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The atypical myrosinase PENETRATION2 (PEN2) is required for broad-spectrum invasion resistance to filamentous plant
pathogens. Previous localization studies suggested PEN2-GFP association with peroxisomes. Here, we show that PEN2 is
a tail-anchored protein with dual-membrane targeting to peroxisomes and mitochondria and that PEN2 has the capacity to
form homo-oligomer complexes. We demonstrate pathogen-induced recruitment and immobilization of mitochondrial
subpopulations at sites of attempted fungal invasion and show that mitochondrial arrest is accompanied by peripheral
accumulation of GFP-tagged PEN2. PEN2 substrate production by the cytochrome P450 monooxygenase CYP81F2 is
localized to the surface of the endoplasmic reticulum, which focally reorganizes close to the immobilized mitochondria.
Exclusive targeting of PEN2 to the outer membrane of mitochondria complements the pen2 mutant phenotype, corroborating
the functional importance of the mitochondrial PEN2 protein subpool for controlled local production of PEN2 hydrolysis
products at subcellular plant-microbe interaction domains. Moreover, live-cell imaging shows that mitochondria arrested at
these domains exhibit a pathogen-induced redox imbalance, which may lead to the production of intracellular signals.

INTRODUCTION

Plants have evolved a complex multilayered defense machinery,
which is effective in reducing the invasion and colonization by
nonadapted pathogens. Preformed physical and chemical bar-
riers, such as rigid cell walls and phytoanticipins, constitute the
first obstacle for potential intruders (Thordal-Christensen, 2003).
If apathogen isable toovercome this constitutive layerof defense,
it is exposed to recognition by plasma membrane-anchored
pattern recognition receptors, which detect conserved microbe-
associated molecular patterns (MAMPs) and trigger active de-
fense responses (Dodds and Rathjen, 2010; Macho and Zipfel,
2014). In the case of a compatible interaction, these immune
responses are part of the basal resistance, which limits the
severity of the plant disease.

Powdery mildew fungi are obligate biotrophic pathogens that
depend on living host cells and cause disease in a wide range
of mono- and dicotyledonous plants, including economically

important crops. They are characterized by ectoparasitic host
plant colonization that is restricted to the epidermal cell layer
(Lipka et al., 2008; Micali et al., 2008). To obtain nutrients required
for growth and reproduction, powdery mildew conidiospores
germinate and form appressoria, which penetrate the epidermal
cell wall. Upon successful invasion, haustoria are established
which function both as feeding organs and sites of effector
secretion (Micali et al., 2008). Concerted and cell-autonomous
plant defense responses aim to terminate fungal entry at-
tempts. Typically, activedefense is accompaniedbyaprofound
reorganization of the cellular infrastructure, including focal
rearrangements of cytoskeletal transport routes, local accu-
mulation of cytoplasm, translocation of the nucleus and other
organelles toward the penetration site, and a directed de-
position of callose and cell wall components leading to papilla
formation and cell wall reinforcement (Lipka et al., 2008;
Hückelhoven and Panstruga, 2011).
Previously, PENETRATION1 (PEN1), PEN2, and PEN3 were

identified as molecular components of powdery mildew entry
control that are involved in secretion, activation, and transport of
defense-related molecules to the site of attempted penetration
(Collins et al., 2003; Lipka et al., 2005; Stein et al., 2006; Kwon
et al., 2008; Bednarek et al., 2009). All PEN proteins show focal
accumulation patterns at powdery mildew interaction sites, and
mutations in the corresponding Arabidopsis thaliana genes result
in enhanced entry success of the nonadapted powdery mildew
Blumeria graminis f. sp hordei (Bgh), a pathogen of the monocot
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crop barley (Hordeum vulgare). PEN1 is a plasma membrane-
localized SNARE (soluble N-ethylmaleimide-sensitive factor
attachment protein receptor) protein (Collins et al., 2003), which
is required for localized formation of ternary SNARE complexes
(Kwon et al., 2008), exosome secretion, and timely appearance
of papilla at fungal entry sites (Meyer et al., 2009; Nielsen and
Thordal-Christensen, 2013).

A second, PEN1-independent pathogen entry control mecha-
nism is maintained by the concerted action of PEN2 and PEN3.
PEN2 encodes a family 1b-glycoside hydrolase that is associated
with the periphery of mobile spherical organelles that were
originally identified as peroxisomes (Lipka et al., 2005). PEN2 is
involved in the pathogen-induced enzymatic activation of indole
glucosinolates (IGs) (Lipka et al., 2005; Bednarek et al., 2009;
Clay et al., 2009). Glucosinolates are secondary metabolites
produced by members of the order Brassicales that constitute
preformed repellents. To minimize the risk of self-intoxication,
glucosinolates and their corresponding glycoside hydrolases
are typically separated in different cellular compartments. Thus,
glucosinolates are often stored in the vacuole as inactive gly-
coside precursors of biologically activemustard oils (Halkier and
Gershenzon, 2006). Only in cases of tissue disruption, e.g., upon
insect feeding or necrotrophic pathogen attack, are the sub-
strate and enzyme brought into spatial proximity and release
the toxic reaction products (Halkier and Gershenzon, 2006).
In contrast to this classical mustard oil bomb, the pathogen-
inducedPEN2-dependent hydrolysis of IGs has been suggested to
represent an active cell-autonomous defense mechanism (Lipka
et al., 2005; Stein et al., 2006; Bednarek et al., 2009; Clay et al.,
2009), which requires a complex and fine-tuned subcellular se-
quenceof nontoxic substrategeneration, hydrolytic activation, and
targeting of the toxic product(s) at the intruder.

Genetic analysis revealed that the ATP binding cassette (ABC)
transporter protein PEN3 acts in the same pathway as PEN2
because, in contrast to pen1 pen3doublemutants, pen2 pen3did
not show enhanced Bgh penetration rates in comparison to the
singlemutants (Lipka et al., 2005; Stein et al., 2006).Notably,pen3
mutants exhibit an enhanced, salicylic acid-dependent resistance
against the adapted powderymildewGolovinomyces cichoracearum,
which might be the consequence of an intracellular over-
accumulation of potentially toxic IG hydrolysis products (Stein
et al., 2006). Analyses with functional GFP fusions revealed
a MAMP-induced recruitment of PEN3 into plasma membrane
microdomains at plant-microbe interaction sites (Underwood
andSomerville, 2013). Together, these data support a scenario
in which PEN3 mediates the ATP-dependent transport of
glucosinolates that were enzymatically activated by PEN2 and are
potentially toxic for invading pathogens (Stein et al., 2006). PEN2
was shown to hydrolyze indol-3-ylmethylglucosinolate (I3G)
and 4-methoxyindol-3-ylmethylglucosinolate (4MI3G) (Bednarek
et al., 2009) and tobe required forproductionof 4-O-b-D-glucosyl-
indol-3-yl formamide (Lu et al., 2015). Deglucosylated precursor
molecules of the latter have recently been proposed to represent
the critical PEN3 transport substrate in powdery mildew entry
control (Lu et al., 2015). As I3G and 4MI3G contain S-glycosidic
bonds, PEN2 represents a thioglucosidase (myrosinase) but was
designated as an atypical myrosinase due to an unusual amino
acid composition within the catalytic center. Importantly, only

unidentified hydrolysis products of 4-substituted I3G derivatives,
which are synthesized by the cytochrome P450 monooxygenase
CYP81F2, seem to be relevant for PEN2-dependent penetration
resistance (Bednarek et al., 2009; Clay et al., 2009). Consistent
with this hypothesis, cyp81f2mutants showapen2-like reduction
in penetration resistance, which is not further decreased in pen2
cyp81F2 double mutants (Bednarek et al., 2009). Notably, the
core biosynthetic pathway of glucosinolates requires oxidation
reactions that are catalyzed by CYP79 and CYP83 mono-
oxygenases at the endoplasmic reticulum (ER)-cytosol interface
(Yan and Chen, 2007; Grubb and Abel, 2006). So far, our
knowledge about the subcellular localization of CYP81F2 (i.e., the
site of PEN2 substrate production) and our understanding of the
cellular mechanisms that orchestrate localized PEN2-dependent
hydrolysis of 4-substituted I3G derivatives and subsequent
energy-dependent discharge of toxic products by PEN3 clearly
lags behind.
In this study,weshowthat theatypicalmyrosinasePEN2 isboth

localized to peroxisomes andmitochondria. We demonstrate that
PEN2 forms homodimers and pathogen-induced multimeric
aggregates that are exclusively associated with the periphery of
a subset of mitochondria, which become immobilized at sites
of attempted pathogen entry. Confocal live-cell imaging analyses
of glutathione redox potential suggest that the immobilized mi-
tochondrial subpopulation showsanoxidative shift.Moreover,we
show that exclusive targeting of functional PEN2 to the outer
membrane of mitochondria is sufficient to restore its function in
penetration resistance. Furthermore, we showpathogen-induced
and cell-autonomous expression of CYP81F2, its localization to
the ER, and a tight association of the ER andmitochondria at sites
of fungal invasion attempts, thus bringing together all the ele-
ments of a highly localized toxin synthesis, activation and export
machinery.

