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avirulent pathogen or UV treatment induces expression of 

MSRB7 and MSRB8 genes. The T-DNA insertion mutant 

of MSRB8 exaggerates HR-associated and UV-induced cell 

death and accumulates a higher level of ROS than wild-

type plants. The negative regulatory role of MSRB8 in HR 

is further supported by amiRNA and overexpression lines. 

Mutants and overexpression lines of MSRB8 are suscepti-

ble and resistant respectively, compared to the wild-type 

plants, against avirulent strains of Pseudomonas syringae 

pv. tomato DC3000 (Pst) carrying AvrRpt2, AvrB, or AvrP-

phB genes. However, the MSRB8 gene does not influence 

resistance against virulent Pst or P. syringae pv. maculi-

cola (Psm) pathogens. Our results altogether suggest that 

MSRB8 function is required for ETI and containment of 

stress-induced cell death in Arabidopsis.
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Abbreviations

amiRNA  Artificial microRNA

Avr  Avirulent

CaMV35S  Cauliflower mosaic virus 35S

ETI  Effector-triggered immunity

hpi  Hours post inoculation

HR  Hypersensitive response

Met-R-SO  Methionine-R-sulfoxide

Met-S-SO  Methionine-S-sulfoxide

MSR  Methionine sulfoxide reductase

PR  Pathogenesis related

Pst  Pseudomonas syringae pv. tomato

PTI  Pattern triggered immunity

qRT-PCR  Quantitative real-time PCR

RIN13  RPM1 interacting protein 13

Abstract 

Key message Reactive oxygen species (ROS) oxi-

dize methionine to methionine sulfoxide (MetSO) 

and thereby inactivate proteins. Methionine sulfox-

ide reductase (MSR) enzyme converts MetSO back to 

the reduced form and thereby detoxifies the effect of 

ROS. Our results show that Arabidopsis thaliana MSR 

enzyme coding gene MSRB8 is required for effector-

triggered immunity and containment of stress-induced 

cell death in Arabidopsis.

Abstract Plants activate pattern-triggered immunity 

(PTI), a basal defense, upon recognition of evolutionary 

conserved molecular patterns present in the pathogens. 

Pathogens release effector molecules to suppress PTI. Rec-

ognition of certain effector molecules activates a strong 

defense, known as effector-triggered immunity (ETI). ETI 

induces high-level accumulation of reactive oxygen spe-

cies (ROS) and hypersensitive response (HR), a rapid pro-

grammed death of infected cells. ROS oxidize methionine 

to methionine sulfoxide (MetSO), rendering several pro-

teins nonfunctional. The methionine sulfoxide reductase 

(MSR) enzyme converts MetSO back to the reduced form 

and thereby detoxifies the effect of ROS. Though a few 

plant MSR genes are known to provide tolerance against 

oxidative stress, their role in plant–pathogen interaction is 

not known. We report here that activation of cell death by 
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Introduction

Plants have evolved a multi-layered defense system to coun-

ter invading pathogens. Pattern-triggered immunity (PTI) is 

activated when plants recognize non-self-conserved molec-

ular patterns that are present in invading microbes, through 

pattern recognition receptors (PRRs) (Jones and Dangl 

2006; Nimchuk et  al. 2003). PTI is sufficient to suppress 

the growth of a vast majority of microbes that interact with 

plants (Zipfel 2008). Successful pathogens release effec-

tor molecules to overcome PTI. To counteract these effec-

tors, plants reciprocate by recruiting several multi-protein 

complexes that can recognize the presence of effectors 

and activate effector-triggered immunity (ETI) (Hein et al. 

2009; Jones and Dangl 2006; Zhang and Zhou 2010). ETI 

depends on the presence of matching resistance gene (R) 

in the plant and avirulent gene (Avr) in the pathogen. A 

virulent pathogen, which is compatible with a host plant, 

becomes incompatible in the presence of R–Avr combina-

tions (Jones and Dangl 2006; Nimchuk et al. 2003).

Recognition of either patterns or effectors leads to the 

activation of signaling cascades, which eventually results 

in elevated expression of defense-related compounds like 

phytoalexins and pathogenesis-related (PR) proteins (Spoel 

and Dong 2012). Plant hormones such as salicylic acid, eth-

ylene, and jasmonic acid play crucial roles in modulating 

defense responses induced by both compatible and incom-

patible pathogens (Bari and Jones 2009). The contrasting 

visible feature of PTI and ETI is the progression of cell 

death. Incompatible interactions often induce the hyper-

sensitive response (HR), a rapid programmed cell death at 

the site of infection (Nimchuk et al. 2003). In contrast, the 

compatible pathogens result in a slower cell death which 

develops into disease symptoms in infected tissues. Visible 

HR is preceded by the high-level accumulation of reac-

tive oxygen species (ROS). Pathogen-induced ROS func-

tion as signaling molecules for activation of other defense 

responses in plants (Lamb and Dixon 1997).

