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SUMMARY

DNA damage is normally detrimental to living organ-
isms. Here we show that it can also serve as a signal
to promote immune responses in plants. We found
that the plant immune hormone salicylic acid (SA)
can trigger DNA damage in the absence of a geno-
toxic agent. The DNA damage sensor proteins
RAD17 and ATR are required for effective immune re-
sponses. These sensor proteins are negatively regu-
lated by a key immune regulator, SNI1 (suppressor of
npr1-1, inducible 1), which we found is a subunit of
the structural maintenance of chromosome (SMC)
5/6 complex required for controlling DNA damage.
Elevated DNA damage caused by the sni7 mutation
or treatment with a DNA-damaging agent markedly
enhances SA-mediated defense gene expression.
Our study suggests that activation of DNA damage
responses is an intrinsic component of the plant
immune responses.

INTRODUCTION

Organisms are constantly assaulted by endogenous and envi-
ronmental agents that could potentially result in tens of thou-
sands of DNA lesions per cell per day (Jackson and Bartek,
2009). These lesions are serious threats to the faithful transmis-
sion of genetic information. To maintain genome integrity, the
DNA damage responses (DDR) are triggered to carry out repair.
There are two major pathways to repair double-strand DNA
breaks (DSBs), one through homologous recombination (HR)
involving components such as BRCA2 and RAD51 and the other
through nonhomologous end joining (NHEJ) requiring compo-
nents such as Ku70 and Ku80 (Chapman et al., 2012).

Besides abiotic stresses, all organisms are also threatened by
various pathogens. To combat infection, organisms rely on their
immune systems. Similar to animals, plants have innate immune
mechanisms, which can be triggered through detection of
microbe-associated molecular patterns (MAMPSs) by cell surface
pattern recognition receptors (Jones and Dangl, 2006; Spoel
and Dong, 2012). This MAMP-triggered immunity (MTI) is
effective in protection against most microorganisms. However,
some successful pathogens can overcome MTI by directly deliv-
ering effectors into plant cells through the type Il secretion sys-

tem. In response, plants have evolved intracellular receptors,
structurally similar to the nucleotide-binding domain, leucine-
rich containing (NLR) proteins in mammals, to activate
effector-triggered immunity (ETI). Moreover, ETI at the site of
infection can further induce systemic acquired resistance
(SAR), resulting in enhancement of general disease resistance
throughout the organism (Jones and Dangl, 2006; Spoel and
Dong, 2012).

Even though both DDR and immune responses have been
studied in depth separately, whether and how they are con-
nected are largely unknown. There are commonalities between
these two stress responses; both involve transcriptional reprog-
ramming, cell cycle perturbation, or even cell death (Ciccia and
Elledge, 2010; Spoel and Dong, 2012). Interestingly, treating
plants with salicylic acid (SA), a necessary and sufficient signal
for SAR (Gaffney et al., 1993), not only induces expression of de-
fense genes, but also increases the rate of HR, one of the DNA
repair pathways (Kovalchuk et al., 2003; Lucht et al., 2002).
However, the biological significance of this increase and the
underlying molecular mechanism has yet to be revealed.
Through genetic screens, NPR1 (nonexpresser of PR genes 1)
and SNI1 (suppressor of npr1-1, inducible 1) have been identified
as master regulators of SA-mediated defense responses (Cao
et al., 1997; Li et al., 1999). In the npr1 mutant, the SA-induced
expression of defense genes, such as pathogenesis-related 1
(PR1) and PR2, is abolished, indicating that NPR1 is a positive
regulator of defense (Cao et al., 1997). SNI1 was identified in
an npr1 suppressor screen and functions as a negative regulator
of defense. The sni1 mutant shows heightened basal level of PR
gene expression and sensitivity to SA induction and has
increased HR rate (Durrant et al., 2007; Li et al., 1999). Therefore,
elucidating the molecular function of SNI1 holds the key to our
understanding of the crosstalk between plant immune re-
sponses and DDR. However, progress has been significantly
hindered because SNI1 is an unknown protein without significant
sequence similarity to any other known proteins or domains,
even though it is highly conserved in plants (Mosher et al., 2006).

