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PROHIBITIN3 Forms Complexes with
ISOCHORISMATE SYNTHASE1 to Regulate Stress-
Induced Salicylic Acid Biosynthesis in Arabidopsis1[OPEN]

Aldo Seguel,a Joanna Jelenska,b Ariel Herrera-Vásquez,a Sharon K. Marr,c Michael B. Joyce,b

Kelsey R. Gagesch,b Nadia Shakoor,b Shang-Chuan Jiang,b Alejandro Fonseca,a Mary C. Wildermuth,c

Jean T. Greenberg,b,2 and Loreto Holuiguea,2

aDepartamento de Genética Molecular y Microbiología, Facultad de Ciencias Biológicas, Pontificia Universidad
Católica de Chile, Santiago 8331150, Chile
bDepartment of Molecular Genetics and Cell Biology, University of Chicago, Chicago, Illinois 60637
cDepartment of Plant and Microbial Pathology, University of California, Berkeley, California 94720

ORCID IDs: 0000-0002-1575-1099 (A.S.); 0000-0001-6958-5949 (S.K.M.); 0000-0002-2035-7117 (N.S.); 0000-0001-7012-5739 (S.-C.J.);
0000-0002-1696-7385 (A.F.); 0000-0002-7213-7618 (J.T.G.); 0000-0001-7316-7504 (L.H.).

Salicylic acid (SA) is a major defense signal in plants. In Arabidopsis (Arabidopsis thaliana), the chloroplast-localized
isochorismate pathway is the main source of SA biosynthesis during abiotic stress or pathogen infections. In the first step of
the pathway, the enzyme ISOCHORISMATE SYNTHASE1 (ICS1) converts chorismate to isochorismate. An unknown enzyme
subsequently converts isochorismate to SA. Here, we show that ICS1 protein levels increase during UV-C stress. To identify
proteins that may play roles in SA production by regulating ICS1, we analyzed proteins that coimmunoprecipitated with ICS1
via mass spectrometry. The ICS1 complexes contained a large number of peptides from the PROHIBITIN (PHB) protein family,
with PHB3 the most abundant. PHB proteins have diverse biological functions that include acting as scaffolds for protein
complex formation and stabilization. PHB3 was reported previously to localize to mitochondria. Using fractionation, protease
protection, and live imaging, we show that PHB3 also localizes to chloroplasts, where ICS1 resides. Notably, loss of PHB3
function led to decreased ICS1 protein levels in response to UV-C stress. However, ICS1 transcript levels remain unchanged,
indicating that ICS1 is regulated posttranscriptionally. The phb3mutant displayed reduced levels of SA, the SA-regulated protein
PR1, and hypersensitive cell death in response to UV-C and avirulent strains of Pseudomonas syringae and, correspondingly,
supported increased growth of P. syringae. The expression of a PHB3 transgene in the phb3 mutant complemented all of these
phenotypes. We suggest a model in which the formation of PHB3-ICS1 complexes stabilizes ICS1 to promote SA production in
response to stress.

The plant hormone salicylic acid (SA) plays diverse
roles in development and stress defense responses
(Vlot et al., 2009; Dempsey et al., 2011). Its develop-
mental roles include the regulation of flowering time
(Martínez et al., 2004), leaf longevity (slow cell death;
Morris et al., 2000; Zhang et al., 2013), and biomass
(Abreu and Munné-Bosch, 2009) in Arabidopsis (Ara-
bidopsis thaliana) as well as thermogenesis in arum lily
(Sauromatum guttatum) inflorescences (Raskin et al.,
1987). Endogenous SA promotes seed germination
under high-salinity conditions (Lee et al., 2010), basal
thermotolerance (Clarke et al., 2004, 2009), and growth
and development in the presence of the heavy metal
cadmium (Guo et al., 2016). During biotic interactions
with certain pathogens, SA is needed for the activation
of plant defense responses that suppress pathogen
growth (Vlot et al., 2009). Such responses can include
the transcriptional up-regulation of a large number of
pathogenesis-related (PR) genes (Uknes et al., 1992;
Cao et al., 1997), rapid programmed cell death (the
hypersensitive response; Coll et al., 2011; van Doorn
et al., 2011), defense priming (Beckers et al., 2009;
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Tateda et al., 2014; Zhang et al., 2014), and systemic
immunity to new infections (Fu and Dong, 2013).

A major mechanism of SA deployment is through its
increased synthesis in response to pathogens and abi-
otic stresses, such as treatments with UV-C light, high-
light radiation, and ozone (Yalpani et al., 1994;
Nawrath et al., 2002; Ogawa et al., 2005; Mateo et al.,
2006; Catinot et al., 2008; Garcion et al., 2008). Inter-
estingly, the Enhanced Disease Susceptibility5 (EDS5)
SA transporter in the chloroplast envelope of Arabi-
dopsis is necessary for stress-induced SA accumulation,
possibly due to a regulatory coupling of SA transport
and synthesis (Serrano et al., 2013; Yamasaki et al.,
2013). Recently, a catabolic enzyme that converts SA to
2,3-dihydroxybenzoic acid in Arabidopsis was de-
scribed (Zhang et al., 2013). Other enzymes that impact
SA levels have been found or inferred from the presence
of metabolites related to SA (Mauch et al., 2001;
Nugroho et al., 2001; Vlot et al., 2009; Simoh et al., 2010;
Dempsey et al., 2011; Zhang et al., 2017).

In plants, there is evidence for two biosynthetic
routes for SA: the isochorismate (IC) and the Phenyl-
alanine ammonia lyase (PAL) pathways. As a precur-
sor, both pathways use chorismate, which is the end
product of the shikimate pathway that operates in
plastids (Poulsen and Verpoorte, 1991; Schmid and
Amrhein, 1995). The IC pathway has two steps. One is
the reversible conversion of chorismate to IC catalyzed
by ISOCHORISMATE SYNTHASE1 (ICS1), a plastid-
localized enzyme (Strawn et al., 2007). The second step
is the conversion of IC to SA by amechanism that is still
unknown in plants (Strawn et al., 2007).

The regulation of SA production under stress condi-
tions through ICS activity differs in different plant
species. In Arabidopsis, most of the basal SA is pro-
duced via the PAL pathway (Huang et al., 2010),
whereas the IC pathway is responsible for approxi-
mately 90% of SA production induced by pathogens or
UV-C light (Wildermuth et al., 2001; Garcion et al.,
2008). However, it has been shown that, unlike Arabi-
dopsis, the PAL and IC pathways are equally important
for pathogen-induced SA biosynthesis in soybean
(Glycine max; Shine et al., 2016). Both Arabidopsis and
soybean have two ICS genes. In other land plants, such
as poplar (Populus trichocarpa), rice (Oryza sativa), castor
bean (Ricinus communis), grapevine (Vitis vinifera), and
alfalfa (Medicago truncatula), alternative splicing of a
single ICS gene works as a mechanism to modulate ICS
function (Macaulay et al., 2017). Therefore, differential
ICS regulation may have evolved to accommodate the
chemical defense strategies of different plants (Yuan
et al., 2009).