ROS can significantly harm cells by damaging biomol-

ecules. Methionine is the most vulnerable amino acid that 

gets oxidized into methionine sulfoxide (MetSO) by ROS 

(Gao et al. 1998; Vieira Dos Santos et al. 2005). All organ-

isms including bacteria, yeast, mammals, and plants have 

developed repair enzymes, known as methionine sulfox-

ide reductase (MSR), to reduce methionine sulfoxide back 

into methionine (Moskovitz 2005). MetSOs that are gener-

ated upon oxidation stress are the diastereomeric mixture 

of methionine-R-sulfoxide (Met-R-SO) and methionine-

S-sulfoxide (Met-S-SO) (Stadtman et al. 2003). Methionine 

sulfoxide reductase A (MSRA) and MSRB preferentially 

use Met-S-SO and Met-R-SO stereoisomers, respectively 

(Kumar et al. 2002; Neiers et al. 2007; Sharov et al. 1999). 

Overexpression of rice OsMSRA4.1 provides enhanced 

salt resistance in transgenic rice plants (Guo et  al. 2009). 

A pepper (Capsicum annuum) MSRB gene (CaMsrB2) is 

an important regulator of defense against oxidative stress 

and pathogen attack (Oh et  al. 2010). CaMsrB2-silenced 

pepper plants showed accelerated cell death and enhanced 

ROS accumulation upon pathogen inoculation (Oh et  al. 

2010). Expression of maize MSR coding genes (ZmMSRs) 

enhances upon abiotic stresses induced by polyethylene gly-

col (PEG) or NaCl treatment (Zhu et al. 2015). AtMSRA2 

(alias PMSR2) gene function is required for oxidative stress 

management in short-day-grown plants (Bechtold et  al. 

2004). The pmsr2-1, a null mutant of AtMSRA2, exhibits 

increased protein oxidation, nitration, and glycation of spe-

cific amino acid residues during darkness (Bechtold et  al. 

2004, 2009). Overexpression of AtMSRA4 (alias PMSR4) 

provides resistance against oxidative stress (Romero et  al. 

2004), whereas its antisense lines are compromised for 

growth under high-light stress (Laugier et al. 2013). Arabi-

dopsis genome contains nine genes, named MSRB1 to 

MSRB9, encoding proteins structurally similar to earlier 

reported MSRB of Drosophila, yeast, and mouse (Vieira 

Dos Santos et al. 2005). Physiological roles of only a few 

MSRB genes are known. Arabidopsis MSRB1 and MSRB2 

are chloroplast localized (Laugier et  al. 2010; Vieira Dos 

Santos et al. 2005). The msrB1 msrB2 double mutant trans-

genic plants are normal under stress-free conditions but 

growth compromised under high light or low temperature 

(Laugier et  al. 2010). MSRB7 (At4g21830) and MSRB8 

(At4g21840) genes are expressed abundantly in root and 

take part in ROS metabolism (Li et al. 2012). However, the 

roles of MSRBs in pathogen-induced ROS metabolism or 

disease defense are not known. We report here that MSRB8 

modulates ETI-induced HR and is required for defense 

against avirulent pathogens.

Results

Avirulent pathogen inoculation and UV treatment 

induce expression of MSRB7 and MSRB8 genes

By analyzing differentially regulated genes of Arabidopsis 

thaliana leaves undergoing incompatible interaction with 

Pseudomonas syringae pv. tomato DC3000 (Pst) carrying 

AvrRpt2 gene (Pst-AvrRpt2) and mock treatment (unpub-

lished data from the laboratory), we identified MSRB7 

and MSRB8 genes, which showed increased expression in 

the inoculated leaves compared to the control leaves. To 

compare between virulent and avirulent pathogen-induced 

expression of these two genes, we analyzed Arabidop-

sis leaf samples after Pst and Pst-AvrRpt2 inoculation by 

quantitative real-time PCR (qRT-PCR). Both the patho-

gens were suspended in 10 mM MgCl2 at 106 CFU/ml. As 



111Plant Mol Biol (2017) 93:109–120 

1 3

a control of the experiment, we analyzed 10 mM MgCl2-

treated samples. We observed rapid induction in MSRB8 

and MSRB7 expression upon Pst-AvrRpt2 inoculation 

(Fig. 1a, b). We also observed a significant enhancement in 

the expression of these MSRB genes upon virulent patho-

gen inoculation, but the pattern of expression was different 

from that of avirulent pathogen inoculation. Incompatible 

interaction induced MSRB7 and MSRB8 expression as early 

as 3 h post-inoculation, which reached a high level within 

6–9  h of inoculation. In contrast, a high-level expression 

of MSRB genes was observed only after 24  h of compat-

ible interaction. Incompatible interaction leads to rapid 

HR-associated cell death, whereas compatible interaction 

leads to the development of disease, a process of slow cell 

death. We also observed rapid induction in the expression 

of MSRB7 and MSRB8 genes upon UV treatment (Fig. 1c, 

d). Both pathogen infection and UV treatment lead to ROS 

accumulation in plants. The results altogether suggested 

that activation of cell death or ROS accumulation induces 

expression of MSRB7 and MSRB8 genes in Arabidopsis.