In this study, we purified and characterized the SNI1 complex
and found that it is a subunit of the Structural Maintenance of
Chromosome (SMC) 5/6 complex involved in DDR. Mutations
in SNI1 or treatment of wild-type (WT) plants with SA could
both induce DNA damage as well as facilitate defense gene
expression. These phenotypes of sni7 were suppressed by
mutations in RAD17 and ATR, two DNA damage sensor proteins.
Our study therefore suggests that activation of DDR is an
intrinsic mechanism during immune responses in plants.
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Figure 1. SNI1 Is a Subunit of the SMC5/6 Complex

(A) SNI1 forms a complex in plants. Total protein from the SNI1-TAP transgenic line was separated on a blue native PAGE gel and detected with an anti-TAP
antibody. The major SNI1-TAP band (arrowed) was ~350 kDa. The untransformed wild-type (WT) plant (left lane) was used as a negative control.

(B) Proteins identified in the SNI1 complex are shown. MP, the number of matched peptides; CV, the percentage of sequence coverage; MW, molecular weight.
(C) In vitro pull-down assays are shown. GST and GST-SNI1 were expressed in E. coli and purified. SMC5-MYC, SMC6B-MYC, and ASAP1-MYC were in vitro
translated. The blots were detected with an anti-MYC antibody.

(legend continued on next page)
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RESULTS

SNI1 Is a Subunit of the SMC5/6 Complex

To directly determine the molecular function of SNI1, we purified
the SNI1 complex using the tandem affinity purification (TAP)
strategy (Rubio et al., 2005). SNI1-TAP driven by the native pro-
moter of SNI1 was shown to be biologically active because it fully
complemented the sni7 mutation when transformed into the
mutant plants (Song et al., 2011). Whereas the SNI1-TAP fusion
protein has a molecular weight (MW) of ~80 kDa, the major SNI-
containing band detected on a blue native PAGE gel was at
~350 kDa (Figure 1A), indicating that SNI1 is associated with
other proteins. After two rounds of purification (for details, see
Experimental Procedures; Supplemental Experimental Proce-
dures available online), the SNI1 complex was subjected to liquid
chromatography-tandem mass spectrometry (LC-MS/MS). The
top-ranked proteins included SNI1, structural maintenance of
chromosome (SMC) 6B, SMC5, and an unknown protein, which
we named Arabidopsis SNI1 Associated Protein 1 (ASAP1) (Fig-
ure 1B). Each protein was matched by multiple peptides, with
27.3% to 61.1% coverage of the whole protein (Table S3). The
combined MW for these four proteins adds up to ~350 kDa,
the size of the SNI1 complex estimated through the blue native
PAGE. To confirm the interactions among SMC5, SMC6B,
ASAP1, and SNI1, we carried out pull-down assays. As shown
in Figure 1C, the MYC-tagged SMC5, SMC6B, and ASAP1 pro-
teins could all be pulled down by the glutathione S-transferase
(GST)-tagged SNI1 protein, but not the GST control. To further
validate the interactions in planta, we performed the split lucif-
erase assay in Nicotiana benthamiana by coexpressing fusion
proteins with either the C-terminal half of luciferase (cLUC) or
the N-terminal half of the enzyme (nLUC). An interaction between
two proteins could bring the two halves of the luciferase
together, leading to enzymatic activity. Except SMC6B, which
failed to express in N. benthamiana, the other three proteins in
the complex could interact with each other (Figure 1D).