The level of SA in different tissues after stress treat-
ment was suggested to be critical for defining the type
of defense reaction that is established (Fu et al., 2012).
Therefore, knowledge of how SA levels are controlled is
a central issue for understanding plant defense re-
sponses and stress physiology. A number of proteins
are needed for normal SA accumulation due to their
regulatory and signaling roles in defense (Lu et al.,

2003; Song et al., 2004; Okrent et al., 2009; Nomura et al.,
2012; Wang et al., 2014; Ding et al., 2015; Cui et al.,
2017). Transcriptional regulators of the ICS1 gene also
have been studied (Chen et al., 2009; Zhang et al., 2010;
Dempsey et al., 2011; van Verk et al., 2011; Zheng et al.,
2012, 2015; Wang et al., 2015). However, proteins im-
plicated in the direct regulation of ICS1 protein and/or
activity levels have yet to be documented. In this study,
proteins found to coimmunoprecipitate with ICS1 were
identified, and the role of one of them, PROHIBITIN3
(PHB3), is characterized. PHBs play important and di-
verse biological functions, such as acting as scaffold
proteins for complex formation and stabilization
(Steglich et al., 1999; Nijtmans et al., 2000; Van Aken
et al., 2007). Many molecular studies in diverse orga-
nisms, such as yeast, mammals, and plants, have fo-
cused on the roles of PHBs in mitochondria (Steglich
et al., 1999; Nijtmans et al., 2000; Piechota et al., 2010).
The current view is that the principal function of PHBs
in mitochondria is to support the structural organiza-
tion of the inner mitochondrial membrane (Piechota
et al., 2015). In plants, PHBs play a positive role in the
development of new tissues and organs, possibly by
maintaining optimal mitochondrial activity (Ahn et al.,
2006; Van Aken et al., 2007). We show here that PHB3
impacts both ICS1 protein and SA accumulation and is
found in chloroplasts, making it a potentially direct
regulator of this important pathway.

RESULTS

Identification of PHBs as Proteins That Form Complexes
with ICS1

We took advantage of previously constructed sid2-2
plants that contain a complementing ICS1-V5 transgene
(Strawn et al., 2007) to identify proteins with which
ICS1 forms complexes using affinity purification and
proteomics. V5 antibody-conjugated beads were used
to immunoprecipitate proteins from extracts of un-
treated and UV-C-treated sid2-2/ICS1-V5 or wild-type
plants. Liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) analysis showed that, together
with ICS1 peptides, a large number of peptides from a
family of proteins called PHBs (Table I; Supplemental
Table S1) were found in immunoprecipitates from the
ICS1-V5 plant extracts. Supplemental Figure S1 shows
the enrichment of PHBs using spectral counting, and
Supplemental Table S1 shows the top proteins from
which peptides were found to be specifically enriched,
including PHB3, PHB2, PHB4, and several proteins in
the superfamily to which PHBs belong (called Band 7).
Immunoblotting using an antibody that recognizes
PHB3 and PHB4 (Snedden and Fromm, 1997; Van Aken
et al., 2007) confirmed that PHB3/4 proteins were
present in the ICS1-containing complexes (Fig. 1A). It
was shown previously that the majority of the immu-
noblot signal found with this antibody comes from
PHB3 (Van Aken et al., 2007). The amount of ICS1
and PHB3/4 recovered after immunoprecipitation of
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ICS1-V5 was unaffected by UV-C light 24 h post treat-
ment (Fig. 1, B and C). These results indicate that the
ICS1 protein forms complexes with PHBs.

ICS1 Protein Levels Are UV-C Inducible

ICS1 transcript and SA levels are induced by UV-C
stress in Arabidopsis (Shapiro and Zhang, 2001;
Nawrath et al., 2002;Martínez et al., 2004; Garcion et al.,
2008; Serrano et al., 2013). As expected, under our
conditions, UV-C induced ICS1 transcript levels in
wild-type plants (Fig. 2A, left). Immunoblot analysis
using an antibody that specifically recognizes ICS1
showed that UV-C also induced ICS1 protein accumu-
lation in the wild type but not in the negative control
(sid2-2 mutant plants; Fig. 2B).
These results contrasted with what was observed in

sid2-2/ICS1-V5 plants. In particular, sid2-2/ICS1-V5
plants had high levels of both ICS1-V5 transcript and
protein even without stress (Fig. 2, A, C, and D; see also
Fig. 1). ICS1 protein levels were so high in the ICS1-V5
plants that the immunoblots were completely over-
exposed under conditions where ICS1 protein could be
detected with the ICS1 antibody in the wild type (Fig.
2C). Therefore, the blot in Figure 2C was stripped and
reprobed with V5 antibody. In sid2-2/ICS1-V5 plants,
basal levels of PR1 and SA were elevated (Fig. 2, D and
E). Although significant differences in ICS1-V5 tran-
script or protein levels in response to UV-C were not
detected at the time points tested (Fig. 2, A and D), SA
and PR1 were elevated (Fig. 2, D and F). Basal levels of
SA in sid2-2/ICS1-V5 were affected by the growth con-
ditions: soil-grown plants (Fig. 2E) showed higher
levels of SA than in vitro-grown plants (Fig. 2F). These
results indicate that the ICS1 protein accumulates upon
UV-C stress exposure in wild-type plants.

PHB3 Localizes to Chloroplasts and Mitochondria

Since ICS1 forms complexes with PHB3/4 and other
PHBs, a pool of PHBs may be present in chloroplasts
where ICS1 localizes (Strawn et al., 2007). Previously,
PHB3 was described as a mitochondrial protein
(Ahn et al., 2006; Van Aken et al., 2007). To evaluate the

subcellular localization of PHB3, we used confocal mi-
croscopy for live imaging of PHB3-GFP and organelle
markers transiently expressed in Nicotiana benthamiana,
and PHB3-GFP constitutively expressed in Arabi-
dopsis. The PHB3-GFP fusion was functional, as it
could rescue the known small-plant phenotype of an
Arabidopsis phb3-3 loss-of-function mutant (Wang
et al., 2010; Fig. 3A). Thismutant was confirmed to have
reduced levels of PHB3 (Supplemental Fig. S2). The
control, untransformed N. benthamiana leaves showed
very little background signal under our imaging con-
ditions (Fig. 3B; Supplemental Fig. S3). PHB3-GFP lo-
calized in chloroplasts and small structures resembling
mitochondria in both species (Fig. 3, C–E). A portion of
the PHB3-GFP signal colocalized with chlorophyll
autofluorescence (Fig. 3C; Supplemental Fig. S3;
Supplemental Video S1). Additionally, PHB3-GFP
colocalized with OEP7-RFP, a marker for the envelope
membrane of chloroplasts, around N. benthamiana
chloroplasts (Lee et al., 2011; Fig. 3C; Supplemental Fig.
S3). Stable Arabidopsis transformants also showed
colocalization of a portion of the PHB3-GFP signal with
chlorophyll autofluorescence in epidermal chloroplasts
(Fig. 3D; Supplemental Fig. S3).

A portion of the PHB3-GFP signal outside chloro-
plasts colocalized in small structures with the mito-
chondrial markers COX4-mCherry (Nelson et al.,
2007) and COX4-dsRed (Li et al., 2017) in N. ben-
thamiana (Fig. 3E; Supplemental Fig. S3). PHB3-GFP
also was visible in similar structures in Arabidopsis
(Fig. 3D). Videos of transiently transformed N. ben-
thamiana show characteristic mobility of the mito-
chondria labeled with PHB3-GFP and COX4-mCherry
(Supplemental Videos S1 and S2).

To confirm the chloroplast localization of PHB3 and
cofractionation with ICS1, we isolated chloroplasts
from sid2-2/ICS1-V5 plants treated or not with UV-C
and performed immunoblot analysis. Chloroplasts
from untreated wild-type plants also were assessed for
PHB3/4 localization. PHB3/4 was detected in chloro-
plast fractions of untreated wild-type plants as well as
in untreated and UV-C-treated sid2-2/ICS1-V5 plants
(Fig. 4A). As expected, ICS1-V5 was detected in the
chloroplasts of untreated and treated sid2-2/ICS1-V5

Table I. PHBs found in ICS1-V5 complexes purified from sid2-2/ICS1-V5 plants

Peptides were identified by LC-MS/MS analysis. Unique Peptides indicates the number of different
peptides that match the indicated protein and also may match one or more other isoforms. Specific
Peptides indicates the number of peptides specific to the protein isoform indicated. Percentage Coverage
shows the percentage of the protein sequence represented by the peptides found in the LC-MS/MS
analysis. AGI, Arabidopsis Genome Initiative.

