expres-
sion in noc1 lines complemented with 355:AtSGR transgene (top). RT-
PCR using primers utilizing transgene-specific primers (see “Materials
and Methods”) shows expression of 35S:AtSGR only in complemented
nocT lines (middle). RT-PCR of ACTINS was used as a loading reference
(bottom). E, Pst DC3000 multiplication assay. Col-0 g/, noc1, and noc1/
AtSGR plants (line 1) were dip inoculated with Pst DC3000 at 10% CFU/
mL. Bacterial populations were determined at 1, 3, and 6 dpi. ttests were
performed in Microsoft Excel using a two-sample, equal variance for-
mula. Comparisons are between Col-0 g/7 and nocT and between Col-0
gl1 and noc1/AtSGR at each time point. P values of <0.05 are indicated
with a single asterisk (*).

necessary for Pst DC3000 to induce AtSGR expression
during infection.

DISCUSSION

Development of disease symptoms represents the
final stage of a pathogenic infection and is particularly
destructive to the plant because it damages plant
tissues, affecting not only crop productivity, but also
crop marketability. Reduced disease symptoms, in the
form of disease-tolerant cultivars, could be exploited
as a method of disease management. Despite its im-
portance in disease, the molecular control of disease
symptom production remains one of the least-under-
stood aspects of plant diseases.

Although ethylene and jasmonate signaling path-
ways are known to be important for Pst DC3000-
induced disease chlorosis (Bent et al., 1992; Uppalapati
et al., 2011), it is not understood how these pathways
ultimately impact chlorophyll homeostasis in infected
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tissues. Our isolation of the nocl mutant and subse-
quent identification of AtSGR gene begin to provide
molecular insight into how Pst DC3000 infection
perturbs chlorophyll homeostasis and causes tissue
chlorosis. Previous research has suggested that SGR-
family proteins, once produced during senescence,
enter the chloroplast and destabilize photosystem
complexes, which seems to be a prerequisite for reg-
ulated chlorophyll degradation (Park et al., 2007). We
found that Pst DC3000 infection induces the expres-
sion of AtSGR and transgenic constitutive expression
of AtSGR accelerates disease symptom development
caused by Pst DC3000 infection. These results indicate
that pathogen-induced disease chlorosis results from
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Figure 4. Effects of the noc? mutation on A. brassicicola-induced
disease symptoms. A, Top sections: Chlorosis and/or necrosis caused by
A. brassicicola infection in Col-0 gIT (left), the nocT mutant (center),
and noc1/35S:AtSGR (right) leaves 8 dpi. Bottom sections: Mock
inoculations with 0.1% Tween 20 are shown. B, Necrotic lesion areas
were measured at 5 and 8 dpi in A. brassicicola-infected Col-0 gl1,
nocl, and noc1/AtSGR plants using Image] software. Student’s t tests
were performed in Microsoft Excel using a two-sample, equal variance
formula. Comparisons are between Col-0 g/7 and the nocT mutant and
between Col-0 g7 and noc1/355:SGR at each time point. P values of
<0.05 are indicated with a single asterisk (*); P values < 0.005 are
indicated by **.
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Figure 5. Induction of AtSGR expression during infection. A, Northern-
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Alternaria-infected Col-0 gl plants using the Student’s t test.

activation of a key regulator of an endogenous,
senescence-associated chlorophyll degradation pro-
ram.
& The identification and characterization of the nocl
mutant also raises several important issues regarding
the relationship between disease symptom develop-
ment and bacterial pathogenesis. First, our data show
that, in the case of Pst DC3000 infection at the inocu-
lums of 1 X 10° CFU/mL, the bacterial population
reaches a maximum level at 3 dpi in both wild-type
and nocl plants. However, whereas the Pst DC3000
population declined in wild-type Col-0 g/I plants, it
persisted at a high level for a longer time in nocl
mutant plants (Fig. 3). This finding has significant
ramifications in terms of the role of disease symptom
in bacterial pathogenesis. Disease symptoms are
commonly believed to be a consequence of collateral
damages caused by infection. However, our result
suggests that this may not be the case: Disease symp-
tom development can play an active role in nega-
tively impacting the persistence of hemibiotrophic
pathogens like Pst DC3000 at late stages of patho-
genesis. Interestingly, a similar result was observed in
the study of XopD, a type III effector of Xanthomonas
campestris pv vesicatoria, which delays symptom de-
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velopment and tissue degeneration in tomato via
modulation of host transcriptional programming,
resulting in increased pathogen multiplication (Kim
et al., 2008).