SMC5 and SMC6 are known to interact to form the SMC5/6
complex, which plays a critical role in DDR (Potts, 2009). The
structure of this complex has been well studied in yeast. In addi-
tion to SMC5 and SMCB, it contains 6 non-SMC element (NSE)
proteins (Hazbun et al., 2003; Pebernard et al., 2006). Although
NSE1, NSE2, NSE3, and NSE4 are highly conserved in eukary-
otes and their homologs have been identified in Arabidopsis (Wa-
tanabe et al., 2009), NSE5 and NSE6 have only been identified in
budding yeast and fission yeast (Hazbun et al., 2003; Pebernard
et al., 2006). Given the conserved function of the SMC5/6 com-
plex, it is believed that other organisms also contain NSE5 and
NSE6. However, their primary sequences are not conserved,
making them difficult to identify. Based on our complex purifica-
tion and protein interaction data, we hypothesized that ASAP1

and SNI1 are the functional counterparts of NSE5 and NSE6 in
Arabidopsis.

To test our hypothesis, we submitted the amino acid se-
quences of Arabidopsis SNI1, ASAP1, and fission yeast NSE5,
and NSEB to the I-TASSER server (Zhang, 2008) to predict their
three-dimensional (3D) protein structures. The models with the
best scores are shown in Figures 1E and 1F. Surprisingly,
despite limited sequence similarities (Figure S1), both SNI1 and
NSE6 showed high structural similarities to the PR65/A subunit
of protein phosphatase 2A (Protein Data Bank [PDB] ID:
1B3UA) (Groves et al., 1999). ASAP1 and NSES5, on the other
hand, were found to be structurally similar to beta-catenin
(PDB ID: 1JDHA) (Graham et al., 2001). Structural alignment
using TM-align (Zhang and Skolnick, 2005) showed TM scores
of > 0.91 for the SNI1/NSE6-1B3UA pair and > 0.86 for the
ASAP1/NSE5-1JDHA pair (Table S1); a TM score of > 0.5 indi-
cates similar folding of the proteins. Therefore, we propose
that ASAP1 and SNI1 are NSE5 and NSEG found in a multicellular
organism.

If SNI1, ASAP1, SMC6B, and SMC5 are in the same complex,
the corresponding mutants should exhibit similar phenotypes.
Arabidopsis has one SMC5 homolog and two SMC6 homologs,
namely, SMC6A and SMC6B (Watanabe et al., 2009). SMC6B,
but not SMCB6A, was found in the SNI1 complex, consistent
with the finding that SMC6B is the major form of SMC6 in Arabi-
dopsis. Whereas the smc5 knockout mutant is embryonic lethal
in Arabidopsis, both the asap? and the smc6b mutants are
defective in root development, similar to the sni7 mutant (Fig-
ure 1G). Moreover, this smc6b mutant phenotype is exacerbated
in the smc6a/SMC6A heterozygous background, while the
smc6a smc6b double mutation causes lethality. Another pheno-
type of the sni1 mutant is the enhancement of defense re-
sponses, including elevated basal defense gene expression in
the absence of an inducer and increased sensitivity to SA and
its synthetic analog 2, 6-dichloroisonicotinic acid (INA) (Li et al.,
1999). We tested the expression of two defense marker genes,
PR1 and PR2, in the asap? and smc6a/SMC6A smc6b mutants
(smc6) and found higher levels of basal and induced expression
in the mutants than in WT (Figures 1H and 1l). Thus, the sni1
phenotypes were recapitulated in the asap? and smc6 mutants.
Together, these data strongly support our hypothesis that SNI1
and ASAP1 are subunits of the SMC5/6 complex.

Mutation in SNI1 or SA Treatment Induces DNA Damage

Because the SMC5/6 complex is known to be involved in DDR
(Potts, 2009), we tested the snit1 plants for DDR phenotypes.
As observed in a comet assay, the nuclei isolated from the sni1
mutant contained significantly more DNA damage than those
isolated from the WT (Figures 2A and 2B). Consequently, spon-
taneous cell death was detected in the sni7 mutant by trypan

(D) Split luciferase assays are shown. The proteins were fused to either the C- or N-terminal half of luciferase (cLUC or nLUC) and transiently expressed in

N. benthamiana. The luciferase activities were monitored by a CCD camera.

(E and F) The 3D structures of SNI1, NSE6, ASAP1, and NSES5 are shown as predicted by the I-TASSER server. SNI1 and NSE6 were similar to 1B3UA; ASAP1 and

NSE5 were similar to 1JDHA in the PDB database.