Proteins AGI Number Unique Peptides Specific Peptides Percentage Coverage

ICS1 AT1G74710 16 13 42
PHB3 AT5G40770 19 11 69
PHB2 AT1G03860 16 9 64
PHB4 AT3G27280 12 4 53
PHB6 AT2G20530 9 4 37
PHB1 AT4G28510 8 4 39
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plants. We did not observe changes of PHB3/4 or ICS1
localization uponUV treatment. The immunodetection of
protein markers for different subcellular fractions con-
firmed the purity of the chloroplast fractions. Importantly,
chloroplasts were not contaminated with the mitochon-
drial marker peroxiredoxin II F (Prx IIF; Fig. 4A).

PHB is associated with membranes in mitochondria
(Tatsuta et al., 2005; Piechota et al., 2010). To test the
localization of PHB in chloroplasts, we partitioned
isolated chloroplasts into membrane and soluble frac-
tions (Fig. 4B). PHB was detected with the PHB3/4
antibody in the membrane but not in the soluble frac-
tions of Arabidopsis, spinach (Spinacia oleracea), and

N. benthamiana chloroplasts. The purity of the fractions
was confirmed by immunodetection of inner envelope
Tic110 and stromal cpHsp70 proteins (Fig. 4B).

To test if PHB is a peripheral or internal chloroplast
protein, we treated isolated N. benthamiana and Arabi-
dopsis chloroplasts with thermolysin to remove surface
proteins (Fig. 4, C and D). Transiently produced
AtPHB3-GFP in N. benthamiana as well as the native
PHBs in N. benthamiana (Fig. 4C) and Arabidopsis (Fig.
4D) chloroplasts were mostly protected from thermo-
lysin. We observed partial proteolysis of the chloro-
plast inner envelope protein Tic110 (Jackson et al.,
1998; Inaba et al., 2003) in both species (Fig. 4, C and
D), as reported previously (Hardré et al., 2014). The
outer envelope protein SFR2 from Arabidopsis,
detected with an antibody that did not recognize the
N. benthamiana protein (Roston et al., 2014), was
digested by thermolysin (Fig. 4D). In contrast, the
thylakoid membrane-associated proteins ATP syn-
thase b (AtpB) and light-harvesting complex II
(LHCII), as well as the stromal cpHSP70, were fully
protected from proteolysis (Fig. 4, C and D). Together,
these data demonstrate that a pool of PHB3 localizes to
chloroplasts, most likely to the inner envelope. This
result is consistent with the finding that this protein
forms complexes with ICS1.

SA and PR1 Levels in Response to UV-C Treatment and
Bacterial Infections Are Reduced in the phb3-3 Mutant

Since ICS1 forms complexes with PHB3, we evalu-
ated whether the phb3-3 mutant is compromised for
SA biosynthesis and/or SA-dependent responses af-
ter UV-C stress. After UV-C treatment for 24 h, phb3-3
mutant plants showed reduced SA levels com-
paredwith the wild type. However, SA levels in phb3-3
were not as low as those in the SA biosynthesis
mutant sid2-2 (Fig. 5A). The SA response marker PR1
also showed lower levels in phb3-3 than in the wild
type (Fig. 5B). UV-C failed to induce PR1 in sid2-2
(Fig. 5C), confirming that this marker is SA depen-
dent under these conditions. Importantly, PR1 was
induced in the phb3-3 mutant upon SA treatment, in-
dicating that this mutant still responds to SA (Fig. 5D).

We also evaluated whether the phb3-3 mutant was
compromised for SA accumulation and responses after
infection with a pathogen that induces SA. For this
purpose, wild-type and phb3-3 plants were inoculated
by flooding (Ishiga et al., 2011) with an avirulent strain
of Pseudomonas syringae pv tomato DC3000 carrying
AvrRpm1 (Pst/AvrRpm1). Compared with the wild
type, phb3-3 plants showed lower free SA levels 12 h
after infection (Fig. 6A), a phenotype that we found
previously to strongly correlate with hypersusceptibil-
ity (Lu et al., 2003; Song et al., 2004; Lee et al., 2007).
Additionally, glycosylated SA levels were lower in
phb3-3 mutant plants compared with the wild type
throughout the time course (Fig. 6A). We also detected
a lower accumulation of PR1 protein in phb3-3 mutant

Figure 1. PHB3/4 form complexes with ICS1-V5 under normal and
stress conditions. A, Plants grown in soil were treated with UV-C light
for 45 min and assayed 24 h later (+). Untreated plants were used as
controls (2). Total proteins were extracted, and ICS1-containing
complexes were immunoprecipitated with V5 antibody. The pres-
ence of ICS1-V5 and PHB3/4 proteins in the total protein extracts
(Input; left) and in the immunoprecipitated ICS1-containing com-
plexes (IP aV5; right) was confirmed by immunoblotting (IB) using V5
and PHB3/4 antibodies. Coomassie Blue-stained membranes (bot-
tom) show similar loading. Representative blots from three inde-
pendent experiments (two from total extracts and one from
chloroplast extracts) are shown. WT, Wild type. B and C, Quantita-
tion of ICS1-V5 (B) and PHB3/4 (C) protein levels from three immu-
noprecipitation experiments as in A, using densitometry with the
ImageJ program. RU, Relative units with respect to an average signal
of untreated samples for each antibody. Error bars show SE. Statistical
analyses using Student’s t tests showed that no significant differences
were detected (P = 0.78 for B and P = 0.97 for C).
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plants compared with wild-type plants after infection
(Fig. 6B).
As predicted by the reduced SA accumulation,

phb3-3 mutant plants showed greater growth of Pst/
AvrRpm1 compared with the wild type, similar to the

sid2-2 mutant phenotype (Fig. 7A). The phb3-3 mutant
also was more susceptible to the avirulent strain Pst/
AvrRpt2 and showed similar levels of bacterial growth
to sid2-2 (Fig. 7B). This result was expected, since Pst/
AvrRpt2 normally triggers SA-dependent disease

Figure 2. ICS1 protein levels are induced by UV-C treatment and constitutively elevated in sid2-2/ICS1-V5 plants. Plants grown
on plates (A, B, C, and F) or soil (D) were treated with UV-C for 20 min (A, B, C, and F) or 45 min (D), and assayed 0, 8, and 24 h
post treatment (hpt). Untreated plants were used as controls (–). A, ICS1 transcript levels were measured by RT-qPCR in wild-type
(WT; black bars) and sid2-2/ICS1-V5 (gray bars) plants. Expression is relative (R.) to the YLS8 gene (n = 3 biological replicates). B,
Immunoblot analysis showing that ICS1 is induced by UV-C treatment in the wild type and is not detectable in sid2-2 plants. C,
ICS1 protein levels detected by immunoblot in wild-type and sid2-2/ICS1-V5 plants using ICS1 or V5 antibodies. D, PR1 and
ICS1-V5 protein levels in wild-type and sid2-2/ICS1-V5 plants. In sid2-2/ICS1-V5 plants, basal PR1 is elevated and UV-C further
induces the PR1 level. In B to D, representative results from three (B and C) or two (D) independent experiments are shown.
Coomassie Blue-stained membranes (bottom) show similar loading. E and F, Free SA (gray bars) and glycosylated SA (SAG; white
bars) levels in the indicated plants. E, Untreated plants grown in soil, showing higher SA levels in sid2-2/ICS1-V5 plants than in the
wild type (n = 5). Similar results were found in an independent trial. F, Free SA and SAG levels are induced byUV-C in plants with
constitutive ICS1 levels (n = 3). FW, Fresh weight. Statistical analyses in A and F were performed using ANOVA/Fisher’s LSD test
and in E using Student’s t test. Each letter group differs from other letter groups at P , 0.05. Error bars show SE.
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Figure 3. PHB3-GFP localizes to chloroplasts and mitochondria. A, The morphological phenotype of the phb3-3 mutant is
complemented by the PHB3-GFP transgene. Images show 3-week-old wild-type (WT), phb3-3, and phb3-3/PHB3-GFP #6.5
plants grown in soil. B to E, Untransformed (B) and transiently transformed (C and E) N. benthamiana leaves, and stably
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resistance (Nawrath and Métraux, 1999). In wild-type
plants, these two pathogen isolates induce hypersen-
sitive cell death that can be detected at the individual
cell level (Kim et al., 2005). To monitor this, we per-
formed light microscopy of leaves stainedwith Trypan
Blue within 10 h of infection. Both phb3-3 and sid2-2
showed reduced Trypan Blue staining relative to the
wild type after inoculation with Pst/AvrRpm1 and Pst/
AvrRpt2 strains (Fig. 7, C and D). Similar phenotypic
effects of sid2 mutations on single cell death events
were reported previously (Brodersen et al., 2005;
Ichimura et al., 2006; Yao and Greenberg, 2006; Lu,
2009).
These experiments show that PHB3 promotes SA

production during stress and infection and is needed
for SA-dependent processes such as the suppression of
pathogen growth and the hypersensitive response at
the single cell level.