msrB8 mutant enhances ETI-induced HR and H2O2 

accumulation

For functional analysis of MSRB genes, we searched 

for their mutants from the stock center. The Arabidop-

sis stock center had no insertion mutant having T-DNA 

insertion in the exonic region of the MSRB7 gene. The 

closest insertion to the MSRB7 coding sequences was in 

SALK_014786, which contained a T-DNA insertion within 

180 bp upstream of the transcription start site (Supplemen-

tary Fig. S1A, S1B). However, SALK_014786 plants were 

not defective in transcription of MSRB7 gene (Supplemen-

tary Fig.  S1C). For the MSRB8 gene, there was one line, 

SALK_081173 with T-DNA insertion in the 3′ untranslated 

region (Fig.  2a, Supplementary Fig.  S1D). UV-induced 

expression of MSRB8 was observed by reverse-transcrip-

tion PCR (RT-PCR) in WT plants but not in SALK_081173 

plants (Fig.  2b). Thus, we considered the SALK_081173 

line as a mutant of MSRB8 gene. The mutant plants grew 

like normal wild-type Col-0 plants (Fig.  2c), suggest-

ing that MSRB8 gene was either non-essential for sur-

vival or redundant in Arabidopsis under stress-free growth 

conditions.

Since our results linked the MSRB8 expression to cell 

death induction in Arabidopsis, we investigated HR in 

msrB8 mutant plants. When a tissue undergoing HR is 

floated on water, leakage of cellular contents from dead 

cells enhance the electrical conductivity of the water, 

which quantitatively reflects the extent of cell death (Tor-

res et  al. 2002). We infiltrated WT and msrB8 mutant 

plants with either Pst-AvrRpt2 at 107 CFU/ml suspended in 

10 mM MgCl2 or only 10 mM MgCl2 as control and moni-

tored ion leakage. As expected, WT leaves inoculated with 

Fig. 1  Relative transcript 

abundance of MSRB8 and 

MSRB7 genes followed by 

pathogen and UV treatment. a 

MSRB8 and b MSRB7 transcript 

levels after infiltration with 

10 mM MgCl2 (Mock) or Pst 

or Pst-AvrRpt2. c MSRB8 and 

d MSRB7 transcript levels after 

UV treatment. Plants were 

treated with UV light for 20 min 

and samples were collected at 

indicated hours after the treat-

ment. Transcript abundance was 

determined by qRT-PCR. Each 

bar indicates mean ± standard 

deviation (n = 3). Experiments 

were repeated at least two times 

with similar results. *(P < 0.05) 

and **(P < 0.001) indicate the 

mean values that are sig-

nificantly different from 0 h or 

respective mock treated sample 

as determined by students t test
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Pst-AvrRpt2 showed enhanced ion leakage, but the control/

mock-inoculated leaves did not (Fig.  2d). In comparison 

to WT plants, the msrB8 mutant plants showed a much 

higher level of ion leakage (Fig.  2d). The results suggest 

that the MSRB8 gene functions as a negative regulator for 

HR-induced cell death. To further support our observation, 

we measured relative H2O2 accumulation by DAB staining, 

after mock or Pst-AvrRpt2 inoculation in WT and msrB8 

plants. In agreement with higher HR-induced cell death, we 

observed a significantly higher level of H2O2 accumulation 

in msrB8 than WT plants (Fig. 2e, f).

amiRNA and overexpression lines support 

negative regulatory roles of MSRB8 gene in HR- 

and UV-induced cell death

We wanted to investigate the redundancy in function 

between MSRB7 and MSRB8 genes by generating double 

mutants. Since we could not get a mutant of MSRB7, we 

took the artificial miRNA (amiRNA) approach to down-

regulate both the genes simultaneously (Supplementary 

Fig. S2). Suppression of MSRB genes was tested in the 

homozygous T2 progeny of transgenic amiRNA lines after 

inducing the expression of MSRB genes with Pst-AvrRpt2. 

Out of five lines tested, two lines, i.e., #1 and #5, showed 

high-level suppression of MSRB8 expression (Fig.  3a). 

However, we could not generate any amiRNA lines with 

near complete suppression of MSRB7 expression. Inciden-

tally, lines #1 and #5 also showed the least level of MSRB7 

mRNA accumulation compared to the other lines (Fig. 3a) 

and thus were taken for further studies. These two amiRNA 

lines also did not show UV-induced MSRB expression as 

shown for line #5 (Fig.  3b). We also did not observe any 

morphological defect in the amiRNA lines (Fig.  3c). No 

growth defect in the amiRNA lines may be attributed to 

functional redundancy or partial suppression of the MSRB7 

gene. Nevertheless, we studied the effect of simultaneous 

downregulation of MSRB7 and MSRB8 in HR, after inocu-

lating amiRNA lines with Pst-AvrRpt2. As shown earlier 

for the msrB8 mutant (Fig. 2d), both the amiRNA lines (#1 

and #5) displayed more HR-induced ion leakage than WT 

plants (Fig. 3d, and Supplementary Fig. S3). Interestingly, 

the extent of ion leakage in both the amiRNA lines was 

similar to that of the single mutant msrB8 plants (Fig. 3d, 

and Supplementary Fig.  S3), which suggests that either 

MSRB7 has no additional role in controlling cell death 

or the low level of expression that was observed in the 

amiRNA lines was sufficient for its function. Nevertheless, 

the results reconfirmed the importance of the MSRB8 gene 

in regulating HR in Arabidopsis.