(G) The short-root phenotype observed in sni1, asap1, smc6a (6a), smc6b (6b), and smc6a/SMC6A smc6b (smc6) seedlings in comparison to wild-type (WT).
(H and 1) The expression of PR1 (H) and PR2 (I) measured by gRT-PCR is shown. Plants were grown on medium with 10 uM INA (Low INA) for 9 days. The
expression level was normalized to ubiquitin 5 (UBQ5). The data are presented as mean + SD (n = 3). See also Figure S1 and Tables S1, S2, and S3.
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blue staining (Figure 2C). In addition, the sni7 mutant had
elevated expression of DDR-related genes such as BRCAT,
RAD51, PARP1, RAD17, and RPA (Culligan et al., 2006) (Fig-
ure 2D). These results indicate that in the sni7 mutant, DDR is
constitutively activated.

Because the sni1 mutant was originally identified based on its
defense phenotypes, the DDR phenotypes in the sni7 mutant
suggest a connection between DDR and immune responses.
To test whether DDR is an intrinsic part of the plant immune re-
sponses, we performed comet assays on WT Arabidopsis seed-
lings treated with the hormone SA to trigger the immune
response. As shown in Figures 2E and 2F, we found that in SA-
treated seedlings, DNA damage was significantly increased
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Figure 2. Mutation in SNI1 or SA Treatment
Induces DNA Damage

(A and B) The sni7 mutant shows more DNA
damage than WT in a comet assay. (A) Repre-
sentative pictures of the comet assay are shown.
The scale bar is 100 um. (B) Quantification of the
percentage of DNA in the comet tails is shown. The
data are presented as mean + SEM (n > 200).

(C) Spontaneous cell death in sni1 seedlings is
shown as indicated by trypan blue staining.

(D) Relative expression of DDR-related genes in
sni1 compared to WT is shown. The results are
shown as mean + SD (n = 3).

(E-H) SA treatment induces DNA damage in both
WT (E and F) and the npr1 mutant (G and H).
Comet assay was performed 4 hr after plants were
treated with water or 1 mM SA. The scale bar is
100 pm. The data are presented as mean + SEM
(n>200). ***p < 0.001 (Student’s t test, two-tailed).
Two-week-old plants were used in all the experi-
ments in this figure. See also Table S2.

Q;Q‘ QY compared to the mock-treated ones.

Because NPR1 is a major regulator of
SA-mediated responses (Cao et al.,
1997), we also examined DNA breakage
in the npr1 mutant after SA treatment.
As shown in Figures 2G and 2H, SA treat-
ment could still induce DNA damage in
the npr1 mutant, suggesting that this
response is NPR1 independent and rep-
resents a new SA signaling pathway.

WT WT+SA

The SMC5/6 Complex Negatively
Regulates the DNA Damage

*k%k

Sensors RAD17 and ATR

Our biochemical data suggest that DDR
is involved in the Arabidopsis immune
response. This is consistent with our pre-
vious data obtained through a genetic
screen for suppressors of sni1 (ssn). We
found that mutations in the DDR genes
RAD51D (SSN1), SWS1 (SSN2), BRCA2A