Expression of PHB3 Complements phb3-3 Mutant Plants in
Abiotic and Biotic Stress Responses

To determine whether the main phenotypes ob-
served in phb3-3 mutant plants were due to the lack of
PHB3 function, we transformed the mutant with a
pUBQ10:PHB3-V5 rescue construct. The small-plant
phenotype of phb3-3 was complemented in transgenic
lines PHB3-V5 #15 and PHB3-V5 #17 (Fig. 8A). The
production of PHB3-V5 protein in both lines was veri-
fied by immunodetection of the V5 epitope (Fig. 8B).
We noticed that, in phb3-3 leaf cross sections, the tissue
morphology appeared less organized than in the wild
type, a phenotype that also was complemented by the
PHB3 transgene (Fig. 8C). Importantly, the com-
plemented lines were restored for the UV-C-induced
SA and PR1 as well as the pathogen resistance pheno-
types (Fig. 8, D–F). These results confirm that the phe-
notypes we observed are due to the phb3-3 mutation.

PHB3 Regulates ICS1 Protein Levels

Since SA levels were decreased in UV-C-stressed
phb3-3 plants, we evaluated the effect of the phb3-3
mutation on ICS1 levels. ICS1 transcript levels in wild-
type, phb3-3, and phb3-3/PHB3-V5 complemented
plants treatedwith UV-C light increased similarly, with
a peak at 2 h after irradiation (Fig. 9A). These data
suggest that the regulation of ICS1 by PHB3 may occur

at the posttranscriptional level. A decrease in the ICS1
protein levels was detected in phb3-3 plants after the
UV-C treatment compared with the wild type (Fig. 9B).
Furthermore, we detected an increase in ICS1 protein
levels in the PHB3-V5 complemented lines (Fig. 9B)
relative to wild-type levels, in agreement with the in-
crease in SA levels detected in these lines (Fig. 8D).

In contrast to ICS1, the levels of the chloroplast pro-
teins Tic110, NOA1, AtpB, and lipooxygenase2 (LOX2)
were not altered significantly in the phb3-3 mutant
comparedwith thewild type (Fig. 9C). Although phb3-3
affects stressed-induced nitric oxide accumulation in
roots (Wang et al., 2010), we did not observe differences
in the levels of NOA1, a chloroplast protein involved in
nitric oxide regulation (Mandal et al., 2012), between
phb3-3 and wild-type leaves (Fig. 9C). These data indi-
cate that phb3-3 does not have a general effect on chlo-
roplast proteins.

These results strongly suggest that PHB3 regu-
lates SA accumulation through the formation of
complexes and stabilization of the ICS1 protein under
stress conditions.

DISCUSSION

Several lines of evidence from this work suggest that
increased SA production during UV-C stress involves
the induction of active ICS1-containing multiprotein
complexes. First, in wild-type Arabidopsis, ICS1 pro-
tein levels increase upon UV-C stress. Second, ICS1
forms complexes with PHB3/4 and other PHBs. Third,
during stress, ICS1 protein (but not RNA) levels and the
downstream accumulation of SA show alterations that
are correlated with the amount of functional PHB3 in
plants. Our findings support the view that PHB3-ICS1
complexes are needed for the full production of SA
during stress caused by UV-C.

The role of PHB3 in promoting SA production ex-
tends beyond the response to UV-C stress to the biotic
interaction of Arabidopsis with the strongly
SA-inducing (avirulent) bacterial strain Pst/AvrRpm1.
The phb3-3 mutant is hypersusceptible to this strain as
well as to the avirulent strain Pst/AvrRpt2. Thus, it is
possible that PHB3 is necessary to promotemaximal SA
production when the need for this defense signal is
high, such as during stress and other biotic interactions.

It is interesting that, even though there is residual SA
accumulation in the phb3-3 plants after infection, the
mutant is as susceptible to two avirulent Pst strains and

Figure 3. (Continued.)
transformed Arabidopsis cotyledons (D), were imaged by confocal microscopy in green (PHB3-GFP), red (OEP7-RFPand COX4-
mCherry), chlorophyll autofluorescence (chl; blue), and differential interference contrast (DIC; bright-field) channels. Maximum
intensity projections of Z series images are shown. C, Coexpression of PHB3-GFP and OEP7-RFP (chloroplast outer envelope
marker). D, Expression of PHB3-GFP in Arabidopsis (phb3-3/PHB3-GFP #6.5 plants). E, Coexpression of PHB3-GFPand COX4-
mCherry (mitochondrial marker). Insets show higher magnification. Colocalization with COX4-dsRed also was performed with
similar results. White arrowheads show examples of PHB3-GFP localization in chloroplasts (C–E). Experiments were done two
(D) or three (B, C, and E) times with similar results. Bars = 20 mm.
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shows similar hypersensitive cell death suppression
as sid2-2 (an SA biosynthesis mutant). One possible
explanation for the strong phenotypes of phb3-3 plants
is that this mutant fails to sense SA adequately;
therefore, a normal defense response is not activated.
However, the phb3-3 plants respond normally to ex-
ogenous SA treatment, indicating that SA signaling is
not altered. Instead, the strong phenotype of phb3-3
might be the result of a delay in these plants to fully
induce SA. We speculate that there is a threshold level
of SA that is needed early after infection to promote
the induction of defenses that suppress the growth of
P. syringae. Alternatively, SA-independent signal(s)
that are affected in the phb3-3 plants under some
conditions, such as nitric oxide (Wang et al., 2010) or
ethylene (Christians and Larsen, 2007), also may
contribute to plant defense. However, other Arabi-
dopsis plants with reduced SA production, generated
by altered expression/mutation of genes that impact
SA biosynthesis, exhibit enhanced susceptibility to
virulent and avirulent pathogens, similar to the phe-
notype of phb3-3 (Delaney et al., 1994; Nawrath and
Métraux, 1999; Dewdney et al., 2000; Lu et al., 2003;
Song et al., 2004; Lee et al., 2007).

In addition to identifying the localization of PHB3 in
mitochondria (Van Aken et al., 2007; Piechota et al.,
2010), this work established that there is a pool of PHB3
that resides in chloroplasts, the organelle where SA is
made and where ICS1 is targeted (Strawn et al., 2007;
Fragnière et al., 2011). PHB3 has a hydrophobic region
at the N terminus that likely serves to anchor it to
membranes. In agreement with this, PHB3 fractionated
with chloroplast membranes and was mostly protected
from thermolysin proteolysis, while PHB3-GFP fluo-
rescence was detected at the periphery of chloroplasts,
similar to an envelope marker. This study thus estab-
lishes that PHB3 is targeted to chloroplasts, similar to
PHB2 and PHB4, which were reported previously to be
in the envelope fraction of chloroplasts in a proteomics
study (Kleffmann et al., 2004).