Fig. 2  Confirmation of msrB8 mutation and HR-induced ion leakage 

in WT and msrB8 mutant plants. a Confirmation of T-DNA inser-

tion in MSRB8 gene in SALK_081173 line. LP and RP are gene-

specific primers and LB is a T-DNA border-specific primer. Plants 

from T-DNA insertion lines are numbered. b Expression of MSRB8 

in SALK_081173 (msrB8) line. c Morphology of 5-week-old soil-

grown wild-type plants and homozygous T-DNA insertion mutants of 

msrB8. d Ion leakage in WT and msrB8 after Pst-AvrRpt2 inocula-

tion. Each bar represents the mean ± standard deviation of three bio-

logical samples each containing eight leaf discs of 8 mm diameter. e 

DAB staining in WT and msrB8 after mock and Pst-AvrRpt2 inocu-

lation. f Quantitative analysis of DAB stain intensity. Each bar rep-

resents relative mean intensity of five whole leaves of the indicated 

genotype and the treatment. *(P < 0.05) and **(P < 0.001) indicate 

the mean values that are significantly different from respective WT 

sample as determined by students t test
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To substantiate our observations, we generated a trans-

genic Arabidopsis line with overexpression of MSRB8 

under a constitutive cauliflower mosaic virus 35S 

(CaMV35S) promoter. The cDNA of MSRB8 was cloned in 

pCXSN-HA vector (Chen et al. 2009) and transgenic plants 

were generated. The transgenic plants showed high-level 

accumulation of MSRB8 transcript under stress-free nor-

mal growth conditions (Fig.  4a). Moreover, similar to the 

mutant, overexpression lines also did not show any growth 

defect (Fig. 4b). With the observations from the mutant and 

the amiRNA lines, we anticipated suppression of HR in 

the MSRB8 overexpression lines. As anticipated, upon Pst-

AvrRpt2 inoculation, the CaMV35S:MSRB8 plants showed 

reduced ion leakage compared to the WT plants (Fig. 4c). 

To visualize the influence of MSRB8 gene on HR-induced 

cell death, we stained mock or Pst-AvrRpt2 inoculated 

leaves of WT, msrB8 mutant, and MSRB8-Oex plants with 

trypan blue, which stains dead cells dark blue (Nandi et al. 

2003). We observed a significantly higher level of stained 

cells in Pst-AvrRpt2 inoculated msrB8 mutant plants than 

WT plants (Fig. 5a). In contrast, the MSRB8 overexpression 

leaves showed fewer dead cells than WT plants. The results 

were in accordance with ion leakage studies. To investigate 

whether the influence of MSRB8 in cell death was restricted 

to HR, we performed trypan blue staining after UV treat-

ment. The plants were treated with UV or mock for 50 min 

and cell death was monitored 2 h after the treatment. Very 

similar to avirulent pathogen, UV treatment also resulted 

in more cell death in msrB8 and less cell death in MSRB8-

Oex compared to WT plants (Fig. 5b). However, the mock-

treated leaves of both the experiments did not show any 

significant cell death (Fig.  5a, b). The results altogether 

showed that ArabidopsisMSRB8 negatively regulates 

stress-induced cell death.

MSRB8 positively regulates resistance against avirulent 

pathogens

Since we observed the influence of MSRB8 on pathogen-

induced cell death and ROS accumulation, we anticipated 

its involvement in disease defense. We monitored bacte-

rial numbers in WT and msrB8 mutant plants after inocu-

lating with Pst-AvrRpt2 at 5 × 105 CFU/ml. We observed 

5- to 7-fold more bacterial growth in msrB8 mutants than 

WT plants after 3 days of inoculation (Fig.  6a). Higher 

bacterial load also yielded more visible disease symptoms 

Fig. 3  Expression of MSRB genes and HR-induced ion leakage in 

amiRNA lines. a Expression of MSRB7 and MSRB8 in WT plants and 

T2 generation of transgenic plants carrying amiRNA construct. Plants 

were inoculated with Pst-AvrRpt2 at the dose of 5 × 106 CFU/ml and 

samples harvested 8 h post-inoculation. b Expression of MSRB7 and 

MSRB8 in line # 5 after UV treatment. WT and transgenic plants 

were treated with UV light for 20 min. Samples for expression analy-

sis were collected at 6 hpt. c Photo of 5-week-old WT and amiRNA 

MSRB line #5, in normal growth conditions. d Ion leakage in WT, 

msrB8, and amiRNA MSRB line #5. Leaves were pressure infiltrated 

with Pst-AvrRpt2 suspension (1 × 107  CFU/ml) or 10  mM MgCl2 

as mock control. Infected leaf discs were weighed before floating 

on distilled water. Electrical conductivity was measured at the indi-

cated time points. Each bar represents the mean ± standard deviation 

of three biological samples each containing eight leaf discs of 8 mm 

diameter. *(P < 0.05) and **(P < 0.001) indicate the mean values that 

are significantly different from respective WT sample as determined 

by students t test
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Fig. 4  Overexpression of MSRB8 and its influence in HR-induced 

