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Abstract: Plant epidermis contains atypical small chloroplasts. However, the physiological role of
this organelle is unclear compared to that of large mesophyll chloroplasts, the well-known function of
which is photosynthesis. Although knowledge of the involvement of chloroplasts in the plant immu-
nity has been expanded to date, the differences between the epidermal and mesophyll chloroplasts
are beyond the scope of this study. Given the role of the plant epidermis as a barrier to environmental
stresses, including pathogen attacks, and the immune-related function of chloroplasts, plant defense
research on epidermal chloroplasts is an emerging field. Recent studies have revealed the dynamic
movements of epidermal chloroplasts in response to fungal and oomycete pathogens. Furthermore,
epidermal chloroplast-associated proteins and cellular events that are tightly linked to epidermal
resistance against pathogens have been reported. In this review, I have focused on the recent progress
in epidermal chloroplast-mediated plant immunity.
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1. Introduction

The epidermis of multicellular organisms, including plants, acts as a barrier to protect
against a variety of stresses such as changes in the external environment and pathogen
attacks. From the perspective of pathogens, breaking through the epidermal cells of the
plant is an essential first step in invasion; in particular, fungal and oomycete pathogens
need to penetrate directly into the plant epidermis and develop invasive hyphae inside for
successful infection. For instance, the anthracnose fungi Colletotrichum species and rice blast
fungus Pyricularia oryzae (syn. Magnaporthe oryzae) form a melanized dome-shaped cell
called an appressorium on the plant surface to develop a penetration peg in the epidermis
of the host plants, followed by invasive hyphal extension and outbreak of destructive
disease [1]. However, if the plant is a nonhost, these fungal pathogens can form melanized
appressorium, but cannot penetrate into the epidermal cell owing to the pre-invasive
nonhost resistance (NHR) of plants, which generally provides durable, robust, and broad-
spectrum immunity and effectively prevents the invasion of a vast number of nonadapted
fungi and oomycetes in incompatible interactions [2,3]. In the model brassicaceous plant
Arabidopsis thaliana, it has been reported that many immune pathways and components
underpin the deployment of epidermal NHR in a multilayered manner against the entry of
nonadapted fungal and oomycete pathogens, such as Blumeria graminis f. sp. hordei [4–12],
Colletotrichum tropicale [13–16], P. oryzae [17–22], and Phytophthora infestans [6,7]. However,
a complete understanding of the molecular basis of preinvasive NHR remains elusive.
To gain a comprehensive understanding of NHR, it is important to identify unknown
immune-related events and components in plant epidermis.

In higher plants, except few plants, such as tobacco, it was long believed that no
chloroplasts exist in epidermal cells other than guard cells [23–26]. Most studies on chloro-
plast focus on mesophyll cells, where numerous typical large chloroplasts are highly
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differentiated for photosynthesis [27–29]. However, chlorophyll-containing atypical small
chloroplasts have also been observed in the epidermal pavement cells of A. thaliana, al-
though thylakoids, which are responsible for light-dependent photosynthesis reactions, are
poorly developed [30–36]. Therefore, the physiological role of epidermal chloroplasts is an
emerging topic in the field of plant science.

Chloroplasts are known to function as environmental sensors against multiple biotic
and abiotic stresses [37,38]. For instance, for plant immune responses against pathogens,
secondary messengers, such as reactive oxygen species (ROS) and calcium (Ca2+), and the
precursors of phytohormones, such as salicylic acid (SA), jasmonic acid, and abscisic acid,
are all derived from chloroplasts [39–42]. There are many excellent reviews on the roles of
chloroplasts in plant immunity. I refer the readers to recent reviews, which will provide an
overview of chloroplast-related plant defense responses [43–47].

However, there are very few plant defense studies that focus on epidermal chloroplasts,
and the functional differences between epidermal and mesophyll chloroplasts in the plant
immune system have not drawn much attention. Recently, some reports demonstrated
the involvement of epidermal chloroplasts in plant immunity. In this review, the primary
focus is on epidermal chloroplasts, and the recent progress in plant epidermal immunity
has been described.