PHB3 was found previously to copurify with PHB1,
PHB2, PHB4, and PHB6 (Van Aken et al., 2007). It was
also described as residing in two very large (1–2 MD)
mitochondrial inner membrane complexes with this
same group of PHBs (Piechota et al., 2010). These five
PHBs all coimmunoprecipitate with ICS1. The mito-
chondrial matrix AAA protease FTSH10 immunopre-
cipitates four of the five PHBs (except PHB4) that we
identified in ICS1 complexes as well as FTSH3 (Piechota
et al., 2010). This result suggests that at least four PHBs

Figure 4. PHB3 is a chloroplast membrane protein. A, Immunode-
tection of PHB3/4 in total and chloroplast protein extracts obtained
from wild-type (WT) and sid2/ICS1-V5 plants, grown in soil, treated (+)
or not (–) withUV-C as described in Figure 1. ICS1-V5was detectedwith
V5 antibody, and PHBs were detected with a PHB3/4 antibody (n = 2).
The purity of the chloroplast fraction was evaluated by immunode-
tection of markers for specific subcellular localizations (AtpB for chlo-
roplast, Prx II F for mitochondria, cytosolic Fru-1,6-bisphosphatase
[cFBPase] for cytoplasm, and H+-ATPase for plasma membrane).
B, PHB3 localizes to chloroplast membranes. Spinach (So), Arabidopsis
(At), and N. benthamiana (Nb) chloroplasts were partitioned into
membrane and soluble fractions. PHB was detected with a PHB3/4
antibody, and fractions were confirmed with antibodies against pea
Tic110 (membrane) and spinach cpHsp70 (soluble). Coomassie Blue
(A) and Ponceau S (B) staining of proteins show similar loading. C andD,
PHB is mostly protected from thermolysin digestion in N. benthamiana
(C) and Arabidopsis (D) chloroplasts. Chloroplasts isolated from
N. benthamiana transiently expressing AtPHB3-GFP (C; top four gels),

controlN. benthamiana (C; bottom two gels), or Arabidopsis leaves (D)
were incubated without (2) or with (+) thermolysin (Therm). Sensitivity
to digestion was evaluated for PHB (PHB3/4 antibody), AtPHB3-GFP
(GFPantibody and PHB3/4 antibody; C), the inner envelope Tic110, the
outer envelope SFR2 (D), the thylakoid-associated AtpB, and LHCII and
the stromal cpHsp70 (C). Black arrowheads indicate AtPHB3-GFP, and
the white arrowhead shows NbPHB (C). Similar results were obtained
for two to four chloroplast preparations.
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may form complexes together in more than one sub-
cellular compartment along with one or more non-
PHB proteins (FTSH10 and FTSH3 in mitochondria
and ICS1 in chloroplasts). PHBs form ring-like struc-
tures in the inner mitochondrial membrane (Tatsuta
et al., 2005; Piechota et al., 2010). If PHBs are capable
of forming similar structures/complexes in the chlo-
roplast envelope, they may facilitate the import of
ICS1 to this organelle or affect its stability after im-
port. Future work will focus on whether PHBs act as
chaperones and whether they form large complexes
within chloroplasts.
How might PHBs regulate ICS1 levels and/or activ-

ity? Using an assay in which radiolabeled ICS1 was
imported into isolated pea (Pisum sativum) chloroplasts
and then fractionated, Strawn et al. (2007) showed that
the majority of ICS1 partitioned with the soluble
stroma. However, a fraction of the imported ICS1 pro-
tein also partitioned with chloroplast membranes,

indicating that ICS1 activity or stability might involve
its association with the chloroplast envelope where
PHBs most likely reside. ICS1-GFP signals also were
visible in the peripheries of chloroplasts, including in
stromules (Garcion et al., 2008). In some systems, PHBs
play a role in the stabilization of protein complexes. The
disruption of mitochondrial PHBs usually destabilizes
their interactors and leads to various mitochondrial
malfunctions (Van Aken et al., 2007). In yeast, the PHB
complex binds to two newly synthesized subunits of
respiratory complex IV and protects them against
degradation (Steglich et al., 1999; Nijtmans et al., 2000).
In Arabidopsis, we demonstrate that disruption of
PHB3 function affects ICS1 protein levels without af-
fecting ICS1 RNA accumulation. Therefore, PHB3 may
act mainly by stabilizing the ICS1 protein, although it
also may affect ICS1 activity. Given the large number of
PHBs found in ICS1 complexes, it is possible that sev-
eral PHBs affect ICS1 and SA production.

Figure 5. phb3-3mutant plants have lower SA levels and PR1 accumulation after UV-C treatment. A to C, Leaf tissue from plants
grown on plates treatedwithUV-C light for 20min and harvested at 2, 8, and 24 h post treatment (hpt). Untreated plantswere used
as controls (–). A, Levels of free SA (gray bars) and glycosylated SA (SAG;white bars). FW, Freshweight; n/d, not detected. Each bar
represents the mean of three independent experiments; error bars indicate SE. Statistical analysis was performed using ANOVA/
Fisher’s test. Different letters denote statistically significant differences at P , 0.05. B and C, PR1 protein was detected by im-
munoblot analysis using a PR1 antibody. A nonspecific band in the immunoblot shows similar loading in each lane. Gels show
representative results from three independent experiments. D, Two-week-oldwild-type (WT), phb3-3, and sid2-2 plants grown on
plates were treated with liquid Murashige and Skoog (MS) growth medium alone (Control) or MS medium supplemented with
0.5 mM SA for 2, 8, and 24 h. – indicates untreated plants. PR1 protein was detected by immunoblot analysis as in B and C. An
independent trial of this experiment showed similar results.
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We focused here on how PHB3 affects ICS1 as well as
the downstream production of SA and defense-related
signaling outputs such as PR1 and cell death induction.
Plants with the phb3-3 mutation show phenotypes that
are distinct from those caused by reduced ICS1/SA
levels. In particular, the small-plant phenotype char-
acteristic of phb3 mutants was not observed in sid2
plants. The product of ICS1, IC, also is a precursor for
phylloquinone, which is barely detectable in the Ara-
bidopsis sid2ics2 double mutant; this mutant displays a
dwarf phenotype similar to phb3-3, although the cause
of the dwarfism is not known (Garcion et al., 2008).
Disruption in the penultimate step in phylloquinone
synthesis also results in amodest reduction in plant size

(Lohmann et al., 2006). Future work will determine
whether PHB3 is required for phylloquinone biosynthesis.
It seems possible that the different phb3-3 mutant pheno-
types (reduced size, stress-induced SA andNO) are due to
reduced levels of different specific complexes that contain
PHB3 in chloroplasts and mitochondria, respectively.

An unanticipated finding resulting from this study is
the phenotype of the ICS1-V5-expressing plants, which
have very high levels of ICS1 relative to wild-type
plants. These plants have only moderately elevated
basal SA levels that are increased further in response to
UV-C. Why are the SA levels in ICS1-V5 plants low
without stress? One possibility is that the upstream
chorismate precursor is limiting under basal conditions.
This seems unlikely, given that basal chorismate pro-
duction from the shikimate pathway is usually high
(Herrmann and Weaver, 1999). Another possibility is
that ICS1 needs activation (e.g. by posttranslational
modification[s] or conformational change) or another
step required for SA production is limiting.

In conclusion, this work demonstrated that ICS1 is
regulated posttranscriptionally by PHB3. During stress
or infection, highly increased SA production in Arabi-
dopsis likely requires an increase in ICS1 protein levels.
Upon stress, this increase in ICS1 protein levels is pro-
duced mainly by transcriptional activation of the ICS1
gene (Wildermuth et al., 2001; Martínez et al., 2004;
Garcion et al., 2008). PHB3 seems to contribute to this
process through stabilization of the protein. Whether
PHB3 is involved in SA production beyond stabilizing
ICS1 will be an interesting topic for future studies.