ion leakage. a Expression of MSRB8 gene by RT-PCR in WT and two 

transgenic lines, #1 and #9, under normal growth condition. b Mor-

phological phenotype of 5-week-old WT and overexpression (MSRB8 

Oex) line. c Ion leakage in WT and MSRB8 OeX line. Each bar rep-

resents the mean ± standard deviation of three biological samples 

each containing eight leaf discs of 8  mm diameter. *(P < 0.05) and 

**(P < 0.001) indicate the mean values that are significantly different 

from respective WT sample as determined by students t test

Fig. 5  Pst-AvrRpt2- and 

UV-induced cell death in WT, 

msrB8 mutant, and MSRB8-

Oex plants. a Trypan blue-

stained leaves of indicated 

genotypes after Pst-AvrRpt2 

or mock inoculation. b Trypan 

blue-stained leaves of indicated 

genotypes after UV or mock 

treatment
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in msrB8 plants than WT plants (Fig.  6a). The similar 

loss of resistance against Pst-AvrRpt2 was also observed 

in amiRNA lines (Fig. 6b, Supplementary Fig. S4). The 

observation was further validated using overexpression 

lines. The MSRB8 overexpression lines were significantly 

more resistant than the WT plants (Fig. 6c, Supplemen-

tary Fig. S4). Disease defense against the hemibiotrophic 

pathogen is often accompanied by the induction of PR1 

gene expression, a marker gene of SA-mediated defense 

signaling (Giri et al. 2014; Swain et al. 2011). Compared 

to WT plants, we observed enhanced and reduced accu-

mulation of PR1 transcript in MSRB8 overexpression and 

mutant plants respectively, after Pst-AvrRpt2 inoculation 

(Fig. 6d). PR1 expression pattern was in agreement with 

bacterial growth in these plants. The results suggested 

that MSRB8 positively regulates ETI against Pst-AvrRpt2. 

Fig. 6  Influence of MSRB8 on disease resistance. a Pst-AvrRpt2 

counts and disease symptoms at 3 days post inoculation (dpi) in WT 

and msrB8 mutant plants. b Pst-AvrRpt2 counts and disease symp-

toms at 3 dpi in WT and amiRNA plants. c Pst-AvrRpt2 counts and 

disease symptoms at 3 dpi in WT and MSRB8 overexpression plants. 

d Relative transcript accumulation of PR1 gene in WT, msrB8 

mutant, and MSRB8 overexpression lines. e Pst-AvrB counts and 

disease symptoms at 3 dpi in WT and msrB8 plants. f Pst-AvrPphB 

counts and disease symptoms at 3 dpi in WT and msrB8 plants. g 

Pst DC3000 counts at 3 dpi in WT, msrB8, and MSRB8-OE plants. 

h Psm ES4326 counts at 3 dpi in WT, msrB8, and MSRB8-OE 

plants. For all the experiments, overnight grown pathogens were infil-

trated at 5 × 105 CFU/ml. Each bar of bacterial counts represents the 

mean ± standard deviation of four samples, in which each sample con-

sist of five leaf disc of 5 mm diameter. Different letters above the bars 

indicated statistically significant difference (P < 0.05) as obtained 

by one-way ANOVA (Holm–Sidak method). In d relative transcript 

accumulation of PR1 was quantified by qRT-PCR. *(P < 0.05) and 

**(P < 0.001) indicate the mean values that are significantly different 

from respective WT sample as determined by students t test
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To further investigate whether the influence of MSRB8 

was specific against AvrRpt2 effector, we challenged WT 

and msrB8 plants withPst carrying AvrB or AvrPphB 

effectors. We observed a similar loss-of-resistance phe-

notype in msrB8 plants against both of these avirulent 

pathogens (Fig.  6e, f). However, in contrast to avirulent 

pathogens, the effect of msrB8 mutation on the growth 

of virulent pathogens was negligible. We did not observe 

any significant difference in bacterial load in the mutant 

or overexpression lines of MSRB8 when challenged 

with Pst DC3000 (Fig. 6g) or P. syringae pv. maculicola 

ES4326 (Fig.  6h). The results demonstrate that MSRB8 

function is required for the ETI induced by avirulent 

pathogens, but not for general resistance induced by viru-

lent pathogens.