RESULTS

PEN2 Shows Pathogen-Induced Accumulation in the
Periphery of Immobilized Subcellular Compartments

We previously showed that GFP-tagged PEN2 is associated with
mobile subcellular compartments that focally accumulate at sites
of attempted fungal invasion (Lipka et al., 2005). It is important
to note that it was necessary to insert GFP between the globular
enzymatic part of the protein and its C-terminal extension
(PEN2-GFP-TAPEN2; Supplemental Figure 1A) to produce a func-
tional protein with the capacity to complement the pen2 mutant
phenotype (Lipka et al., 2005) and that we used endogenous 59
regulatory sequences to control expression in the stable
transgenic lines in our earlier work (Lipka et al., 2005) and
throughout this study. Here, we analyzed the subcellular be-
havior of functional PEN2-GFP-TAPEN2 in more detail. To this
end, we inoculated pen2mutant plants expressing PEN2-GFP-
TAPEN2 with Bgh conidiospores and analyzed the subcellular
localization of PEN2-GFP-TAPEN2 by confocal laser scanning
microscopy (CLSM). These analyses confirmed our earlier ob-
servations, but also revealed distinct levels of fluorescence intensity
at individual plant-microbe interaction sites 20 h postinoculation
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(hpi) (Figure 1A).Closer examinationof interaction sitesat this time
point showed that some sites were characterized by only a few
fluorescent structures with comparatively low overall intensities
of peripheral GFP fluorescence and occasional peripheral foci
with elevated fluorescence intensity (Figure 1B). Other sites had
high numbers of individual subcellular compartments that
showed highly localized accumulation with intense overall
GFP fluorescence (Figure 1C). It is important to note that
powdery mildew inoculations do not result in fully synchronized
conidiospore germination and cell wall penetration attempts.
Thus, we hypothesized that the observed differences reflect
distinct stages of attempted invasion and therefore analyzed
incipient penetration sites by time-lapse CLSM. Indeed, these
experiments confirmed an increase in GFP fluorescence around
the tips of fungal appressoria (Figure 1D, t0 to t20). Moreover,
higher magnification revealed that a subpopulation of GFP-
tagged compartments become immobilized at Bgh invasion
sites, whereas other compartments retained their mobility
(Figure 1E; SupplementalMovie 1). Thearrestedcompartments
in particular developed peripheral patches of intense GFP
fluorescence. Within 20 to 30 min, the hyperfluorescence foci
expand, intensify, and ultimately decorate the entire compart-
ment. We frequently observed disappearance of intense fluo-
rescence at later time points (Figure 1D, t60 and t75), which may
reflect a successful defense response and early termination of
fungal invasion.

Pathogen Attack Induces Formation of PEN2 Dimers and
Oligomers of Higher Order

PEN2orthologs tend to formhomo-or hetero-oligomers and large
heteromeric protein aggregates (Kittur et al., 2007; Yamada et al.,
2011).Oligomerizationandaggregate formationhavebeenshown
to control hydrolytic activity (Kwak et al., 2009; Yamada et al.,
2011). To analyze the homomerization capacity of PEN2, we first
conducted split-ubiquitin yeast two-hybrid assays (Figure 1F).
These experiments demonstrated that only full-length PEN2 can
homodimerize, whereas the N-terminal globular part (M1-D498)
or the C-terminal extension of PEN2 (Q496-N560) alone fail to
interact with full-length PEN2. To validate homomer formation
of full-length PEN2 in planta, we performed blue native poly-
acrylamide gel electrophoresis with extracts of wild-type, pen2
mutant, and PEN2-GFP-TAPEN2-producing plants that were
challenged with Bgh or not. Subsequent immunoblot analyses
using a PEN2-specific antibody confirmed in planta formation of
PEN2 homodimers in unchallenged and challengedwild-type and
PEN2-GFP-TAPEN2-producing plants (Supplemental Figure 1B).
However, these experiments neither provided evidence for larger
PEN2 homo-oligomers nor did they support pathogen-induced
homo-oligomerization. It is important to note that the detection
sensitivity may be limited when analyzing cell-autonomous
pathogen-induced responses of individual Arabidopsis epidermal
pavement cells in crude plant leaf extracts. To increase detection
sensitivity, we immunoprecipitated PEN2-GFP-TAPEN2 protein
complexes from extracts of control and Bgh-challenged plants
using GFP-Trap coupled to agarose beads (Supplemental Figure
1C). Immunoblot analyses with a-PEN2 confirmed the specific
pull-down of GFP fusion proteins and a pathogen-induced

formation of SDS-resistant PEN2 dimers and oligomers of higher
order (Figure 1G; Supplemental Figure 1D).

The C Terminus of PEN2 Has Tail Anchor Function

TheuniqueC-terminal extensionofPEN2waspreviouslyshownto
be required for functionality in plant innate immunity (Lipka et al.,
2005), suggesting that it may control enzymatic activity and/or
subcellular localization. Indeed, the C terminus of PEN2 harbors
a stretch of hydrophobic amino acids with a predicted a-helical
structure (Lipkaet al., 2005),which resembles classicalC-terminal
tail anchors (TAs). TAs are characterized by a single trans-
membrane domain (TMD), which functions as a posttranslational
targeting sequence and mediates insertion in intracellular mem-
branes, thereby positioning the large N-terminal protein portion
toward the cytosol (Abell and Mullen, 2011). To analyze whether
or not the C terminus of PEN2 has TA function, we generated
transgenic pen2-1 mutant plants that express GFP fused
to PEN2’s C-terminal extension (Q496-N560; GFP-TAPEN2;
Supplemental Figure 1A) under control of the native PEN2
promoter sequence. CLSM revealed that GFP-TAPEN2 copied the
subcellular localization pattern of full-length PEN2-GFP-TAPEN2

and tagged the periphery of subcellularmembrane compartments
that were either mobile or focally accumulating at plant-microbe
interaction sites (Figures 2A and 2B). This supports the idea that
the C terminus has TA function and is sufficient to determine the
subcellular localization of the PEN2 protein. However, we were
unable to detect hyperfluorescence typical for full-length PEN2-
GFP-TAPEN2 decorating the immobilized organelle subpopulation
at plant-microbe interaction domains. This suggests that the
N-terminal globular part is required for pathogen-induced protein
aggregate formation and also rules out the possibility that ag-
gregate formation and hyperfluorescence are the result of un-
specific fluorescence protein interactions. Experiments in which
we stably coexpressed GFP-TAPEN2 and full-length PEN2-RFP-
TAPEN2 support this conclusion, as we were able to detect a clear
overall colocalization pattern of GFP and RFP signals, but only
hyperfluorescent signals of RFP at sites of attempted fungal in-
vasion (Figure 2B). To learn more about TA functionality and its
contribution to subcellular protein localization behavior, we
generated a series of PEN2TAdeletion constructs (Figure 2C) that
we used for pen2-1 mutant complementation analyses and lo-
calization by CLSM. Constructs in which the last three C-terminal
amino acids were deleted (PEN2-GFP-TAPEN2ΔC3) retained full
complementation capacity (Figure 2D) and showed a subcellular
localization pattern that was indistinguishable from PEN2-GFP-
TAPEN2 (Figure 2E). Similarly, constructs missing the last four
aminoacids (PEN2-GFP-TAPEN2ΔC4) showedadosage-dependent
capacity to complement thecompromisedpathogenentry control
phenotype of the pen2mutant background (Figure 2D). However,
CLSM utilizing the corresponding transgenic Arabidopsis lines
suggested a comparatively lower level of fluorescence intensity
associated with intracellular membrane compartments and
higher fluorescence intensity in the cytosol (Figure 2E). A dis-
crete peripheral membrane association was impossible to
detect with constructs that lack the last five C-terminal amino
acids (PEN2-GFP-TAPEN2ΔC5) or the entire predicted C-terminal
TMD (PEN2-GFP-TAPEN2ΔTMD) or when the positively charged
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Figure 1. PEN2 Exhibits Pathogen-Induced Accumulation at Sites of Attempted Invasion.