npri  npri+SA (SSN3), and RAD51 could suppress the

snil  mutant phenotypes and also

compromised disease resistance (Dur-
rant et al., 2007; Song et al., 2011; Wang et al., 2010). However,
all of these SSN proteins function in the late steps of HR (Martin
et al., 2006). It is possible that their role in defense gene expres-
sion is independent of the HR pathway. To address this question,
we sought for upstream DDR components that may function with
or be regulated by the SMC5/6 complex. We focused on ssn4,
which is another ssn mutant that could suppress both the
stunted growth and basal PR1 and PR2 expression in snit (Fig-
ures 3A, 3B, S2A, and S2B). The ssn4 mutation was mapped
between markers Cer4d54106 and Cer454435 (Figure 3C).
Sequencing analysis of the candidate genes in this region re-
vealed that there is an 805 bp deletion in RAD77, a known
DNA damage sensor gene (Zhou and Elledge, 2000), in the
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Figure 3. The SMC5/6 Complex Negatively
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ssn4 mutant (Figure 3D). To confirm that RAD17 is the SSN4
gene, we crossed sni1 with a T-DNA insertion mutant rad77-2
and found the same effect on plant morphology as the ssn4
deletion mutant (Figure 3E). In addition, the sni7 ssn4 double-
mutant phenotype could be complemented by expressing the
WT RAD17 gene (Figure 3F). Consistently, the phenotype of
the asap? mutant could also be suppressed by rad77 as well
as the other ssn mutants (Figure S2C).

In mammals, RAD17 is regulated by ataxia telangiectasia,
mutated (ATM) and/or ATM and RAD3-related (ATR), the central
regulators of DDR (Bao et al., 2001). Through genetic crosses,
we found that the sni7 phenotypes could also be suppressed
by the atr mutation, but not by atm (Figures 3G and S2D). This
is consistent with the finding that ATR and ATM play distinct
roles in DDR in Arabidopsis (Culligan et al., 2006). Given that
other SSN genes are involved in HR, it is likely that RAD17 and
ATR are the upstream regulators of the HR pathway.

SNI1-cLUC
nLUC

1 SSN4 are shown below each marker.

(D) The gene structure of RAD17 is shown. The
boxes represent exons and the lines represent
introns. Start codon (ATG) and stop codon (TGA)
are shown. The deletion mutation in ssn4 is from
nucleotide 2345 to nucleotide 3150.

(E) The T-DNA insertion mutant rad77-2 sup-
presses the sni1 morphology.

(F) Transforming the RAD17 gene into the sni1
ssn4 double mutant can suppress the ssn4
phenotype and restore the sni7 morphology.

(G) The mutation in ATR suppresses the sni1
morphology.

(H and l) Comet assays are shown. (H) Represen-
tative pictures of the comet assay are shown. The
scale bar is 100 pm. (I) Quantification of the per-
centage of DNA in the comet tails is shown. The
data are presented as mean + SEM (n > 200). **p <
0.001 (one-way ANOVA followed by Dunnett’s
multiple comparison test).

(J) RAD17 interacts with SNI1 in the Y2H assay.
The yeast growth on media lacking Trp, Leu, Ade,
and His indicates interaction. AD, activation
domain; BD, DNA-binding domain.

(K) RAD17-MYC can be pulled down by HisMBP-
SNI1. HisMBP-SNI1 and HisMBP-GFP were ex-
pressed in E. coli and purified. RAD17-MYC was
in vitro translated. The blots were detected with an
anti-MYC antibody.

(L) RAD17 interacts with SNI1 in the split luciferase
assay. See also Figure S2 and Table S2.
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Because RAD17 and ATR are known to
suppress genomic instability, the obser-
vation that rad77 and atr mutants are
sni1 suppressors was surprising given
the elevated DNA damage observed in sni1. To further elucidate
the relationship between the SMC5/6 complex and RAD17 and
ATR in HR, we performed comet assays on these mutants. As
shown in Figures 3H and 3I, there was no significant increase
in DNA damage in the rad717 and atr mutants compared to WT,
indicating that even though the HR pathway is blocked in these
mutants, other DDR pathways, such as NHEJ, are sufficient to
repair DNA damage. Strikingly, the elevated level of DNA dam-
age in the sni1 mutant was also suppressed by rad77 and atr,
suggesting that the increased DNA damage observed in sni1
mutant is caused by RAD17/ATR activation.