MATERIALS AND METHODS

Plant Growth Conditions and UV-C Treatments

Arabidopsis (Arabidopsis thaliana) wild-type, phb3-3 (Wang et al., 2010), sid2-2
(Wildermuth et al., 2001), sid2-2/ICS1-V5 (transgenic complementation line SM156 in
Strawn et al., 2007), phb3-3/pUBQ:PHB3-V5, and phb3-3/p35S:PHB3-GFP lines (this
report)were in theColumbiabackground. Forplants grown invitro, growthmedium
contained 0.53MSmedium supplemented with 10 g L21 Suc and 2.6 g L21 Phytagel
(Sigma), and plantswere incubated in a growth chamber (16 h of light, 100mmolm22

s21, 22°C6 2°C).Nicotiana benthamiana plantswere grown in soil at 24°Cwith a 16-h-
light/8-h-dark cycle. Fresh spinach (Spinacia oleracea) was purchased from a store.

For fractionation and immunoprecipitation experiments, plantswere grown in soil
in conditionsdescribedpreviously (Pattanayak et al., 2012). Briefly, plantswere grown
in 50:50 FafardC2:Metro-Mix soilwith a 16-h-light/8-h-dark cycle at 20°C.Otherwise,
plants were grown in turba soil mixed with vermiculite 1:1 in a growth room under
controlled conditions (16-h-light/8-h-dark cycle, 100 mmol m22 s21, 22°C6 2°C).

UV-C treatments for immunoprecipitation of ICS1-V5 complexes and frac-
tionationexperimentswereperformedwith21-d-oldwild-typeand sid2-2/ICS1-V5
plants grown in soil by exposing them to 254-nm light from an 18.4-W UVP
Mineralight UVGL-55 multiband lamp for 45 min at a distance of 30 cm in a
growth chamber. Leaves were collected from untreated plants and from plants 8,
24, and 32 h after UV-C exposure. For UV-C irradiation of in vitro-grown plants
(Nawrath and Métraux, 1999), 14-d-old plants were exposed for 20 min in a
chamber equippedwith twoUV-C fluorescent tubes of 8W each (l = 254 nm) at a
distance of 30 cmabove the plates. UV-treated plantswere subsequently placed in
a growth chamber under controlled conditions for the indicated periods of time.

For SA treatments, 15-d-old seedlingswere floated in a solution of 0.5mM SA
in 0.53MSmedium (treatment) or 0.53MSmedium as a control and incubated
for the indicated periods of time under continuous light (80 mmol m22 s21). For
immunoblot analysis, whole seedlings were immediately frozen in liquid
nitrogen and stored at 280°C until total protein extraction.

Figure 6. phb3-3mutant plants have reduced SA accumulation and PR1
protein levels after infection with Pst/AvrRpm1. Two-week-old plants
grown on plates were flooded with Pst/AvrRpm1 bacteria at a concen-
tration of 13106 colony-forming units (CFU)mL21. Sampleswere taken at
0, 12, 24, 48, and 72 h post infection (hpi). A, The levels of free SA (gray
bars) and glycosylated SA (SAG;white bars) are shown; each bar represents
the average of three independent experiments. Error bars indicate SE. Sta-
tistical analysis was performed using ANOVA/Fisher’s test. Different letters
denote statistically significant differences at P , 0.05 for free SA and
P , 0.001 for SAG. B, The levels of PR1 protein were detected by im-
munoblot analysis using a PR1 antibody. The membrane was stained with
Coomassie Blue to show similar protein loading. Similar results were seen
in two additional experiments. FW, Fresh weight; WT, wild type.
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Figure 7. phb3-3 mutant plants
are more susceptible to infection
by Pst strains DC3000/AvrRpm1
and DC3000/AvrRpt2. A, Two-
week-old plate-grown plants were
inoculated by flooding the plants
with Pst/AvrRpm1 at a concentra-
tion of 1 3 105 CFU mL21. Bacte-
ria were enumerated at 0, 2, and
3 d post inoculation (dpi). B,
Three-week-old plants grown in
soil were inoculated with Pst/
AvrRpt2 by infiltration using a
concentration of 13105 CFUmL21.
Bacteria were counted at 0 and
3 dpi. For A and B, bars represent
average values of 12 replicates;
error bars indicate SE. Statistical
analysis was performed using
ANOVA/Fisher’s test. Different
letters denote statistically signifi-
cant differences at P values as fol-
lows: A, 2 dpi (P , 0.0001) and
3 dpi (P # 0.0005); B, 3 dpi (P ,
0.0001). C and D, Cell death was
evaluated using Trypan Blue
staining in leaf tissue of 4-week-
old plants grown in soil 10 h after
infiltration with Pst/AvrRpm1 or
Pst/AvrRpt2 (1 3 108 CFU mL21).
Cell death was scored as occurring
if at least six blue-stained cells
were visible in the area of tissue
shown and if similar staining oc-
curred throughout the inoculated
leaf. Numbers indicate the total
number of leaves showing cell
death out of the total number
scored in three independent ex-
periments. Arrowheads indicate
examples of the collapsed, Trypan
Blue-stained cells. These experi-
ments were repeated three times
with similar results.WT,Wild type.
Bars = 200 mm.

Plant Physiol. Vol. 176, 2018 2525

PROHIBITIN3 Controls Stress-Induced SA Synthesis

https://plantphysiol.orgDownloaded on May 11, 2021. - Published by 
Copyright (c) 2020 American Society of Plant Biologists. All rights reserved. 

https://plantphysiol.org


Figure 8. Expression of PHB3 complements phb3-3 mutant phenotypes. A, Phenotypes of 3-week-old plants grown in soil. B,
Immunodetection of the PHB3-V5 protein using V5 antibody in extracts from phb3-3 and complemented phb3-3/PHB3-V5 #15
and #17 2-week-old plants grown in soil. C, Leaf cross sections of wild-type (WT), phb3-3, and complemented phb3-3/PHB3-V5
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Bacterial Strains, Plant Inoculation Conditions, Bacterial
Proliferation, and Cell Death Assays

Pseudomonas syringae pv tomato DC3000 virulent strain and its isogenic avir-
ulent strains expressing the AvrRpm1 (Pst/AvrRpm1) or AvrRpt2 (Pst/AvrRpt2)
effector (Mackey et al., 2002) were used. Bacterial strains were grown at 28°C on
King’s B medium supplemented with kanamycin at 50 mg mL21, sedimented by
centrifugation, and then resuspended in 10 mM MgCl2. Bacterial inoculation was
performed by the flooding of 14-d-old plants (Ishiga et al., 2011) using a sus-
pension of 13 106 CFUmL21 (to evaluate SAandPR1 levels) or 13 105CFUmL21

(for bacterial proliferation assays). Alternatively, bacteria were inoculated by sy-
ringe infiltration on the abaxial side of the leaves of 4-week-old soil-grown plants
(Greenberg et al., 2000) using a suspension of 1 3 105 CFU mL21 (for bacterial
proliferation assays) or 1 3 108 CFU mL21 (for cell death assays).

For bacterial proliferation assays, leaf discs from 12 independent inoculated
plants were taken at 0, 2, and/or 3 d postinoculation, ground in 10 mM MgCl2,
serially diluted 1:10, and plated onto Luria-Bertani agar plates supplemented
with 50 mg mL21 kanamycin and 50 mg mL21 rifampicin. Plates were incubated
at 28°C for 2 d, and the CFUs were counted manually. Each bacterial prolifer-
ation assay was repeated three times.

Cell deathwas visualized in leaves of 4-week-old soil-grownplants 10 h after
bacterial or mock (control) infiltration using Trypan Blue staining (Pavet et al.,
2005). Leaves immersed in freshly prepared lactophenol solution (water, basic
phenol, lactic acid, and glycerol in a 1:1:1:1 ratio) containing Trypan Blue at
250 mg mL21 were placed in boiling water for 3 min, cleared in lactophenol
without Trypan Blue at room temperature for 16 h, mounted in 50% glycerol,
and observed using a compound microscope (Nikon Eclipse 80i microscope) at
1003 magnification. This experiment was repeated three times. In each ex-
periment, leaves from four independent plants per genotype were analyzed.