(A) to (D)Maximum z-projections of CLSM images ofBgh-challenged epidermal leaf cells expressing PEN2-GFP-TAPEN2 under control of the endogenous
promoter in the pen2-1 background. It is important to note that powdery mildew inoculations do not result in fully synchronized conidiospore germination
and cell wall penetration attempts. Fungal structures were stained with FM4-64.
(A)Distinct levels of PEN2-GFP-TAPEN2 fluorescence intensity at three individual plant-microbe interaction sites at 20 hpi (arrowheads).White lines indicate
cell borders (z-stack 26 µm).
(B)Close-up view of an individual interaction site at 20 hpi shows foci of elevated PEN2-GFP-TAPEN2 fluorescence intensity at the periphery of amembrane
compartment (arrowheads; z-stack 12 µm).
(C) Another interaction site at 20 hpi shows subcellular compartments with an intense overall PEN2-GFP-TAPEN2 fluorescence accumulating below the
fungal appressorium (z-stack 27 µm).
(D)Time-lapseCLSMofan individual interactionsite startingat20hpidemonstratesbothaccumulationof intensePEN2-GFP-TAPEN2fluorescenceat fungal
invasion sites and subsequent disappearance within 75 min over time (z-stack 21 µm).
(E)Highermagnificationof singleCLSMimagesshowmobileGFP-taggedcompartmentsandan immobilizedsubpopulationdevelopingperipheralpatches
of higher PEN2-GFP-TAPEN2 fluorescence from19 to 19.5 hpiwithBgh (arrowheads). ap, appressorium; pp, penetrationpeg; sp, spore; t, time (min)with t0 =
19 hpi. Bars = 10 µm.
(F) Split-ubiquitin yeast two-hybrid assays indicate homomerization capacity only of full-length PEN2 protein. Neither the globular part (Nterm) nor the
C-terminal part (Cterm) of PEN2 interactwith the full-lengthprotein andenable yeast growthon selectivemedium (-Ade, -His). KAT1dimerizationwasusedas
a positive control.
(G) Immunoblot analyses of immunoprecipitated eluate from Bgh challenged and unchallenged pen2-1 mutant and PEN2-GFP-TAPEN2 plants using
GFP-Trapcoupled toagarosebeadsconfirmspecificpull-downofGFPfusionproteinsandpathogen-inducedPEN2homomerization18hpiwithBgh. Equal
volumesof eacheluatewere subjected toSDS-PAGE.Blackarrowheads indicateproteindimers/oligomers,whereas thegrayarrowheadmarksmonomers.
Experiments were repeated three times with similar results. CBB, Coomassie Brilliant Blue.
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amino acid lysine (fifth from last) is exchanged with a neutral
glycine residue (PEN2-GFP-TAPEN2K556G) (Figure 2E). Instead,
CLSM shows diffuse distribution in the cytoplasm and, pos-
sibly, reticulate ER localization. These mistargeted proteins are
not able to fully restore the compromised pathogen entry de-
fense of pen2 mutant plants (Figure 2D), underpinning the func-
tional importance of the membrane compartment-associated
PEN2 protein subpool.

PEN2 Is Dually Targeted to Peroxisomes and Mitochondria,
but Only Mitochondria Are Immobilized at Plant-Microbe
Interaction Sites

Previous experiments, in which uninfected Arabidopsis plants
expressing PEN2-GFP-TAPEN2were used for colocalization studies
with transiently expressed fluorescent organelle markers,
suggested that a cellular subpool of PEN2 is associated with
the periphery of peroxisomes (Lipka et al., 2005). Here, we
generated stable transgenic pen2-1 mutant lines coexpressing
PEN2-GFP-TAPEN2 together with the peroxisomal matrix
marker RFP-PEROXISOME TARGETING SIGNAL1 (RFP-PTS1)
(Nelson et al., 2007). CLSM corroborated our earlier finding that
PEN2-GFP-TAPEN2 is associated with the peroxisome membrane
(Figure 3A). However, we did not observe stable immobilization of
RFP-tagged peroxisomes at plant microbe-interaction sites or
PEN2 aggregate formation in the periphery of RFP-tagged
peroxisomes. Although CLSM time-lapse experiments showed
transport to interaction sites, accumulation of peroxisomes was
only transient (Supplemental Figures2Aand2B).Notably, PEN2-
GFP-TAPEN2 aggregate formationwas restricted to other, smaller
membrane compartments, which were immobilized in the im-
mediateproximity of the tipsof fungal appressoria. Similar analyses
with stable transgenic pen2-1 mutant lines coexpressing PEN2-
GFP-TAPEN2 and the mitochondrial matrix marker ScCOX4-RFP
(SaccharomycescerevisiaeCYTOCHROMECOXIDASE IV fused to
RFP) (Nelson et al., 2007) suggested that these organelles are
mitochondria (Figure3B). Indeed,our time-courseanalysesshowed
that PEN2-GFP-TAPEN2 also resides in the periphery of mobile
mitochondria, that a subpopulation of mitochondria is focally
positioned and locked at pathogen entry sites, and that PEN2
aggregate formation occurs at these arrested mitochondria
(Supplemental Figures 2C and 2D). To assess mitochondrial
mobility and PEN2-GFP-TAPEN2 fluorescence intensities in a
quantitative manner, we systematically analyzed eight time-
lapse CLSM data sets of pen2-1 mutant plants coexpressing
PEN2-GFP-TAPEN2 and ScCOX4-RFP at 24 hpi with Bgh
(Supplemental Figure 3 and Supplemental Movie 2). First, we
generated pseudo-color-coded probability maps for the pres-
ence of individual mitochondria over the observation time using
ScCOX4-RFP as a mitochondrial marker (Supplemental Figure
3A), with the rationale of low mobility to correlate with high
probability of presence and vice versa. These analyses clearly
indicated lowmobility at the site of attempted fungal penetration
(red, high probability of presence/low mobility; blue, low prob-
ability of presence/high mobility). High values around the at-
tempted penetration site are in agreement with visually apparent
immobilization of mitochondria in the corresponding video se-
quences (Supplemental Movie 2). In a separate approach, we

measured the average probability for the presence of individual
mitochondria as a function of distance from the site of attempted
invasion (Supplemental Figure 3B), which confirmed high values
close to the penetration site tailing off at a distance of 10 to
15µm.Wenext used the same timeseries toquantify theaverage
fluorescence intensities of PEN2-GFP-TAPEN2 and the mito-
chondrial marker ScCOX4-RFP per single mitochondrion as
a function of distance to the plant-microbe interaction site
(Supplemental Figure 3C). GFP fluorescence intensity per mi-
tochondrionwas consistently increased close to the penetration
site in the individual time series and the corresponding average
analysis (Supplemental Movie 2 and Supplemental Figure 3D).
By contrast, the RFP signal was relatively constant per mitochon-
drion and showed no distance-related trend. Together, these
quantitative data support the idea of PEN2 aggregate formation
at arrested mitochondria close to sites of attempted powdery mil-
dew invasion. Inspection of wild-type Arabidopsis-Bgh interaction
sites with transmission electron microscopy supports focal accu-
mulation of mitochondria together with ER, Golgi stacks, and se-
cretory vesicles beneath pathogen-induced cell wall appositions
(Supplemental Figure 2E). Moreover, CLSM with Bgh-challenged
wild-typeandpen2-1mutantplantsexpressingScCOX4-RFPalone
substantiate the above findings and exclude that transgenic ex-
pression of PEN2-GFP-TAPEN2 or lack of PEN2 wild-type protein
affect the subcellular behavior of mitochondria (Supplemental
Figures 2F and2G). To verify the dual organelle localization of PEN2
to the membrane of peroxisomes and the outer mitochondrial
membrane (OMM), we employed a biochemical approach. To this
end,we isolatedperoxisomesandmitochondria from leavesofwild-
type, pen2-1 mutant, and PEN2-GFP-TAPEN2-producing plants
using previously published methods (Kruft et al., 2001; Reumann
et al., 2007; Sweetlove et al., 2007). Comparative immunoblot ex-
perimentswithspecificantibodies forPEN2, theperoxisomalmarker
protein PEROXIN14 (PEX14) (Hayashi et al., 2000) and the OMM
protein VOLTAGE-DEPENDENT ANION CHANNEL1 (VDAC1)
(Tateda et al., 2011), showed an enrichment of mitochondria and
peroxisomes, respectively, andsupport in vivo targetingofPEN2 to
the OMM and the membrane of peroxisomes (Figures 3C and 3D).