Based on these genetic epistasis data, we hypothesized that
the SMC5/6 complex is a negative regulator of RAD17 and
ATR. To test the possibility that this regulation is through a phys-
ical interaction between SNI1 and RAD17, we performed yeast
two-hybrid (Y2H) analysis. We found that yeast expressing the
RAD17 bait and the SNI1 prey could grow in the selective
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Figure 4. DNA Damage Responses Poten-
tiate Plant Immunity

(A) The binding of RAD51 to the PRT promoter
depends on RAD17 and ATR. ChIP assays were

WT+BLM

il performed in WT, rad17, and atr treated with water

or 1 mM SA for 16 hr. The ChIP samples were
subjected for gPCR analysis for the promoter or
the coding region of PR1 (PR1-PRO or PR1-CDS)
and the promoter region of ACTIN7 (ACT7-PRO).
The fold enrichment between SA-treated and H,O-
treated samples is shown. The error bars
represent + SEM (n = 3).

(B-D) DNA-damaging agent bleomycin (BLM) and
low dose of the immune inducer INA synergistically
induce defense gene expression. Plants were
grown on medium with 4 ug/ml BLM and/or low
INA (10 uM) for 9 days. (B) PR2:GUS expression is
shown. WT+BLM, WT plants treated with BLM.
(C and D) Whole-genome microarray analysis is
shown. (C) Venn diagram analysis of induced
genes is shown (Fold change > 2; p < 0.05). (D)
Simulation-based analysis of the 131 synergisti-
cally induced genes is shown. The green line rep-
resents the sum of the BLM effect and the INA
effect (additive), and the red line represents the
effect of BLM+INA cotreatment (synergistic). The
numbers on the x axis represent genes listed in

Low INA —
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medium (Figure 3J), indicating that they can interact with each
other. We also carried out pull-down assays using purified
recombinant HisMBP (maltose-binding protein)-SNI1 protein
and in vitro translated RAD17-MYC protein and observed that
RAD17 could be pulled down by HisMBP-SNI1, but not the
HisMBP-GFP control (Figure 3K). To validate this finding in
planta, we performed the split luciferase assay. The activity of
the reconstituted luciferase (Figure 3L) supports our hypothesis
that SNI1 and RAD17 physically interact. However, how the
binding of SNI1 to RAD17 suppresses its function has yet to be
discovered.

DDR Potentiate Plant Immunity

Our previous studies suggest that SNI1 (i.e., the SMC5/6 com-
plex) may negatively affect the recruitment of HR proteins to
DNA (Song et al., 2011; Wang et al., 2010). In chromatin immuno-

6 Molecular Cell 52, 1-9, November 21, 2013 ©2013 Elsevier Inc.

Salicylic Acid _‘

Table S4.

(E) The rad17 and atr mutants are more susceptible
to the bacterial pathogen Psm ES4326 than WT.
cfu, colony-forming unit. Error bars represent 95%
confidence intervals (n = 7). **p < 0.001 (Student’s
t test, two-tailed).

(F) A working model shows how DDR facilitates
defense gene expression independent of NPR1.
TF, transcription factor; HR, homologous recom-
bination; NHEJ, nonhomologous end joining. See
also Figure S3 and Tables S2, S4, and S5.

80 100 120

DNA damage

precipitation (ChlP) experiments, RAD51
could bind to defense gene promoters
after SA treatment (Song et al., 2011;
Wang et al., 2010). To test whether this
association is a consequence of SA-
induced DDR, we performed ChIP on
RAD51 in the DNA damage sensor mutants rad77 and atr. As
shown in Figure 4A, in WT plants, RAD51 could specifically
bind to the PR71 promoter upon SA induction. This association
appeared to be gene-specific and promoter-specific because
it was observed neither at the ACTIN7 (ACT7) gene promoter
nor in the coding region of PR1. Interestingly, this SA-induced
association was significantly compromised in the rad717 and atr
mutants, indicating that RAD17 and ATR are two upstream reg-
ulators required for not only the activation of the HR repair
pathway, but also control of the recruitment of HR proteins to de-
fense gene promoters.