Light Microscopy of Leaf Sections

Small slices of the sixth leaf of 3-week-old plants were prepared as described
(León et al., 2007). Briefly, samples were fixed overnight in 2.5% (v/v) glutar-
aldehyde in 0.1 M sodium cacodylate buffer, pH 7, and postfixed in 1% osmium
tetroxide for 2 h. Then samples were stained with 1% (w/v) uranyl acetate for
90 min, dehydrated with acetone solutions (50%, 70%, 95%, and 100%), and
embedded in Epon resin. Polymerization was performed in a heater at 60°C for
48 h. Fine cuts (80 nm) obtained with a Sorvall MT5000 ultramicrotome were
stainedwith 4% (w/v) uranyl acetate and lead citrate in methanol. Imageswere
taken with a Nikon Eclipse 80i microscope at 403 magnification.

Genetic Constructs and Stable Plant Transformation

To obtain phb3-3 mutant plants complemented with PHB3, pUBQ10:PHB3-
V5 and p35S:PHB3-GFP constructs were generated using Gateway technology
following themanufacturer’s instructions (Invitrogen). The PHB3 coding region
was obtained by the amplification of cDNA using the primers described in
Supplemental Table S2. The PCR fragment was cloned into the pENTR/SD/D-
TOPO vector (Invitrogen) and then recombined into the pB7m34gW vector
(Karimi et al., 2005) to express the PHB3 protein fused to a V5 tag controlled by
the Ubiquitin10 promoter (pUBQ10). For live-imaging experiments of PHB3
fused to the eGFP reporter protein, the amplified PHB3 coding sequence cloned
into the pENTR/SD/D-TOPO vector was recombined into the pKGWG2 vector
(Karimi et al., 2002).

Final constructs were verified by sequencing and introduced into the
Agrobacterium tumefaciens C58 strain. Stable Arabidopsis phb3-3 transformants
were obtained using the floral dipmethod (Zhang et al., 2006). Transgenic seeds
were selected in 0.53 MS solid medium supplemented with 50 mg mL21

kanamycin for the GFP reporter lines or with 15 mg mL21 glufosinate-
ammonium for the PHB3-V5-expressing lines. Homozygous transgenic lines
were selected and used for further analyses.

Protein Extracts, Immunoblot, and Immunoprecipitation

Total protein extracts were obtained from wild-type and transgenic lines by
homogenizing 0.5 g of tissue (each sample was composed of 12–15 seedlings
grown on plates or several mature leaves of plants grown in soil) per 1 mL of
extraction buffer (50 mM sodium phosphate buffer, pH 8, 150 mM NaCl, 0.2%
Igepal, 5 mM EDTA, and 13 complete Protease Inhibitor Cocktail solution
[Roche Diagnostics]). After centrifugation at 2,350g for 10 min, supernatants
were transferred to clean tubes and stored at –80°C. Protein concentration was
determined by the Bradford method using the Bio-Rad Protein Assay (Bio-Rad
Laboratories).

For immunoblot analysis, total or chloroplast (see below) protein extracts
(30 mg of protein per lane) were separated on 12% SDS-PAGE gels and trans-
ferred to Immobilon PDVF membranes (Millipore) by semidry electroblotting.
The membranes were blocked for 1 h in PBS solution (PBS-T: 137 mM NaCl, 2.7
mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, and 0.1% Tween 20) with 5% nonfat
dried milk at room temperature. To detect the ICS1-V5 and PHB3-V5 fusion
proteins, themousemonoclonal V5 antibody (Invitrogen; R96025) was used at a
1:5,000 dilution. To detect PR1, the rabbit polyclonal PR1 antibody (Agrisera;
AS10 687) was used at a 1:2,500 dilution. PHBs were detected with the PHB3/4
rabbit polyclonal antibody described previously (Snedden and Fromm, 1997;
Van Aken et al., 2007) at a 1:10,000 dilution.

ICS1 was detected with the rabbit polyclonal ICS1 antibody UCB68 at a
1:10,000 dilution. This antibodywasmade by immunizing rabbits with purified
recombinant mature ICS1 protein (described by Strawn et al. [2007]). The titer
and specificity of the antibody were tested by immunoblot analysis. The anti-
body can detect as low as 31 pg of recombinant ICS1 protein, with ready de-
tection of ICS1 protein in UV-C-induced leaf extracts using a 1:10,000 dilution.

Proteins used as markers for subcellular localization were detected using
rabbit polyclonal antibodies against AtpB (chloroplast, 1:10,000; a gift from Dr.
Dominique Drapier [Drapier et al., 2007]), Prx IIF (mitochondria, 1:3,000; a gift
from Dr. Karl-Josef Dietz [Finkemeier et al., 2005]), cFBPase (cytoplasm,
1:25,000; Agrisera; AS04043), H+-ATPase (plasma membrane, 1:2,000; Agrisera;
AS07260), Tic110 (chloroplast inner envelope, 1:3,000; a gift fromMasato Nakai
[Kikuchi et al., 2006]), NOA1 (1:10,000; a gift from Pradeep Kachroo [Mandal
et al., 2012]), LOX-C (1:30,000; Agrisera; AS07258), LHCII (thylakoid, 1:5,000; a
gift from Roberto Bassi [Di Paolo et al., 1990]), SFR2 N and C (chloroplast outer
envelope, 1:1,000; a gift from Christoph Benning [Roston et al., 2014]), and a
guinea pig antibody against chloroplast Hsp70 (1:12,000; a gift from Thomas
Leustek [Wang et al., 1993]).

Afterwashing inPBS-T (three times), themembraneswere incubatedwith the
anti-mouse horseradish peroxidase-conjugated secondary antibody (KPL [074-
1806], 1:10,000 and Thermo Fisher [31440], 1:1,000), anti-guinea pig peroxidase
antibody (Sigma [A5545], 1:100,000), or the anti-rabbit horseradish antibody
(Invitrogen [65-6120], 1:10,000 and Thermo Fisher [32460], 1:1,000). After
washing in PBS-T (15 min three times), proteins immunodetected were visu-
alized using chemiluminescence kits (Thermo Fisher Scientific [34087 and
34095]) according to the manufacturer’s instructions.

Figure 8. (Continued.)
#15 plants. Bar = 100mm. D, Levels of free SA (gray bars) and glycosylated SA (SAG; white bars) in plants grown on plates, treated
with UV-C light for 20 min, and harvested at 24 h post treatment (+). Untreated plants were used as controls (–). SA levels are
expressed as mg g21 fresh weight (FW). Each bar represents the mean value of three independent experiments; error bars indicate
SE. Statistical analysis was performed using ANOVA/Fisher’s test. Different letters denote statistically significant differences at
P, 0.02 for free SA and P, 0.04 for SAG. E, PR1 protein was detected by immunoblot using PR1 antibody in wild-type, phb3-3,
and phb3-3/PHB3-V5 complemented line plants grown on plates, treatedwith UV-C light for 20min, then harvested at 8 and 24 h
post treatment (hpt). The gel shows a representative result from three independent experiments. F, Bacterial proliferation was
quantified in 3-week-old plants grown in soil at 0 and 3 dpi with 13 105 CFUmL21 Pst/AvrRpt2. Each bar represents the average
of 12 replicates; error bars indicate SE. Statistical analysis was performed using ANOVA/Fisher’s test. Different letters denote
statistically significant differences at P , 0.05. This experiment was repeated three times with similar results. In B and E,
membranes were stained with Coomassie Blue to show similar protein loading.
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All immunoblots were repeated two or three times with new samples, as
indicated in the corresponding figure legends.

For immunoprecipitation of ICS1-V5-containing complexes, total protein
extracts of untreated andUV-C-treatedwild-type and sid2-2/ICS1-V5plants (see
above) were prepared as described (Jelenska et al., 2010). Immunoprecipitation
was performed using anti-V5 agarose (Sigma; A7345). After immunoprecipi-
tation, proteins were separated by SDS-PAGE and analyzed either by Coo-
massie Blue staining and LC-MS/MS or by immunoblotting. This experiment
was repeated three times with different protein extract samples.