Exclusive Targeting of Functional PEN2 to Outer
Mitochondrial Membranes Mediates PEN2-Dependent
Pathogen Entry Resistance

Next, we addressed the question of whether or not the mito-
chondrial PEN2 subpool alone is sufficient to mediate PEN2-
dependent entry control. For this purpose, we looked for a plant
protein TA that provides exclusive targeting to the OMM, which
could be used to replace the promiscuous TA of PEN2 in trans-
genic complementation experiments. One TA that we considered
likely to meet this criterion was the C terminus of Arabidopsis
TRANSLOCASE OF OUTER MITOCHONDRIAL MEMBRANE
20-4 (TOM20-4), a subunit of the mitochondrial outer membrane
import complex (Abell and Mullen, 2011). Indeed, in transgenic
plants coexpressing RFP-tagged TOM20-4 (RFP-TOM20-4;
Supplemental Figure 4A) and GFP/CFP-markers for either
mitochondria (ScCOX4-GFP) or peroxisomes (CFP-PTS1), we
detected specific labeling of mitochondria and not of per-
oxisomes (Supplemental Figures 4B and 4C). Moreover, when
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Figure 2. The C-Terminal Extension of PEN2 Is Important for Subcellular Localization and Functionality.

(A)Maximum z-projection of CLSM images from a transgenic leaf epidermal cell expressing GFP-TAPEN2 reveal localization of the truncated protein to the
periphery of subcellular membrane compartments 24 hpi with Bgh. Fungal structures were stained with FM4-64 (z-stack 22 µm). ap, appressorium. Bar =
10 µm.
(B)SingleCLSMimageof transgenic leaf epidermal cells coexpressingGFP-TAPEN2 and full-lengthPEN2-RFP-TAPEN2 showscolocalizationofbothproteins
in the same membrane compartment, but GFP-TAPEN2 does not contribute to PEN2-RFP-TAPEN2 hyperfluorescence underneath the fungal appressorium
22 hpi with Bgh. Arrowheads point to PEN2-RFP-TAPEN2 hyperfluorescence at the site of attempted fungal invasion. ap, appressorium. Bar = 10 µm.
(C) Protein sequence of the C-terminal extension of different PEN2 TA deletion constructs. The predicted transmembrane domain is underlined. Positively
charged amino acid lysine is marked in red. Number indicates protein position in the native PEN2 protein.
(D) and (E) pen2-1mutant complementation analyses and CLSMof PEN2-GFP TA deletion constructs indicate full complementation capacity only occurs
for proteins that associate with membrane compartments.
(D) Upper part: Frequency of invasive growth at Bgh interaction sites 72 hpi on Col-3, gl1, pen2-1, and plants expressing full-length PEN2-GFP-TAPEN2 or
different deletion proteins. Different letters indicate significantly different classes (99% confidence intervals) determined by one-way ANOVA with Tukey’s
post test. Depicted results represent two biological replicates with 100 interaction sites analyzed on three different leaves each. Error bars indicate SE of the
mean. Lower part: Corresponding immunoblot analyses of all plant lines using 30 µgprotein and thePEN2-specific antibody showdifferent levels of protein
expression. CBB, Coomassie Brilliant Blue staining. Experiments were repeated three times with similar results.
(E) Single CLSM images of transgenic plants show subcellular localization of PEN2-GFP-TAPEN2 and different PEN2-GFP TA deletion constructs. The
deletion proteins PEN2-GFP-TAPEN2ΔC5, PEN2-GFP-TAPEN2ΔTMD, and PEN2-GFP-TAPEN2K556G show diffuse distribution in the cytoplasm and, possibly,
reticulate ER localization. Bar = 10 µm.
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we analyzed transgenic plants coexpressing RFP-TOM20-4
and PEN2-GFP-TAPEN2 by CLSM we observed colocalization
and noticed organelle accumulation and immobilization at
pathogen interaction sites and peripheral PEN2 aggregate
formation as before (Supplemental Figure 4D). As a next step,
we made PEN2-GFP fusion constructs in which the genuine
TA of PEN2 was replaced by the C-terminal TA of TOM20-4

(PEN2-GFP-TATOM20-4; Supplemental Figure 4A). CLSM analyses
of Nicotiana benthamiana leaf epidermal cells transiently coex-
pressing either ScCOX4-RFP or RFP-PTS1 together with PEN2-
GFP-TATOM20-4 confirmed specific targeting of the latter to the
periphery of mitochondria (Figures 4A and 4B). Finally, we gener-
ated stably transformed pen2-1 mutant plants producing PEN2-
GFP-TATOM20-4 under control of native 59 regulatory sequences.

Figure 3. PEN2 Is Localized to the Periphery of Peroxisomes and Mitochondria.

(A)CLSM image shows association of PEN2-GFP-TAPEN2 with themembrane of RFP-PTS1-marked peroxisomes in double transgenic leaf epidermal cells
20 hpi with Bgh. Arrowheads point to the localization of PEN2-GFP-TAPEN2 in the periphery of peroxisomes. Bar = 10 µm.
(B) CLSM image of double transgenic leaf epidermal cells expressing PEN2-GFP-TAPEN2 andmitochondrial marker ScCOX4-RFP confirms association of
PEN2 with the membrane of mitochondria 22 hpi with Bgh. Arrowheads point to colocalization of mitochondria with PEN2-GFP-TAPEN2 aggregates and to
association of PEN2-GFP-TAPEN2 with the periphery of this organelle. ap, appressorium. Bar = 10 µm.
(C) and (D) Immunoblot analyses of mitochondria-enriched (C) and peroxisome-enriched (D) fractions from Col-3, gl1 wild-type, pen2-1 knockout, and
transgenicpen2-1mutant plants expressingPEN2-GFP-TAPEN2. Following chloroplast sedimentation, the supernatant (S)wasenriched formitochondria or
peroxisomes using Percoll (fractions 21 and 22 of 24 1.5-mL fractions) or sucrose (fractions 13 and 14 of 14 1-mL fractions) density gradients, respectively.
Using aPEN2-specific antibody allowed thedetection of endogenousPEN2 (;65 kD, lower arrowhead) inwild-type plants and thedetection of PEN2-GFP-
TAPEN2 (;95kD, upper arrowhead) in transgenicpen2-1mutant plants producingPEN2-GFP-TAPEN2 in bothmitochondria (C)andperoxisome (D) fractions.
Asterisks indicate unspecific signals detectedbya-PEN2. Antibodies against themitochondrialmarker protein VDAC1and theperoxisome-specificPEX14
were used to observe enrichment of the respective organelles. Note that due to small sample size and low protein concentration (;30 µg), the same
mitochondria (C) or peroxisome (D) fraction containing blot was used for probing with the indicated antibodies (involving stripping and reprobing). The
Coomassie Brilliant Blue (CBB) staining shows loading on the respective membrane.
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Subsequent Bgh inoculation experiments corroborated mito-
chondrial recruitment to pathogen interaction sites and revealed
aggregate formation of PEN2-GFP-TATOM20-4 at the periphery of
immobilized mitochondria that was identical to the pattern ob-
served for PEN2-GFP-TAPEN2 (Figures 4C and 4D). In addition,
expression of PEN2-GFP-TATOM20-4 complemented the pen2

mutant phenotype in a dosage-dependent manner and had the
capacity to fully restore pathogen entry control (Figures 4E and 4F).
Together, our datasuggest that theTAofTOM20-4can functionally
replace the genuine TA of PEN2 and that the mitochondrial PEN2
protein subpool alone is sufficient to provide PEN2-dependent
penetration resistance against Bgh. We also aimed to generate

Figure 4. The C-Terminal TA of TOM20-4 Can Functionally Replace PEN2’s TA for Proper Subcellular Localization and Functionality.