Second, previous reports show that bacterial phy-
totoxin COR induces chlorosis in plants and that
COR-deficient mutants have reduced ability to cause
chlorosis (Ma and Cuppels, 1991; Whalen et al., 1991;
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titative RT-PCR showing AtSGR and AtJAZ9 expression in mock- and
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sent sb from three biological replicates. B, AtSGR expression is induced
by 48 hpi in Col-0 g1 plants infected with Pst DC3000 (COR") or DB29
(COR"). Quantitative RT-PCR shows AtSGR and AtJAZ9 expression in
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similar results were obtained. Asterisks indicate significant difference
(P < 0.05) when comparing bacterial infections to mock inoculations
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Uppalapati et al.,, 2005, 2007). Consistent with these
observations, we found that COR was sufficient to
activate AtSGR expression, providing a molecular
basis for the involvement of COR in disease chlorosis.
Additionally, COR-treated coil mutants showed no
induction of AtSGR expression (Fig. 6), suggesting that
the jasmonate receptor complex is required for COR-
induced expression of AtSGR. Interestingly, we found
a putative MYC2-binding motif (ACGTG; Boter et al.,
2004; Yadav et al., 2005) in the promoter region of
AtSGR at nucleotide position —23 (data not shown).
MYC2 is a major transcription factor involved in
jasmonate/COR-induced gene expression (Lorenzo
et al., 2004; Laurie-Berry et al., 2006), further suggest-
ing an involvement of jasmonate signaling in COR-
mediated induction of AtSGR expression. It should be
pointed out, however, that in Arabidopsis, purified
COR was shown to induce purpling, instead of chlo-
rosis (Bent et al.,, 1992). The exact reason for this
phenomenon is not known. Because COR structurally
and functionally mimics jasmonate, which is known to
induce anthocyanin production in Arabidopsis (Ellis
and Turner, 2001), it is possible that the chlorosis
induced by COR in Arabidopsis is masked by pur-
pling associated with anthocyanin production. In any
case, although COR is sufficient for induction of
AtSGR, we found that it is not required for AfSGR
induction during infection with Pst DC3000 (Fig. 6).
Thus, it is likely that COR is not the only virulence
factor in Pst DC3000 that is involved in the develop-
ment of disease chlorosis, but that the action of addi-
tional virulence factors (possibly type III effectors)
may also be involved in the induction of AtSGR and
contribute to the production of disease chlorosis.
Indeed, disease chlorosis is often observed in Arab-
idopsis mutants that allow high multiplication of
COR-deficient Pst DC3000 (Melotto et al., 2006;
Zeng and He, 2010).

Third, in addition to affecting disease chlorosis, the
nocl mutation also reduced disease necrosis caused by
Pst DC3000 and A. brassicicola infection, although this
effect is less obvious compared to that of disease
chlorosis (Figs. 1 and 4). This is an interesting finding
in light of a recent study that investigated the effect of
AtSGR overexpression and RNAi-mediated suppres-
sion on the hypersensitive response (HR) elicited by
Pst DC3000 (avrRpml) in Arabidopsis (Mur et al.,
2010). It was found that increased and decreased
AtSGR expression, respectively, accelerated and sup-
pressed the kinetics of HR-associated cell death in
resistant Arabidopsis plants. Mur and colleagues pos-
tulate that some phototoxic chlorophyll catabolites
contribute to HR cell death in resistant plants (Mur
et al., 2010). If so, we speculate that such chlorophyll
catabolites could also contribute to the formation of
disease necrosis in susceptible Arabidopsis plants
infected by Pst DC3000 or A. brassicicola, as observed
in our study (Figs. 1 and 4).

The stay-green phenotype was first described in
1866 by Gregor Mendel in differentiating yellow and
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green cotyledon color in segregating populations of
pea (Pisum sativum; Mendel, 1866). SGR orthologs have
been cloned from a wide range of dicot and monocot
species (Armstead et al., 2006, 2007; Jiang et al., 2007;
Park et al., 2007; Sato et al., 2007; Aubry et al., 2008;
Barry et al., 2008). Consequently, we hypothesize that
pathogen induction of SGR genes may be a common
mechanism underlying disease chlorosis across a wide
spectrum of plant-pathogen interactions. As such,
further study of SGR genes and their regulation could
lead to transgenic plants with not only controlled
senescence, but also disease symptom expression,
thereby benefiting agriculture.

MATERIALS AND METHODS
Plant Material, Mutagenesis, and Growth Conditions

Approximately 1 g of Arabidopsis (Arabidopsis thaliana) ecotype Col-0 gI1
seeds was mixed with 100 mL of distilled water and 250 uL of ethyl
methanesulfonate. The mixture was incubated overnight at room temperature
in the dark with gentle agitation. The seeds were washed six times with 500
mL of distilled water, resuspended in 300 mL of 0.1% agarose, and sown onto
a soil mixture (equal portions of Baccto high-porosity professional plant mix,
perlite, and vermiculite, covered with a thin layer of fine vermiculite). The
flats were covered with lids and incubated in the dark at 4°C for 3 d. The flats
were then transferred to a growth chamber (20°C with 12 h of fluorescent light
[100 wE m~2s '] and 12 h of darkness). The plants were self fertilized to create
a population of M2 plants.