MSRB8 function is essential under high-ROS condition

Avirulent pathogens produce a much higher level of ROS 

than virulent pathogens in WT Arabidopsis (Fig. 7a; Lamb 

and Dixon 1997; Torres et al. 2006). And compared to WT 

plants, msrB8 mutants accumulated a higher level of ROS 

after avirulent pathogen inoculation (Figs. 2e, f, 7a). How-

ever, there was no significant enhancement of ROS accu-

mulation in msrB8 plants after virulent pathogen inocula-

tion (Fig. 7a). These results suggest that MSRB8 function 

Fig. 7  Role of MSRB8 under different ROS levels. a DAB staining 

of WT and msrB8 leaves after Pst-AvrRpt2 (106) and Pst (5 × 105) and 

mock inoculation. b Effect of methyl viologen on seed germination 

and seedling growth. WT and msrB8 mutant plants were germinated 

on MS plates supplemented with different concentration of methyl 

viologen. Photograph was taken 14 days after germination. c Pri-

mary root length of WT and msrB8 mutant plants grown under dif-

ferent concentrations of methyl viologen. Seeds were germinated on 

MS plates and 4 days after germination were transferred onto methyl 

viologen-supplemented plates and grown of another 3 days. Each bar 

represents mean ± standard deviation of five seedlings. **(P < 0.001) 

indicates that the mean value of msrB8 is significantly different from 

the corresponding WT plants, as determined by Student’s t test. d 

Model depicting the role of MSRB8. Under the low-level ROS con-

ditions, several MSRBs redundantly function to revert Met-R-SO to 

Met; however, under the high-ROS conditions, the MSRB8 function 

is essential
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may be essential only under high-level ROS conditions. To 

support this assumption, we germinated WT seedlings in 

the presence of methyl viologen (MV) that enhances ROS 

and thereby induces MetSO production (Ozgur et al. 2015; 

Romero et al. 2004). MV application inhibited germination 

and seedling growth in a dose-dependent manner, both in 

WT and msrB8 mutant (Fig. 7b). We observed that at low 

concentrations of MV (up to 0.1  µM supplemented with 

MS medium) there was no significant difference in seed-

ling growth between WT and msrB8 mutant. However, at 

higher concentrations (0.5 and 1  µM), msrB8 had more 

severe growth retardation than WT plants. A similar differ-

ence was observed in primary root elongation when 4-day-

old seedlings were transferred to MV-containing plates and 

grown for another 3 days (Fig. 7c). Together these results 

show that under low-level ROS, MSRB8 function is redun-

dant, but is essential under high-level ROS conditions 

(Fig. 7d).

Discussion

Expression of MSRB7 and MSRB8 genes

HR is the most prominent visible defense response that 

a plant exerts against avirulent pathogens. Our results 

showed that HR or UV treatment induce expression of 

MSRB7 and MSRB8 genes (Fig. 1). Pathogenesis in plants 

is associated with ROS generation (Alvarez et  al. 1998; 

Grant et  al. 2000). Since MSRB functions are related to 

undoing the effects of ROS, it is tempting to believe that 

ROS trigger the expression of MSRB genes; which is also 

supported by methyl viologen treatment that enhances ROS 

accumulation (Li et  al. 2012). However, our results sug-

gest that it is not ROS per se, but the associated cellular 

damage that may induce expression of MSRB genes. Plants 

show a biphasic ROS accumulation upon avirulent patho-

gen inoculation (Baker and Orlandi 1995; Chandra et  al. 

1996; Grant and Loake 2000). Within the first hour of inoc-

ulation with either an avirulent or virulent pathogen, plants 

accumulate a substantial amount of ROS. When plants are 

challenged with a virulent pathogen, accumulated ROS gets 

rapidly scavenged, and within a few hours of inoculation, 

the ROS level returns to almost pre-inoculation levels. On 

the contrary, the ROS accumulation is sustained over an 

extended period when plants are challenged with an aviru-

lent pathogen (Chandra et al. 1996; Grant and Loake 2000; 

Grant et  al. 2000). Since we observed early induction of 

MSRB7 and MSRB8 genes upon inoculation only with the 

avirulent pathogen, and a delayed induction by the virulent 

pathogen, there is no obvious correlation between time of 

ROS accumulation and expression of MSRB genes. How-

ever, there is a correlation between induction of cell death 

and expression of these genes. Avirulent pathogen induces 

cell death in the form of HR rapidly within a few hours of 

inoculation. In contrast, virulent pathogen induces a slow 

cell death process taking over several days (Al-Daoude 

et  al. 2005; Nandi et  al. 2004; Singh et  al. 2013a; Swain 

et al. 2011). Since MSRB7 and MSRB8 genes play impor-

tant roles in recovering cellular processes to the normal 

state, it may be possible that the expression of these genes 

is regulated by the ROS scavenging system.

Role of MSRB8 gene in disease defense

MSRs are induced during oxidative stress to protect the 

functional activity of proteins by reducing methionine sul-

foxide to methionine (Vieira Dos Santos et al. 2005). This 

enzyme-coding gene is included in the minimal gene set 

that is required for life, as determined by comparing sev-

eral bacterial genomes (Mushegian and Koonin 1996). 