(A) and (B) CLSM images of N. benthamiana leaf epidermal cells, transiently coexpressing PEN2-GFP-TATOM20-4 and either RFP-tagged mitochondrial
marker (A) or RFP-labeled peroxisomes (B), show that PEN2-GFP-TATOM20-4 is exclusively associated with mitochondria and not peroxisomes 3 d after
Agrobacterium tumefaciens infiltration.
(C) and (D) Two examples of z-projections of CLSM images from transgenic leaf epidermal cells expressing PEN2-GFP-TATOM20-4 exhibit the same
subcellular behavior and aggregate formation asPEN2-GFP-TAPEN2 20 hpiwithBgh. Fungal structureswere stainedwith FM4-64 (z-stack 22 and9 µm). ap,
appressorium; sp, spore. Bars = 10 µm.
(E) Complementation analyses of pen2-1mutant by PEN2-GFP-TATOM20-4 indicate full complementation capacity of the chimeric construct. Results were
scored72hpiwithBgh. Different letters indicate significantly different classes (99%confidence intervals) determinedbyone-wayANOVAwithTukey’spost
test.Depicted results represent twobiological replicateswith100 interactionsitesanalyzedon threedifferent leaves, each.Errorbars indicateSEof themean.
(F)Corresponding immunoblot analysesof all plant linesusing30µgprotein extract andaGFP-specificantibody showdifferent levelsofprotein expression.
Experiments have been repeated three times with similar results. CBB, Coomassie Brilliant Blue staining.
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analogous transgenic pen2 mutant plants producing GFP-tagged
PEN2 protein that is exclusively localized tovperoxisomal
membranes. To this end, we used the TAs of ASCORBATE
PEROXIDASE3 (TAAPX3) or MONODEHYDROASCORBATE
REDUCTASE4 (TAMDAR4), whichwere recently described toprovide
exclusive targeting to peroxisomal membranes (Lisenbee et al.,
2005;Narendraetal.,2006).However,all transgenic linesgenerated
with these two different TAs showed promiscuous localization to
both peroxisomes and mitochondria. This precluded reciprocal

experiments to analyze the contribution of the peroxisomal PEN2
protein subpool to pathogen entry control directly.

PEN2 Substrate Production Is Localized to the Surface of
the ER, Which Focally Reorganizes toward Sites of
Pathogen Attack

Recent work by Bednarek et al. (2009) and Clay et al. (2009)
showed that the cytochrome P450 monooxygenase CYP81F2

Figure 5. The ER-Localized Fusion Protein CYP81F2-RFP Focally Accumulates at Plant-Microbe Interaction Sites.

(A) and (B) CLSM images from transgenic leaf epidermal cells expressing CYP81F2-RFP under control of the endogenous promoter show no detectable
RFP fluorescence in unchallenged epidermal cells (A) but strong fluorescence particularly under the infection site in pathogen treated ones 20 hpi with Bgh (B).
(C) CLSM image of transgenic cells coexpressing CYP81F2-RFP and CFP-labeled ER lumen demonstrates colocalization of both proteins to the ER
18 hpi with Bgh.
(D)CLSManalysis of transgenic leaf epidermal cells coexpressingCYP81F2-RFPandPEN2-GFP-TAPEN2 indicates closeproximity of ERaccumulation and
PEN2 aggregation at plant-microbe interaction sites 20 hpi with Bgh.
White line indicates fungal appressorium. ap, appressorium. Bars = 10 µm.
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is required for thepathogen-inducedproductionof4-substituted
I3G substrates of PEN2 and subsequent resistance to powdery
mildew entry. In general, metabolite production requires a highly
coordinated compartmentalization of pathway enzymes in order
to channel precursors to their target enzymes, optimize flux
efficiency, and sequester pathway intermediates and products
(Sweetlove and Fernie, 2013). This applies particularly to the
production of toxicmetabolites, which are potentially harmful for
the host organism, as in the case of the PEN2 pathway products
(Stein et al., 2006). To learn more about the subcellular site
of PEN2 substrate production, we generated transgenic Ara-
bidopsis plants expressing RFP-tagged CYP81F2 under the
control of endogenous promoter sequences in the cyp81f2-2
mutant background. As CYP81F2 was predicted to contain an
N-terminal membrane anchor (Pfalz et al., 2009), we decided to
use a C-terminal RFP fusion construct (CYP81F2-RFP). The
transgenic plants obtained show pathogen-induced expression
of functional CYP81F2, as indicated by immunoblot analysis of
leaf protein extracts and restoration of resistance to fungal entry
(Supplemental Figures 5A to 5C). Cell-autonomous expression
of CYP81F2-RFP in response to pathogen attackwas confirmed
by CLSM, as we observed strong RFP fluorescence only in
epidermal cells that were subject to attempted fungal invasion
(Figures 5A and 5B), suggesting that the enhanced CYP81F2-
RFPdetected in our immunoblot analysis results fromadramatic
pathogen-induced production in these individual epidermal
cells. In these cells, RFP fluorescence showed a reticulate
distribution and focal accumulation pattern at plant-microbe
interaction sites (Figure 5B), suggesting a potential association
of CYP81F2 with the ER and its recruitment to the contact zone
between the plant and the invader. To test this hypothesis,
we generated stable transgenic cyp81f2 mutant plants co-
expressing functional CYP81F2-RFP together with the ER-
marker AtWAK2-CFP-HDEL (Arabidopsis WALL-ASSOCIATED
KINASE2 at theN terminus andER retention signal His-Asp-Glu-
Leu at its C terminus; Nelson et al., 2007). CLSM experiments
showed a clear colocalization (Figure 5C), supporting the idea
that CYP81F2, like most other eukaryotic cytochrome P450
monooxygenases (Grubb and Abel, 2006), is N-terminally an-
chored in the ER membrane positioning its catalytic site facing
the cytoplasm. Further CLSM analyses in which we analyzed
pathogen-challenged transgenic Arabidopsis plants coexpress-
ing CYP81F2-RFP and PEN2-GFP-TAPEN2 confirmed a network-
like RFP distribution pattern coalescing into a lamellar sheath of
bright RFP fluorescence at sites of attempted fungal ingress
(Figure 5D). These areas of strong RFP fluorescence are in close
proximity to the immobilized mitochondria that are characterized
by PEN2-GFP-TAPEN2 aggregate formation (Figure 5D).

Mitochondria in Close Proximity to Sites of Pathogen Attack
Exhibit Redox Imbalances

It is important to note that the dynamic cellular responses induced
by microbial attack such as cytoskeletal rearrangements, motor
protein-dependent organelle and vesicle transport, as well as
SNARE and ABC transporter-mediated secretion are highly energy-
dependent processes. Thus, it is possible that the recruit-
ment of plant mitochondria to interaction sites with invading