The association of HR proteins with defense gene promoters
may indicate a role in the transcription of these genes. To test
this possibility, we examined the defense gene expression in
plants treated with a suboptimal dose of the immune inducer
INA and the DNA-damaging agent bleomycin (BLM). As shown

DNA repair
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in Figure 4B, INA or BLM treatment alone only slightly induced
the expression of the defense gene reporter PR2:GUS in WT.
However, when BLM and INA were applied together, marked
induction of PR2:GUS expression was observed. The require-
ment of BLM was alleviated in the sni7 mutant, in which the
low dose of INA was sufficient to induce the reporter expression.
Similar results were obtained for another defense marker gene
PR1 by gRT-PCR (Figure S3A). This effect was not specific to
BLM; plants treated with another genotoxic agent, hydroxyurea,
also significantly enhanced INA-mediated defense gene expres-
sion (Figure S3B). These results indicate that there is a synergis-
tic interaction between DDR and SA signaling.

To evaluate the synergism at the whole-genome level, we per-
formed an expression-profiling experiment using the Affymetrix
ATH1 genome array. Interestingly, whereas the low dose of
INA or BLM alone induced only 6 and 165 genes, respectively,
INA and BLM cotreatment induced 506 genes (fold change >
2; p < 0.05). Among these genes, 384 were induced only in
cotreated samples (Figure 4C). We performed a simulation-
based analysis (see Supplemental Experimental Procedures
for detail) to distinguish between additive and synergistic effects.
In total, we found that 131 genes, including PR7 and PR2, were
synergistically induced (Figure 4D; Table S4). Gene ontology
analysis revealed that the most enriched category of these genes
was defense response (p < 1.82 x 10~'3; Table S5).

The synergistic effect of BLM and INA on defense gene
expression further indicates that DDR is an intrinsic mechanism
of immune responses. In strong support of this idea, mutant of
either RAD17 or ATR, two DNA damage sensor genes, was
found to be significantly more susceptible to the bacterial path-
ogen Pseudomonas syringae pv. maculicola (Psm) ES4326 than
WT (Figure 4E). This is consistent with the previous data showing
that the mutants of downstream HR components, rad517d, swsT,
brca2a, and rad51, are also more susceptible to Psm infection
(Durrant et al., 2007; Song et al., 2011; Wang et al., 2010).

DISCUSSION

In this study, we identified SNI1 and ASAP1 as the two missing
subunits of the SMC5/6 complex in Arabidopsis. Interestingly,
in the sni1 mutant, activation of the HR pathway (Figure 2D) and
an increase in DNA damage were both observed (Figures 2A
and 2B). These conflicting phenotypes may be explained by a
dual role for the SMC5/6 complex in DDR. In this study, we found
that this complex negatively regulates the RAD17/ATR-mediated
HR repair pathway through a physical interaction. The SMC5/6
complex is also known to facilitate resolution of DNA intermedi-
ates, such as Holliday junctions (Chavez et al., 2010). Therefore,
in the sni1 mutant, even though HR is hyperactive, the damaged
DNA is “stuck” at the end step of HR as a result of unresolved
DNA intermediates. In the sni7 ssn mutants, however, the HR
repair pathway is blocked and the damaged DNA can be repaired
through other DNA repair pathways, such as NHEJ.