Screening and Isolation of Arabidopsis Mutants

Four- to 6-week-old M2 plants were dipped in a 1 X 10° CFU/mL
suspension of Pst DC3000 and 0.05% Silwet L-77 (Lehle Seeds, www.
arabidopsis.com) for 2 to 3 s. The inoculated plants were incubated in high
(80%—-90%) humidity conditions for 96 h and screened for a lack of symptom
development.

Bacteria Enumeration in Inoculated Leaves of nocl
Mutants and Wild-Type Col-0 gi1 Plants

Four- to 5-week-old plants were used for bacteria enumeration. Pst DC3000
was grown in low-salt Luria-Bertani broth to the mid-to-late logarithmic
phase at 28°C. Bacterial cultures were pelleted and resuspended in sterile
water to a final ODgy, of 0.2 (equivalent to 1 X 10° CFU/mL) for dip
inoculation. Fully expanded leaves were dip inoculated with bacterial sus-
pensions. Plants were placed in trays with standing water and covered with
plastic wrap to maintain high humidity. During the experimental period there
was no obvious tissue desiccation in inoculated plants. Bacteria enumeration
followed the protocol described by Katagiri et al. (2002). P values were derived
from multiplication data utilizing Microsoft Excel software for f test statistical
analysis.

Alternaria brassicicola Infection

We inoculated 10 leaves of each plant with 10 uL of Alternaria brassicicola
spores at a concentration of 6.4 X 10° spores/mL suspended in 0.1% Tween 20.
For control inoculations we used 0.1% Tween 20. Plants were covered with
humidity domes and kept at high humidity throughout the infection process.

For quantification of disease symptoms caused by fungal infection, the
areas of necrotic lesions caused by Alternaria inoculation were measured on 30
infected plant leaves. The average lesion area was calculated from 30 to 50
lesions at 5 and 8 dpi using Image] software. Older leaves were excluded from
the sample set to avoid senescence-associated chlorosis and necrosis.

AtSGR expression was measured in A. brassicicola-infected tissue at 0
and 5 dpi. RNA was isolated from leaf tissue using an RNAeasy kit (Qiagen,
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www.qiagen.com). Semiquantitative RT-PCR was performed as described
by the manufacturer (Takara, www.takara-bio.com).

Chlorophyll Extraction and Quantification

For chlorophyll abundance assays we infiltrated leaf tissue with 2 X 10°
CFU/mL Pst DC3000 and collected samples at 0, 24, 48, 72, and 96 hpi. All
chlorophyll extraction steps were conducted in near darkness. Leaf disks from
four separate leaves at each time point were frozen in liquid nitrogen and
stored at 80°C. The frozen tissue was homogenized in 600 uL of 80% acetone,
the homogenates were centrifuged at 500¢ for three minutes at 4°C, and the
supernatant was transferred to a new tube and kept on ice. The absorbance of
four dilutions (1:10, 1:5, 1:3, and 1:2.5) of each sample was determined using a
spectrophotometer. The amount of chlorophyll was calculated as previously
described (Arnon, 1949).

Gene Mapping

Mapping of the nocl mutation was conducted as described by Lukowitz
and colleagues (Lukowitz et al., 2000). Initial genome-wide screening was
conducted using an array of primers (Invitrogen, www.invitrogen.com) to
detect simple sequence length polymorphisms from each chromosome.
Additional INDELs, identified in the Monsanto Arabidopsis polymorphism
and Ler sequence collection (www.arabidopsis.org/browse/Cereon/index.
jsp), were used to further define the region containing the nocl mutation
(Jander et al., 2002).