Since the Arabidopsis genome contains multiple copies 

of MSR-coding genes, knockdown lines do not show any 

morphological or physiological defect under normal stress-

free conditions (Fig. 2; Bechtold et al. 2004; Li et al. 2012). 

Overexpression of MSRB7 and MSRB8 yields elevated 

resistance against oxidative stress (Li et  al. 2012). Our 

observations of increased HR-induced ion leakage in the 

knockdown lines (Figs.  2, 3) and reduced stress-induced 

cell death in the overexpression plants (Figs.  4, 5) are in 

accordance with the proposed role of MSRB genes. Plants 

produce ROS at much higher levels when ETI is activated 

by avirulent pathogens, compared to virulent pathogen-

induced PTI (Chandra et al. 1996; Lamb and Dixon 1997; 

Torres et al. 2002, 2006). No significant difference in viru-

lent bacterial growth between WT and msrB8 suggests that 

under low-level ROS conditions, activity of other MSRB 

gene(s) is sufficient to detoxify the effect of ROS. How-

ever, under high-level ROS conditions, such as avirulent 

pathogen infection, UV, or MV treatment, MSRB8 function 

becomes non-redundant (Figs. 2, 3, 4, 5, 6, 7).

Proteins are the primary targets of ROS in the cell 

(Davies 2005). Since MSRB would reduce methionine 

sulfoxide to methionine, loss of MSRB function would 

be predicted to increase methionine sulfoxide levels in 

the proteins of msrB mutant plants. Protein oxidation may 

have a wide range of consequences, including fragmenta-

tion, dimerization, and unfolding (Davies 2005). In addi-

tion, protein oxidation leads to the formation of superoxide 

radical, H2O2, and other reactive species, as well as other 

oxidized proteins in chain reactions (Davies 2005; Neužil 

et al. 1993). Thus accumulation of methionine sulfoxides is 

likely to contribute in HR-induced membrane disintegration 

and ion leakage. HR is often associated with the resistance 

response. However, certain experimental results uncou-

ple cell death from resistance in incompatible interactions 
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(Al-Daoude et  al. 2005; Van Poecke et  al. 2007). Over-

expression of RPM1 Interacting Protein 13 (RIN13) sup-

presses HR, but provides resistance against avirulent path-

ogens, carrying the AvrB or AvrRpm1 gene (Al-Daoude 

et al. 2005). A study with ten different accessions of Arabi-

dopsis did not find any correlation between HR and bac-

terial growth, after Pst-AvrRpt2 inoculation (Van Poecke 

et  al. 2007). We also observed a similar lack of associa-

tion between cell death and resistance. Bacterial growth in 

MSRB8 overexpression and knockdown lines showed an 

inverse relationship with HR-associated ion leakage and 

disease defense against avirulent pathogen. The msrB8 

mutant and amiRNA MSRB lines showed a higher level of 

HR than WT plants, but also showed susceptibility towards 

avirulent pathogens. On the contrary, overexpression of 

MSRB8 suppressed HR and also suppressed bacterial 

growth. Thus, our studies reiterate that HR can either be 

a resistance response or a means of susceptibility towards 

pathogens (Heath 2000; Mur et  al. 2008; Stakman 1915). 

Despite a significant number of reports showing the posi-

tive association between HR and resistance reaction, how 

cell death promotes resistance remains elusive. Often, cell 

death is believed to generate signals for defense activation, 

rather than functioning directly as a defense mechanism 

(Heath 2000). Thus, it may be possible that MSRB8 activ-

ity delays the process of cell death, which in turn favors 

generation of such defense signals.

Materials and methods

Plant growth conditions and pathogen inoculation

The growth of plants, bacterial pathogens, and inocula-

tion experiments were carried out as described previously 

(Singh et  al. 2013b; Swain et  al. 2011). In brief, plants 

were grown in Soilrite and vermiculite mixture (4:1) in the 

growth room under controlled environmental conditions 

at 22 °C, 70 % humidity, and 12 h alternating light (80 µE/

m2/s) and dark period. All bacterial pathogen strains were 

grown in King’s B medium with appropriate antibiotics. 

Overnight grown bacterial pathogens were suspended in 

10 mM MgCl2 and pressure infiltrated through the abaxial 

surface of leaves with a needleless syringe. Bacterial counts 

in inoculated leaves were determined at 3 dpi.