The involvement of DDR in plant immune response was
discovered in the sni7 mutant, which appears to simulate the
physiological immune-induced state. Treatment of WT plants
with the immune signal SA can also induce DNA damage as
well as activate the HR pathway. Based on our findings, we pro-

pose a working model to explain the role of DDR in plant immu-
nity (Figure 4F). Pathogen infection triggers the production of the
immune signal SA, which induces DNA damage such as DSBs. It
is known that DSBs can be repaired through either HR or NHEJ
(Chapman et al., 2012). As DNA damage sensor proteins, RAD17
(SSN4) and ATR activate the HR pathway involving RAD51D
(SSN1), SWS1 (SSN2), BRCA2A (SSN3), and RAD51, which
can be recruited either to the site of DNA damage for repair or
to defense gene promoters to facilitate gene expression.
Although SA functions mainly through NPR1, the DDR-mediated
defense pathway represents an NPR1-independent pathway.
These two pathways function together to ensure maximum
defense gene expression. The SMC5/6 complex, containing
SNI1, has dual functions in HR. It not only represses HR through
its interaction with SSNs, but also promotes HR by facilitating the
resolution of Holliday junctions.

DDR is an evolutionarily ancient stress response, upon which
other defense mechanisms could have been built. It is well known
that both biotic and abiotic stresses can trigger the release of
reactive oxygen species, which inevitably leads to DNA damage.
During evolution, plants might have adapted to use the DDR ma-
chinery as a part of the defense mechanism to facilitate gene
expression as well as to maintain genome stability.

In animals, it has also been shown that DNA-damaging treat-
ment can activate the immune systems (Gasser et al., 2005; Me-
nendez et al., 2011). These findings indicate that the crosstalk
between DDR and the immune responses is a common feature
in both plants and animals. Recently, large-scale clinical trials
have shown that long-term use of aspirin (an SA derivative) has
surprising effects in preventing and reducing death by various
types of cancer. However, the mechanism remains largely un-
known (Thun et al., 2012). Our study shows that SA treatment
can lead to activation of DDR, the basis of many cancer thera-
pies, raising the possibility that the anticancer effects of aspirin
involve DDR.

EXPERIMENTAL PROCEDURES

SNI1 Complex Purification and Protein Identification

SNI1 complex purification was performed as described (Rubio et al., 2005)
using IgG Sepharose 6 Fast Flow beads (GE Healthcare) and Ni-NTA resin
(QIAGEN). The purified protein complex was submitted for LC-MS/MS anal-
ysis at the Taplin Biological Mass Spectrometry Facility, Harvard Medical
School.

3D Protein Structure Prediction

The sequences of Arabidopsis SNI1, ASAP1 and fission yeast NSE5, and NSE6
were submitted to the I-TASSER server (Zhang, 2008) to predict their 3D struc-
tures. Pairwise structure alignments were performed using TM-align (Zhang
and Skolnick, 2005). The multiple structural alignments were performed using
MISTRAL (Micheletti and Orland, 2009).

Comet Assay

Comet assay was performed using CometAssay Kit (Trevigen). The comets
were visualized by staining with SYBR Green |, captured with Zeiss LSM 510
upright confocal microscope at Light Microscopy Core Facility, Duke Univer-
sity, and analyzed with CometScore (Tritek).

Chromatin Imnmunoprecipitation

Chromatin immunoprecipitation (ChlIP) was performed as described previ-
ously (Gendrel et al., 2002). Immunoprecipitation was performed using a
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monoclonal RAD51 antibody (Gentex) and Dynabeads Protein G (Invitrogen).
The purified ChIP samples were subject to gPCR analysis. Fold of enrichment
was calculated using the comparative Ct method (Schmittgen and Livak, 2008)
using the input samples as normalizers.

Microarray Analysis

Total RNA was extracted using RNeasy Mini Kit (QIAGEN), labeled with
MessageAmp Premier RNA Amplification Kit (Ambion), and hybridized with
GeneChip Arabidopsis ATH1 Genome Array (Affymetrix) at the Duke Micro-
array Facility. The microarray data were normalized using Gene-Spring GX
Software (RMA algorithm; Agilent).

Pathogen Infection
Pseudomonas syringae ES4326 infection was performed as previously
described (Durrant et al., 2007). Three-week-old plants were infiltrated with
Psm ES4326 suspension (ODggp = 0.0002). The leaves were harvested
3 days after infection.
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