microbes may also supply ATP for energy-dependent transport
and secretion at the plasma membrane. Moreover, as the re-
spiratory machinery is very sensitive to changing redox con-
ditions, mitochondria are also known to function as sensors for
cellular functional imbalance (Schwarzländer and Finkemeier,
2013; Ng et al., 2014). Thus, changes in the mitochondrial redox
status can induce signaling events leading to direct effects on
mitochondrial function and dynamics and to adaptations in gene
expressionvia retrogradesignalingbetweenmitochondria and the
nucleus. Recently, mitochondrial matrix-targeted redox-sensitive
GFP sensors have become available for in vivo measurement
of glutathione redox potential in Arabidopsis by ratiometric de-
termination of GFP fluorescence emission captured at 500 to
540nmafterexcitationat405versus488nm(Schwarzländeret al.,
2008; Albrecht et al., 2014). Here, we used these sensor lines to
test whether or not barley powdery mildew attack induces oxi-
dative perturbation in epidermal mitochondria. CLSM time-lapse
scansofBgh-challengedplantsexpressingmt-roGFP2confirmed
the dynamicmovement of mitochondria in Arabidopsis epidermal
cells and the clustered immobilization of individual mitochondria
at sites of attempted fungal penetration (Supplemental Movie 3;
Figure 6A). Next,wedetermined the thiol redox statusof individual
mitochondria in attacked and directly adjacent epidermal cells
dependent on their distance from the fungal entry site (Figures 6B
and 6C) using quantitative redox imaging software recently de-
veloped by Fricker (2015). These analyses demonstrated that
mitochondria within 5 µm of the infection site show significantly
increased sensor oxidation than the rest of the mitochondrial
population. Interestingly, there also appears to be a trend toward
slightly higher levels of oxidation in mitochondria of uninfected
cells that are close to the interaction site. Together, these data
corroborate the idea thatpathogenattack induces the formationof
distinct mitochondrial subpopulations within single epidermal
cells. Moreover, the thiol redox status of individual mitochondria
changes as a function of distance from the actual site of fungal
invasion. Consequently, mitochondria that are subject to immo-
bilization at sites of attempted fungal ingress are characterized
by a significantly higher sensor oxidation. This reflects an im-
balance in the matrix thiol-redox homeostasis as a likely conse-
quence of localized release of oxidizing molecules such as
hydrogen peroxide.

DISCUSSION

With this study, we provide evidence for the formation and
functional importance of a mitochondrial subpopulation in in-
dividual leaf epidermal cells that are under attack by nonadapted
powdery mildew fungi. This pathogen-induced mitochondrial
subpopulation is characterized by recruitment to and immobili-
zation at sites of attempted fungal invasion. Mitochondrial
translocation is mediated by myosin motor protein-dependent
transport along actin filaments (Yang et al., 2014), which are
known to focally reorganize toward sites of pathogen attack as
a consequence of mechanical stimulation (Hardham et al., 2008)
and/or MAMP-induced signaling (Li et al., 2015). Thus, focal re-
organization of the actin cytoskeleton may indeed serve the local
recruitment of mitochondria and other organelles. Double fluo-
rescence labeling experiments conducted in our study showed

Mitochondria and PEN2-Mediated Defense 139

http://www.plantcell.org/cgi/content/full/tpc.15.00887/DC1
http://www.plantcell.org/cgi/content/full/tpc.15.00887/DC1


that immobilization of mitochondria is accompanied by a focal
rearrangement of the ER coalescing into a lamellar sheath in close
proximity to this mitochondrial subpopulation. Whether or not
mitochondrial arrest is a consequence of the structural ER re-
organization remains to be determined. In Arabidopsis, clustering
and immobilization of mitochondria has been observed in re-
sponse to UV light exposure (Gao et al., 2008) or upon applica-
tion of methyl jasmonate (Zhang and Xing, 2008), the oxylipin
9-hydroxy-10,12,15-octadecatrienoic acid (Vellosillo et al., 2013),
or reactiveoxygenspecies (ROS) (Scott andLogan,2008) andwas
suggested to be controlled by the CLUSTEREDMITOCHONDRIA-
type FRIENDLY gene product (El Zawily et al., 2014). Thus, it will be
interesting to test friendly mutant plants in regard to pathogen-
induced mitochondrial arrest, PEN2 recruitment patterns, and
subsequent disruption of pathogen entry resistance. We postulate
that the pathogen-induced concerted structural assembly of ER
and mitochondria observed in this study may even result in a
functionally specialized subcellular cytosolic microcompartment.
Notably, the observed structural rearrangements coincide with
a simultaneous and cell-autonomous transcriptional induction and

protein recruitment of bothCYP81F2 andPEN2 to the cytoplasmic
surface of the ER and the OMM, respectively. These findings
support the idea of metabolon formation as a conceptual framework
for the spatio-temporal organization of metabolism in plant cells
(Sweetlove and Fernie, 2013). Indeed, one critical function of the
postulated microcompartment may be the generation of a spatio-
temporally controlled IG metabolon that channels metabolites
for biosynthesis and activation of 4-substituted I3Gs. It is also not
difficult to imagine that concerted organelle activities create
a specific cytosolic reaction milieu with regard to pH, ATP, gluta-
thione,and ionconcentrations;H2O2andotherROS;andthiol redox
potential thataffectstheactivityofessentialenzymes likeCYP81F2,
PEN2, and PEN3, thus fine-tuning the control of metabolite pro-
duction, activation, and discharge. It is important to note in this
context that homo- or heteromeric aggregate formation, as shown
here for PEN2, is known to control enzymatic activity of related
glycosyl hydrolases (Kwak et al., 2009; Yamada et al., 2011). It is
likely that similar regulatory mechanisms apply for PEN2 and
provide additional control for metabolite flux and release of bio-
active hydrolysis products. Future efforts should address this

Figure 6. Ratiometric Analysis of Mitochondrial roGFP2 Fluorescence Reveals Enhanced Matrix Oxidation in Bgh-Infected Cells.

(A) and (B) Representative single frames of a typical CLSM time lapse (Supplemental Movie 3) of transgenic mt-roGFP2 in epidermal cells infected by Bgh
(green outline) and uninfected neighboring epidermal cells that show an accumulation of roGFP2-expressingmitochondria below the fungal appressorium
(ap; white dashed line). In (A), an overlay image of bright-field mt-roGFP2 fluorescence with excitation at 405 nm (red) and 488 nm (green) and auto-
fluorescence (blue), aswell as the respective single-channel images, are shown.Germinated fungal structures including theappressorium (ap) are indicated
by white dashed line. Ratiometric analysis was performed on segmentedmitochondria in infected (green) and uninfected (red) cells, and their distance was
measured relative to the attempted penetration site (pink star) (B). Mitochondria localized in stomata (blue outlines) were excluded from the analysis
presented in (C). Bars = 25 µm.
(C) Plot of the mt-roGFP2 fluorescence intensity ratio indicates higher 405/488-nm ratios and, therefore, higher oxidative state of mitochondria in
Bgh-infected cells, especially close to the attemptedpenetration site. Data points represent average (6SE) 405/488-nm ratios of eachmitochondria present
in concentric 2-µmannuli centered on the attempted penetration site andmeasured over a time frame of 01:26min (34 frames) for 24 individual penetration
events (i.e., a total number of 816 analyzed frames). Additionally, whole-cell 405/488-nm ratios were averaged and indicated for infected (green line) and
uninfected (red line) cells.
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question and aim to identify aggregate complex partners and
regulatory proteins that mediate both the formation and, as
observed in this study, disassembly of PEN2-containing ag-
gregate complexes. Another challenging task for the future will
be to directly demonstrate whether the observed homomeri-
zation capacity of PEN2 contributes to the accumulation of
PEN2-GFP fluorescence in the periphery of mitochondria. Fi-
nally, in wild-type Arabidopsis plants, energy-dependent dis-
charge of the PEN2 hydrolysis products by the ABC transporter
PEN3, which is subject to MAMP-induced recruitment into an
adjacent PM microdomain (Stein et al., 2006; Underwood and
Somerville, 2013), is likely to guarantee direct sequestration of
the toxic pathway endproducts from the interior of theplant cell.
Thus, and in contrast to the classical mustard oil bomb, which
involves cellular compartmentalization of myrosinases and
glucosinolate glucosides in distinct cells and is triggered upon
tissuedisruption by insect feedingor necrotrophic fungi (Halkier
and Gershenzon, 2006), glucosinolate-based defense against
biotrophic fungi is based on cell-autonomous subcellular
compartmentalization and concerted metabolon activity. This
involves dynamic cell polarization and structural reorganization
accompanied by organelle repositioning, transcriptional re-
programming, and dynamic changes in subcellular protein
localization.