Database Searching of Peptides Identified by LC-MS/MS

LC-MS/MS protein identification was performed at the Stanford University
Mass Spectrometry Facility. Protein bands in ICS1-V5 immunoprecipitations
and the corresponding regions of wild-type samples were cut from the gel;
UV-C-treated and untreated samples were combined for further analysis.
Proteins in gel bands were digested with trypsin and extracted, and peptides
were identified as described (Jelenska et al., 2010). MS/MS samples were an-
alyzed using Sequest (version 27, rev. 11; Thermo Fisher Scientific) set up to
search the National Center for Biotechnology Information Arabidopsis data-
base (222,041 entries) assuming the digestion enzyme stricttrypsin. Scaffold
(version Scaffold_3.1.4.1; Proteome Software) was used to validate MS/MS-
based identifications of peptides (at greater than 95% probability) and pro-
teins (at greater than 95% probability and containing at least one identified
peptide).

Chloroplast Isolation, Fractionation, and
Thermolysin Treatment

Three-week-old wild-type and sid2-2/ICS1-V5 plants grown in soil were
treated with UV-C, and chloroplasts were isolated in a Percoll gradient as de-
scribed (Kubis et al., 2008). The purity of the chloroplast fractionswas evaluated
by immunoblot analysis as described above. N. benthamiana chloroplasts were
isolated and treated with thermolysin (Sigma) according to Lamppa (1995).
Arabidopsis chloroplasts for the thermolysin treatment experiment were iso-
lated as described (Aronsson and Jarvis, 2002). For membrane association,
spinach, N. benthamiana, and Arabidopsis chloroplasts were isolated as de-
scribed (Kieselbach et al., 1998) and partitioned to membrane and soluble
fractions according to Lamppa (1995).

Confocal Microscopy

Leaves and cotyledons of;10-d-old seedlings of phb3-3/PHB3-GFP (line 6.5)
Arabidopsis were used for imaging. N. benthamiana plants grown in soil were
transiently transformed with agrobacteria harboring the constructs p35S:PHB3-
GFP (see above), pdex:OEP7-RFP (Cecchini et al., 2015), pd35S:COX4-mCherry
(mt-rb; Nelson et al., 2007), and p35S:COX4-dsRed (from Dr. Guo-Liang Wang
[Li et al., 2017]) as described (Cecchini et al., 2015; Jelenska et al., 2017). Agro-
bacteria with different constructs were infiltrated together, and N. benthamiana
leaves were imaged 2 d later. Leaves transformed with the pdex:OEP7-RFP
construct were sprayed with 3 mM dexamethasone 1 d after agroinfiltration.
Three-week-oldN. benthamiana plants were used for imageswithmitochondrial
markers, and 5- to 6-week-old plants were used for other images.

Confocal images were obtained using a Zeiss LSM710 laser-scanning con-
focal microscope as described (Kang et al., 2014; Cecchini et al., 2015; Jelenska
et al., 2017). Fluorescence was visualized as follows: GFP, excitation 488 nm/
emission 496 to 557 nm; RFP, excitation 561/emission 570 to 619 nm; mCherry/
dsRed, excitation 561 nm/emission 580 to 629 nm; and chlorophyll auto-
fluorescence, excitation 633 nm/emission 655 to 747 nm. Fluorescence in dif-
ferent channels was acquired for the same field using a sequential acquisition
mode for PHB3 + OEP7 and simultaneously for PHB3 + COX4 to allow the
imaging of movingmitochondria. Z series images (14–18 mm forN. benthamiana
and 21 mm for Arabidopsis) and time series videos (60-image series) were
processed with ImageJ (https://imagej.nih.gov/ij).

Figure 9. PHB3 regulates ICS1 protein levels. A, ICS1 transcript levels
measured by RT-qPCR in 2-week-old plants grown on plates and treated
with UV-C light for 20min.Whole seedlings were harvested at 2, 8, and
24 h post treatment (hpt). – indicates untreated plants. ICS1 transcript
levels are relative (R.) to YLS8, which was used as an endogenous
control. Bars showmeans of three biological replicates; error bars show
SE. Statistical analysis was performed using ANOVA/Fisher’s test. Dif-
ferent letters denote statistically significant differences at P , 0.05. B,
ICS1 was detected by immunoblot analysis with ICS1 antibody in ex-
tracts of plants treated as in A. C, PHB3 does not affect other chloroplast
protein levels. The chloroplast proteins Tic110, NOA1, AtpB, and LOX2
were detected by immunoblot analysis with specific antibodies. Rep-
resentative data from three (B) or two (C) independent experiments are

shown. Coomassie Blue (B) and Ponceau S (C) staining of proteins in the
membranes show similar loading. The LOX2 immunoblot shows the
same membrane as the ICS1 blot in B (bottom). WT, Wild type.
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Quantitation of SA

Free SA and glycosylated SA extracted from leaf tissues were quantified by
HPLC using an Atlantis T3 column, as described previously (Verberne et al.,
2002). The results show data from three independent experiments. Each sample
consisted of 0.5 g of tissue collected from a pool of 12 to 15 seedlings grown on
plates or mature leaves from three plants grown in soil.

RT-qPCR Analysis

Whole UV-C-treated plants (four seedlings per genotype) grown in vitro
were frozen in liquid nitrogen and stored at 280°C until RNA isolation. Total
RNA was obtained from frozen samples using TRIzol Reagent (Invitrogen)
according to the manufacturer’s instructions. cDNAwas synthesized from each
sample (2 mg of total RNA) with an ImProm II Kit (Promega). qPCR was per-
formed using the Brilliant III Ultra-Fast SYBRGreen QPCRMaster Mix (Agilent
Technologies) reagents on AriaMx real-time PCR system equipment. The ex-
pression levels of the ICS1 gene were calculated relative to the YLS8 endoge-
nous control. Primers used for each gene are listed in Supplemental Table S2.
The data represent results from three biological replicates (independent ex-
periments). In each experiment, three technical replicates from the same cDNA
sample were used.

Accession Numbers

Sequence data from this article are found in the GenBank/EMBL data li-
braries under the following accession numbers: for Arabidopsis, AT1G74710
(ICS1/SID2), AT5G40770 (PHB3), AT1G03860 (PHB2), AT3G27280 (PHB4),
AT2G20530 (PHB6), AT4G28510 (PHB1), AT2G14610 (PR1), AT5G08290
(YLS8), AT3G52420 (OEP7), AT3G06050 (PRX IIF), AT1G43670 (cFBPase),
AT4G30190 (H+-ATPase), AT1G06950 (TIC110), AT4G24280 (cpHSP70-1),
AT5G49910 (cpHSP70-2), AT3G06510 (SFR2), ATCG00480 (AtpB),
AT3G47450 (NOA1), and AT3G45140 (LOX2); for Saccharomyces cerevisiae,
YGL187C (ScCOX4); for N. benthamiana, DQ121387 (NbPHB1) and DQ121388
(NbPHB2); and for spinach, AF035456, AF039083, M99565 (So-cpHSP70s), and
2715576 (SoAtpB).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Spectrum counts of peptides detected by
LC-MS/MS in wild-type and sid2-2/ICS1-V5 samples.

Supplemental Figure S2. PHB3/4 protein levels in UV-C-treated wild-
type, phb3-3, and phb3-3/PHB3-V5 plants.

Supplemental Figure S3. PHB3 colocalizes with chloroplasts and mito-
chondrial markers.

Supplemental Table S1. List of peptides matching PHB protein family
members and ICS1 and the number of spectra of peptides found from
the top enriched proteins identified in ICS1-V5 complexes by LC-MS/
MS analysis.

Supplemental Table S2. List of primers.

Supplemental Video S1. Video of N. benthamiana leaves expressing PHB3-
GFP.

Supplemental Video S2. Video of N. benthamiana leaves expressing PHB3-
GFP and mitochondrial marker COX4-mCherry.
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