UV treatment, HR induction, and ion leakage

For UV treatment, 5-week-old soil-grown plants were 

placed below a UV bulb (TUV 30  W UV-C, Philips, the 

Netherlands) at 36 cm distance from the tube. Plants were 

exposed to the UV for 20 min and then placed back in the 

growth room before harvesting for expression analysis. For 

HR-induced ion leakage study, Pst-AvrRpt2 (1 × 107 CFU/

ml suspended in 10  mM MgCl2) was pressure infiltrated 

through the abaxial surface of the leaves. Only 10  mM 

MgCl2 was infiltrated as mock treatment. Plants were 

covered with a plastic dome and kept under dark condi-

tions in the growth room for 7  h, after which, inoculated 

leaves were punched with a 8-mm-diameter cork borer and 

weighed before extensive washing for 45  min in distilled 

water. Leaf discs were floated on distilled water in a six-

well plate. Each sample containing eight leaf discs with 

three biological replications was taken for each set. The 

conductivity of water was measured to check ion leakage at 

different time points.

Trypan blue staining

For studying HR-induced cell death, leaves were infiltrated 

with the overnight grown culture at 106  CFU/ml. Plants 

were incubated in the dark for 10  h and then in the light 

for 2 h before harvesting samples. For UV treatment, whole 

plants were exposed to UV as mentioned above for 50 min, 

transferred to the growth room, and kept under light by 

covering with a plastic dome. Samples were harvested 2 h 

after completion of the UV treatment. Trypan blue staining 

was carried out as described earlier (Nandi et al. 2003).

RNA isolation and gene expression studies

RNA was extracted by the guanidine-phenol method and 

treated with DNase I (Thermo Scientific, USA) for 30 min 

at 37 °C, which was subsequently inactivated by adding 

5  mM EDTA and heating at 65 °C. cDNA synthesis was 

carried out with the iScript cDNA Synthesis Kit (170–8891 

BIO-RAD, USA) taking 1 µg of RNA per reaction. Five-

fold-diluted cDNA was used for gene expression analysis 

by either semiquantitative reverse-transcription PCR (RT-

PCR) or quantitative real-time PCR (qRT-PCR). qRT-PCR 

reactions were carried out in 96-well plates in 10 µl of reac-

tion using SYBR green mix (Applied Biosystem, USA) in 

a Fast7500 Real Time PCR system from Applied Biosys-

tems. Gene expression was normalized with the expression 

of ACTIN2 (At3g18780). As a usual practice, each experi-

ment set consisted of three biological samples with two 

technical replicates.

Generation of amiRNA lines

Primers were designed with the help of microRNA 

designer software (http://wmd3.weigelworld.org). The 

amiRNA construct was generated using a pRS300 plas-

mid as the template which contains the miR319a precur-

sor in pBSK vector (Schwab et al. 2006) and finally cloned 

in binary vector pBI121 between SacI and SmaI under the 

http://wmd3.weigelworld.org
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control of CaMV35S promoter. C58 strain of Agrobacte-

rium was transformed with the amiRNA construct. Trans-

genic Arabidopsis plants were generated through the Agro-

bacterium-mediated floral dip method (Zhang et al. 2006). 

Inflorescence of Arabidopsis Col-0 ecotype was dipped in 

Agrobacterium suspension. Transformed T1 seeds were 

screened on MS media supplemented with kanamycin 

(50  mg/l). Presence of the transgene in antibiotic-resist-

ant plants was confirmed later on by PCR and expression 

analysis.

Generation of overexpression lines

MSRB8 coding sequence of 432  bp was PCR amplified 

using a high fidelity DNA polymerase (Phusion, NEB) 

from Arabidopsis cDNA and cloned into the pCXSN-HA 

binary vector (Chen et  al. 2009) between two XcmI sites 

under a constitutive CaMV35S promoter. Overexpression 

lines were generated as described above. Transformed 

T1 seeds were screened on MS media supplemented with 

hygromycin (25  mg/l). The presence of the transgene 

in antibiotic resistant plants was confirmed by PCR and 

expression analysis. Primers used for gene expression anal-

ysis, miRNA and overexpression vectors construction are 

given in Supplementary Table S1.

Detection of H2O2 by DAB staining

Leaves of 5-week-old plants were syringe infiltrated with 

10  mM MgCl2 or Pst-AvrRpt2 at 106  CFU/ml or Pst at 

5 × 105 CFU/ml. Inoculated plants were kept in the growth 

room overnight. Infiltrated leaves were cut along with peti-

ole and floated on water. After 2 h, the water was replaced 

with DAB solution (1  mg/ml DAB in 10  mM Na2HPO4 

and 0.05 % Tween 20), and vacuum infiltrated for 5  min 

at 100  mmHg pressure. The leaves were incubated in the 

dark for 4–5 h with gentle shaking. The DAB solution was 

replaced with 95 % ethanol and boiled for 5–10  min to 

remove chlorophyll. Stained leaves were transferred to 50 % 

ethanol and photographed. Quantitative analysis of DAB 

stain intensity was done by ImageJ software.

Methyl viologen treatment

To study the effect of methyl viologen on seedling growth, 

seeds were germinated on MS medium only or MS sup-

plemented with methyl viologen. Photographs of seedlings 

were taken after 14 days of germination. For root length 

assay, seeds were germinated on MS medium for 4 days 

and then transferred onto methyl viologen-supplemented 

plates, and grown vertically for next 3 days. Primary root 

length was recorded for five plants of each genotype.
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