In this study, we have shown that PEN2 is dually localized to the
membrane of peroxisomes and the OMM and provided evidence
that this promiscuous localization pattern is mediated by the TA
of PEN2. Promiscuous TA-mediated targeting to peroxisomes
and mitochondria has been observed for only a few Arabidopsis
proteins, all of which play a role in fission of both peroxisomes and
mitochondria (e.g., FISSION1A [FIS1A] and FIS1B [Zhang and
Hu, 2009]; PEROXISOMAL AND MITOCHONDRIAL DIVISION
FACTOR1 [PMD1; Aung and Hu, 2011]). Specific targeting to the
OMMalone, as observed for the TA of TOM20-4 in this study, has
been suggested to be either dependent on a dibasic targeting
motif within the TA or on the presence of a TA in combination with
upstream protein features and lipid composition of the OMM
(Marty et al., 2014). In our study, exclusive targeting of PEN2 to the
OMM by replacing the genuine TA with the TA of TOM20-4 was
sufficient to restore entry control against nonadapted Bgh
conidiospores. Together with our observation that PEN2 homo-/
heteromeric aggregate formation is restricted to immobilized
mitochondria, this may suggest that the peroxisomal subpool
of PEN2 is dispensable for penetration resistance in general. This
begs the question why PEN2 associates with peroxisome
membranes at all. In this context, it is important to note thatPEN2
mutations affect a remarkably broad spectrum of interactions
with various microbes, including other fungal pathogens such
as Plectosphaerella cucumerina (Sanchez-Vallet et al., 2010),
Magnaporthe oryzae (Maeda et al., 2009), Leptosphaeria maculans
(Elliott et al., 2008), andColletotrichumspecies (Hirumaetal., 2010),
oomycetes (e.g., Phytophthora brassicae; Schlaeppi et al., 2010),
and a growth-promoting endophytic fungus (Piriformospora indica;
Jacobs et al., 2011). An important question for the future will be
whether or not the peroxisomal PEN2 protein subpool is critical for
resistance against these pathogens and what the subcellular be-
haviorof peroxisomes,mitochondria, and thePEN2protein is like in
these interactions.

It is noteworthy that pathogen-induced cell polarization, ac-
companied by recruitment of organelles and protein translocation
to sites of interaction with microbial pathogens, is a general
response of monocot and dicot plants (Schmelzer, 2002). In
particular, mitochondria have also been shown to accumulate at
powdery mildew penetration sites in the monocot crop barley
(Kunoh and Ishizaki, 1973), reinforcing the idea that recruitment of
this organelle represents an evolutionarily ancient and conserved
phenomenon. By contrast, the pathogen-inducible production of
IGs is restricted to the dicot lineage of the Brassicales (Bednarek
et al., 2011; Hofberger et al., 2013) and thus evolved after the
monocot-dicot split (Chaw et al., 2004; Kagale et al., 2014).
In conclusion, we propose that recruitment and arrest of mito-
chondria serves another function in plant innate immunity that,
from an evolutionary perspective, predates IG metabolon for-
mation andwas co-opted for PEN2-dependent activation of toxic
products at plant-microbe interaction sites. Multiple lines of ev-
idence recently suggested fundamental roles of mitochondria in
plant innate immunity (reviewed in Colombatti et al., 2014). In
particular, exemplary studies have emphasized the importance of
salicylic acid-triggered mitochondrial ROS production (Gleason
et al., 2011), controlledmitochondrial protein import (Huang et al.,
2013), and mitochondrial retrograde signaling control (Vellosillo
et al., 2013) in defense againstmicrobial pathogens. These finding
are supported by recent Arabidopsis transcriptomemeta-analyses
suggesting that upregulation of defense gene expression might be
undermitochondrial retrograde control (Schwarzländer et al., 2012)
and that transcripts of alternative respiration, representing marker
genes for retrograde signaling, are specifically induced by Bgh
attack (Schwarzländer and Finkemeier, 2013). Consequently, it is
not surprising thatmicrobial pathogens evolved effectormolecules
that target mitochondria in order to manipulate their functionality
(Block et al., 2010). It is conceivable to postulate that this may be
particularly important for biotrophic pathogens asmitochondria are
notonlymaster regulatorsofdanger signalingandprogrammedcell
death in animals (Galluzzi et al., 2012) but have also been shown to
play an active role in plant hypersensitive response-related cell
death (Amirsadeghi et al., 2007; Colombatti et al., 2014). Using
Arabidopsis lines expressing the mitochondrial redox sensor mt-
roGFP2, wewere able to show here that mitochondria immobilized
at plant-microbe interaction sites exhibit a redox shift toward oxi-
dation as a likely consequence of localized generation of ROS.
Regardless of whether mitochondria are the prime source of ROS,
or a target for oxidative damage, or whether perturbation of mito-
chondrial functionanddynamics is thecauseorconsequenceof the
observed elevated oxidation status, it is important to note that
mitochondrial ROS can trigger retrograde signaling and hyper-
sensitive cell death in plants (Schwarzländer and Finkemeier, 2013;
Ng et al., 2014). Thus, it is tempting to speculate that the original
evolutionary function of themitochondrial subpopulation observed
in this study was to contribute to pathogen-induced retrograde
signaling to the nucleus and transcriptional reprogramming. Ulti-
mately, excess perturbation of the mitochondrial oxidation status,
as for example upon successful pathogen entry, may then trigger
cell death execution, which typically accompanies postinvasion
resistance to Bgh (Lipka et al., 2005). Future research combining
pathogen challenge experiments with in vivo redox imaging and
analysis of mutants with defects in either cell death execution or
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mitochondrial function and dynamics is needed to test this
hypothesis.

METHODS

Plant Lines and Growth Conditions

The following Arabidopsis thalianawild-type, mutant, and transgenic lines
wereused in this study:Col-0,Col-3gl1,cyp81F2-2 (Bednareket al., 2009),
pen2-1, pen2-2, pen2-1 expressing PEN2-GFP-TAPEN2 (Lipka et al., 2005),
AtWAK2-CFP-HDEL (Nelson et al., 2007), ScCOX4-GFP (Nelson et al.,
2007), and CFP-PTS1 (Nelson et al., 2007).

Arabidopsis, Nicotiana benthamiana, and barley (Hordeum vulgare)
seeds were sown on soil (Fruhstorfer Erde Typ T 25 fein from Hawita)
and grown in growth chambers at 18 to 22°C with an 8-h photoperiod
(Arabidopsis) and 16-h photoperiod (N. benthamiana and barley),
respectively.

Construction of Transgenic Lines

All constructs were cloned into the binary vector pAMPAT-MCS or the
derivative pAM-MCS-NotI possessing kanamycin resistance instead
of BASTA (Lipka et al., 2005). To create the PEN2-RFP-TAPEN2 fusion
construct, GFP was replaced in the original PEN2-GFP-TAPEN2 plasmid
described by Lipka et al. (2005) bymonomeric RFP using the primers listed
in Supplemental Table 1. For the deletion construct lacking the globular
part of PEN2, the GFP-TAPEN2 fragment was constructed by PCR am-
plification and integrated via restriction sites into pAMPAT-MCS. The
C-terminal deletion constructs were obtained from PEN2-GFP-TAPEN2

plasmid by PCR using primers listed in Supplemental Table 1 by
replacement of the original sequence with the mutated fragments via
restriction and ligation. The chimeric construct PEN2-GFP-TATOM20-4

was generated by exchange of the wild-type sequence with a PCR
fragment encoding the last 34 amino acids of TOM20-4. RFP-TOM20-4
was constructed by amplifying the open reading frame of TOM20-4 and
integration into the plasmid pAM-MCS-NotI containing a 35S promoter
and RFP. CYP81F2-RFP was constructed by amplifying CYP81F2 open
reading frame from cDNA and RFP from plasmid pSAT6-DEST-RFP-N1
(GenBank: EF212309.1) and integration of a 1998-bp native promoter
fragment starting immediately upstream of the ATG start codon from
genomic DNA. All constructs were confirmed by sequencing and
transformed by electroporation into Agrobacterium tumefaciens strain
GV3101 (pMP90RK).

Transformation of Arabidopsis

The floral dip method described by Clough and Bent (1998) was used to
create stable transgenic lines. Depending on the binary vector, either the
Agrobacterium strain GV3101 or GV3101 pMP90RK was used. Bacteria
were grown at 28°C for 48 h in dYT medium (16 g/L tryptone, 10 g/L yeast
extract, and 10 g/L NaCl) containing 50 mg/L of kanamycin, 50 mg/L of
rifampicin, and, for selection of transformed GV3101 pMP90RK cells,
25mg/L of carbenicillin. Bacterial suspensionswere centrifuged for 15min
at 4000g and resuspended in dipping solution (5% sucrose and 0.05%
Silwet L-77). Transgenic plant selection was either performed on half-
strength MSmedium (2.2 g/L Murashige and Skoog salt, 0.5 g/L MES, pH
5.7, and14g/Lphytoagar) containing 50mg/Lof kanamycinor by spraying
BASTA (Bayer CropScience) on soil-grown seedlings.