Amino acid sequences of AtSGR and its orthologs were aligned using
ClustalW (www.ddbj.nig.ac.jp/search/clustalw-j.html) and were then ad-
justed manually. Complementation of the nocI phenotype was accom-
plished by transforming nocl plants with 355:AtSGR (At4g22920) in binary
vector pBAR-35S (provided by J. Dangl, University of North Carolina,
Chapel Hill, NC). The cDNA was amplified from a pool of total Col-0 g/1 RNA
using LA Taq polymerase (Takara) and AtSGR-specific primers carrying Xhol
(5') and Spel (3') restriction sites (F: ggctcgagatgtgtagtttgtcgge and R:
ggactagtctagagtttctceggatt) to facilitate eventual cloning into pBAR-35S. The
PCR product was first cloned into pTOPO 2.1 (Invitrogen) and the AtSGR
insert sequenced. The sequence-verified AfSGR insert was then transferred
into the Xhol and Spel sites of the binary vector pBAR-35S. Plant transforma-
tion was conducted as described (Clough and Bent, 1998). Transformants were
screened in the T1 and T2 generations for Basta herbicide resistance and in T2
and T3 generations for the presence of the AtSGR transgene using RT-PCR
with primers specific to the 5° and 3’ untranslated regions (pBAR1 vector
sequence) of the transgene: F-ggattgatgtgatatctccac and R-caagaccggcaacaggattc.

Northern Blotting

For northern-blotting analysis, total RNA was isolated from Arabidopsis
leaves using the RNAgents total RNA isolation system (Promega, www.
promega.com). The RNA concentration was determined based on A, and
RNA was separated on 2% formaldehyde agarose gels. The RNA was blotted
onto Hybond N+ nylon membranes (Amersham, www.gelifesciences.com)
using 10X saline sodium citrate buffer and UV cross-linked using a Strata-
linker (Stratagene, www.genomics.agilent.com) with the auto-cross-link set-
ting. Approximately 100 ng of a 300-bp exon-coding fragment, from AtSGR
cDNA, was amplified by PCR using the following primers: F: atgtg-
tagtttgtcggegat and R: cceggtatagectatttgee. The resulting fragment was pu-
rified using the Qiagen gel extraction kit (Qiagen) and labeled with **P-CTP
using random hexamers. Blotted membranes were hybridized with labeled
probes using PerfectHyb plus hybridization buffer (Sigma-Aldrich, www.
sigmaaldrich.com), following the manufacturer’s protocol, and then washed
in 0.5X saline sodium citrate buffer and exposed to x-ray film for approxi-
mately 16 h.

Quantitative RT-PCR

Total RNAs were isolated from Arabidopsis leaves using the RNAgents total
RNA isolation system (Promega, www.promega.com). Poly d(T) cDNA was
prepared from 500 ng total RNA using Moloney murine leukemia virus reverse
transcriptase (Invitrogen) and quantified on an ABI7500 fast RT-PCR system
(Applied Biosystems) with the fast SYBR green master kit (Applied Biosystems)

1972

according to the manufacturer’s protocols. Expression levels were normal-
ized to AtPP2AA3 (PROTEIN PHOSPHATASE 2A SUBUNIT A, Atlgl3320;
Czechowski et al., 2005). The primers used for RT-PCR were: AfSGR, 5'-ACT-
ACCTGTGGTGTTGAAGG-3' and 5'-CGACTTTGTTGAACTCATTGAC-3’,
AtPP2AA3, 5'-GGTTACAAGACAAGGTTCACTC-3' and 5'-CATTCAGGAC-
CAAACTCTTCAG-3', and AtJAZ9 (Atlg70700), 5'-ATGAGGTTAACGATGA-
TGCTG-3' and 5'-CTTAGCCTCCTGGAAATCTG-3'.

Induction of AtSGR Expression by COR

Arabidopsis seeds (Col-0 g/1 and coil) were germinated and grown on
Murashige and Skoog agar plates for 4 d with coil seedlings being selected on
10 um methyl jasmonate (Sigma-Aldrich). Seedlings were transferred to fresh
Murashige and Skoog plates and grown for another 4 d and were treated with
10 um COR (Sigma-Aldrich) or 0.1% ethanol by spraying. Seedlings were
harvested at 3 h posttreatment and total RNA was isolated using the RNeasy
plant mini kit (Qiagen) per manufacturer’s instructions. cDNA synthesis of
AtSGR, JAZ9, and UBC was completed using avian reverse transcriptase and
oligo-DT primers followed by RT-PCR using gene-specific primers (AtSGR: F:
5'atgtgtagtttgtcggegat3’ and R: 5'ctagagtttctccggatttg3’; JAZ9: F: 5'atggaaa-
gagattttctgggtttg3’ and R: 5'ttatgtaggagaagtagaagagta3’; UBC21: F: 5'tcaaatg-
gaccgctcttatc3’ and R: 5’ cacagactgaagegtccaag3’).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Semiquantitative RT-PCR analysis of AtSGR
expression in Alternaria-infected Col-0 gl1, the nocl mutant, and nocl/
AtSGR plants at 0 and 5 dpi.

Supplemental Figure S2. A, Semiquantitative RT-PCR showing levels of
expression for AtSGR and JAZ9 in Col-0 seedlings 3 h after treatment
with 10 um COR (+) or buffer (—).
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