Transient Transformation of N. benthamiana

Three-week-oldN. benthamiana plants were used for transient expression
of fluorescent protein-tagged constructs. Two-day-old Agrobacterium

GV3101 suspensions with and without the helper plasmid pMP90RKwere
centrifuged and resuspended in infiltration medium (10 mM MgCl2, 5 mM
MES, pH 5.3, and 150 µM acetosyringone). A bacterial solution at OD600 =
1.0 was infiltrated into leaf panels with a syringe. The peroxisomal and
mitochondrial marker proteins were described by Nelson et al. (2007) and
were obtained from TAIR. Coinfiltration of the gene-silencing inhibitor p19
(Popescu et al., 2007) was done to enhance construct expression.

Inoculation of Arabidopsis and Pathogenicity Assay

Barley powdery mildew (Blumeria graminis f. sp hordei isolate K1) was
grown onH. vulgare cv Ingrid (line I-10) for 10 to 14 d and inoculated onto
4- to5-week-oldArabidopsisplantsusingasettling tower (Lipkaet al., 2005).
Quantification of fungal invasive growth was performed as described by
Lipka et al. (2005).

Microscopy

CLSMwas conductedwith a Leica DM6000B/TCSSP5microscope (Leica
Microsystems) with the following excitation wavelengths: aniline blue, 405
nm;CFP, 458 nm;GFP, 488 nm;RFP andFM4-64 (Invitrogen), 561 nm. For
visualization of fungal structures, infected leaves were incubated for 30 s
in FM4-64 (Invitrogen) staining solution (2 mM FM4-64 in water). Images,
overlays, and z-stacks were acquired and processed using the Leica
analysis software LAS AF2.2.1.

Ratiometric and positional analyses of individual mitochondria were
performed using custom software as described by Fricker (2015). In brief,
mitochondria were initially separated from each other into nonoverlapping
domains using watershed segmentation of an inverted template image
calculated from the maximum of both fluorescent channels in the case of
mt-roGFP2 or just the ScCOX4-RFP channel in dual-labeling experiments
with PEN2-GFP-TAPEN2. Each mitochondrion was refined using a local
intensity-based thresholdset at the50%valuebetween the localmaximum
in each watershed domain and the background to accommodate differing
overall mitochondrial intensities. In parallel, the (nonconfocal) bright-field
transmission image was processed to highlight cell boundaries and cal-
culate the distance from the attempted penetration site. Mitochondrial
distribution patterns and physiological responses were typically averaged
over 2 µm concentric annuli from the penetration site. To estimate the
degree of mitochondrial immobilization in the vicinity of the penetration
site, the probability of finding amitochondrion at each pixel was calculated
for each pixel in each frame of a 5-min time sequence taken at 5-s intervals
and presented as a pseudo-color-coded image ranging from blue (low
probability) to red (high probability). A high value was taken to indicate that
either a single mitochondrion was immobilized at that point, or there was
a sufficiently high density of organelle traffic such that different mito-
chondria were detected at high frequency.

For transmission electron microscopy, leaf segments were fixed with
3%glutaraldehyde (Sigma-Aldrich) in sodium cacodylate buffer (SCB), pH
7.2, for 3 h at room temperature, washed with SCB, postfixed with 1%
osmiumtetroxide (CarlRoth) inSCB,dehydrated inagradedethanolseries,
and embedded in epoxy resin (Spurr, 1969). After polymerization, the
materialwassectionedwithanUltramicrotomeS (Leica).Ultrathin sections
(80 nm) were transferred to formvar-coated grids and poststained with
uranyl acetate and leadcitrate. Thesectionswereobservedwith anEM900
transmission electron microscope (Zeiss SMT) at an acceleration voltage
of 80 kV. Electron micrographs were taken with a slow scan camera
(Variospeed SSCCD camera SM-1k-120; TRS).

Split-Ubiquitin Y2H Assays

Split-ubiquitin yeast two-hybrid experimentswere performedasdescribed
by Obrdlik et al. (2004). For interaction screening, full-length PEN2 cDNA,
the N-terminal globular part (nucleotides 1 to 1494), and C-terminal
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extension of PEN2 (nucleotides 1486 to 1683) were cloned into vectors
carrying either Nub or Cub in the N-terminal position (Supplemental Table
1). Vectorswere subsequently transformed into yeast strains THY.AP5and
THY.AP4. After interaction assays, yeast cells were selected on media
lacking the amino acid adenine and histidine.

Immunoprecipitation

Protein extractions for immunoprecipitations were performed as de-
scribed byMoffett et al. (2002) withminormodification. For precipitation,
GFP-Trap coupled to agarose beads (Chromotek) was used according to
the manufacturer’s instructions. Equal volumes of immunoprecipitated
protein were analyzed by immunoblot analysis.

Immunoblot Analysis

ProteinconcentrationwaseithermeasuredwithstandardBradfordorLowry
protein assays. Samples were separated on 10% SDS-PAGE gels or on
NativePAGE Novex 3-12% Bis-Tris gels (Invitrogen), blotted to a poly-
vinylidene fluoride membrane (Millipore), and probed with the corre-
sponding antibody diluted in Tris-buffered saline with Tween 20 (TBST)
(20mMTris-HCl,pH7.5,500mMNaCl,and0.1%Tween20)with0.2%skim
milk powder. PEN2 protein was detected using the polyclonal antibody
a-PEN2 (Lipka et al., 2005) diluted 1:10,000 in TBST. GFP or RFP tag was
detected with a-GFP and a-RFP monoclonal antibody diluted 1:5000
(ChromoTek), respectively. PEX14proteinwasdetectedusing thea-PEX14
polyclonal antibody (Agrisera) diluted 1:10,000. VDAC1 protein was de-
tected using the a-VDAC1 polyclonal antibody (Agrisera) diluted 1:5000.

Peroxisome and Mitochondria Enrichment from Arabidopsis
Leaf Extracts

For organelle enrichment, Arabidopsis plants were grown for 5 to 6 weeks
under short-day conditions and the green parts were used for the
extractions. Peroxisome-enriched extracts were obtained following the
protocol described by Reumann et al. (2007). Mitochondria-enriched ex-
tractswereobtained following theprotocolsdescribedbyKruft et al. (2001)
and Sweetlove et al. (2007).

Statistical Analysis

Statistics were evaluated by one-way ANOVA with Tukey’s post test.

Accession Numbers

Sequence data for the genes described in this article can be found in the
Arabidopsis Genome Initiative database under the following accession
numbers: PEN2, AT2G44490; KAT1, AT5G46240; TOM20-4, AT5G40930;
CYP81F2, AT5G57220.

Supplemental Data

Supplemental Figure 1. PEN2 shows homomerization capacity.

Supplemental Figure 2. PEN2-GFP-TAPEN2 aggregate formation is
restricted to an immobilized subpopulation of mitochondria.

Supplemental Figure 3. PEN2-GFP-TAPEN2 forms mitochondrial
aggregates underneath attempted Bgh penetration sites that exhibit
a high fluorescence intensity and reduced mobility.

Supplemental Figure 4. The C-terminal anchored protein TOM20-4 is
specifically localized in the outer membrane of mitochondria.

Supplemental Figure 5. The CYP81F2-RFP fusion protein comple-
ments the cyp81F2 penetration phenotype.

Supplemental Table 1. Oligonucleotide primers used in this study

Supplemental Movie 1. Formation of PEN2-GFP-TAPEN2 aggregates
at attempted fungal penetration site 20 hpi with Bgh.

Supplemental Movie 2. Mitochondrial mobility and PEN2-GFP-
TAPEN2 distribution underneath an attempted Bgh penetration site.

Supplemental Movie 3. Mitochondria expressing roGFP2 accumulate
and form immobile aggregates at attempted fungal penetration site at
1 dpi with Bgh.

Supplemental Movie Legends.
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