2. Epidermal Chloroplast Response Controls the Entry of Fungal Pathogens in A. thaliana
2.1. Intracellular Movements of Epidermal Chloroplasts in Response to Fungal Pathogens in A. thaliana

In the steady state of A. thaliana, epidermal chloroplasts are not observed near the
upper periclinal wall (surface) of the pavement cells, because they are usually positioned
at the lower periclinal (bottom) and anticlinal walls. In the recent report, I discovered
that epidermal chloroplasts emerged on the surface of pavement cells in response to
Colletotrichum fungi with melanized appressorium formation, and named this phenomenon
the epidermal chloroplast response (ECR) (Figure 1) [48].
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Interestingly, ECR occurs more strongly against nonadapted fungi such as the Japa-
nese flowering cherry pathogen Colletotrichum nymphaeae PL1-1-b, the cosmos pathogen 
Colletotrichum fioriniae CC1, and the apple pathogen Colletotrichum siamense MAF1, com-
pared to the adapted Brassicaceae pathogen Colletotrichum higginsianum Abr1-5, which 

Figure 1. Arabidopsis epidermal chloroplast response (ECR) against nonadapted fungal pathogen
Colletotrichum nymphaeae PL1-1-b. The epidermal surface of the pathogen-inoculated cotyledon of the
wild-type plant was investigated at 2 days post-inoculation (dpi). The chloroplasts were visualized
based on chlorophyll autofluorescence. The DIC image was captured by confocal microscopy. The
arrowheads indicate melanized appressoria. Scale bar, 10 µm.

Interestingly, ECR occurs more strongly against nonadapted fungi such as the Japanese
flowering cherry pathogen Colletotrichum nymphaeae PL1-1-b, the cosmos pathogen Col-
letotrichum fioriniae CC1, and the apple pathogen Colletotrichum siamense MAF1, compared
to the adapted Brassicaceae pathogen Colletotrichum higginsianum Abr1-5, which readily
penetrates and infects wild-type plants of A. thaliana [48]. Furthermore, the frequency
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of ECR varies according to the nonadapted fungal strains; the order of ECR-inducing
ability in the wild-type plant is as follows: C. nymphaeae PL1-1-B > C. fioriniae CC1 > C.
siamense MAF1, while two other nonadapted strains, hau tree pathogen C. siamense COC4
and cucurbit pathogen Colletotrichum orbiculare 104-T, do not trigger ECR in the wild-type
plant [48]. Importantly, C. siamense COC4 and C. orbiculare 104-T sufficiently induce ECR
in plants with mutation in the PEN2 gene [48], which encodes an atypical myrosinase
that works as a core preinvasive NHR contributor against many fungal and oomycete
pathogens [6,9,13,17,48–50], although these two nonadapted pathogens cannot invade pen2
mutants. The frequencies of ECR in the pen2 mutant against C. fioriniae CC1 and C. siamense
MAF1 are also higher than those in the wild-type plant, whereas other single mutants of
immune-related genes such as EDR1, GSH1 EDS5, and CAS have little effect on ECR [48].
These results suggest that ECR is preferentially activated when PEN2-based antifungal
preinvasive defense becomes ineffective in epidermal cells. Similarly, in penetration tests on
multiple Arabidopsis mutants with many immune-related mutations, these five nonadapted
Colletotrichum strains displayed differential ability to overcome preinvasive NHR in the
same order as the ECR-inducing ability; C. nymphaeae PL1-1-B and C. fioriniae CC1 can
invade the epidermis of the wild-type plant to some degree and more of the pen2 mutant,
whereas C. siamense MAF1, COC4, and C. orbiculare 104-T can break through the epidermal
NHR only in the presence of pen2 mutation or with additional mutations such as edr1, gsh1,
eds5, and cas (Figure 2, Redrawn from [51]) [48,51]. Thus, there is a tight link between
ECR induction in plants and the invasion ability of the nonadapted Colletotrichum fungi,
which implies the involvement of ECR in epidermal preinvasive NHR, because these fungal
pathogens are incompatible with and definitely cannot infect A. thaliana. The contribution
of ECR to preinvasive NHR is described in a later section.
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Figure 2. Relationships between nonadapted Colletotrichum fungi and preinvasive nonhost resistance (NHR)
in A. thaliana. Invasion abilities of C. nymphaeae PL1-1-b (MAFF240037), C. fioriniae CC1 (MAFF306550), C.
siamense MAF1 (MAFF243010), COC4 (MAFF243696), and C. orbiculare 104-T (MAFF240422) into the
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nonhost Arabidopsis mutants were evaluated based on the melanized appressorium-mediated entry
(MAE) rates and classified. The MAE rate (%) was calculated using the following numerical formula:
(the number of melanized appressoria with formation of invasive hypha)/(the number of melanized
appressoria). Adapted C. higginsianum Abr1-5 (MAFF305635) is shown as the control. The percentage
of fungal entry test as “−”, “+/−”, “+”, “++”, “+++”, and “++++” is 0–2%, 2–10%, 10–20%, 20–35%,
35–60%, and 60–100%, respectively. n.d.: not determined. Adapted from [51].

ECR is not specific to Colletotrichum. Epidermal chloroplasts also emerge at the sur-
face after inoculation with the nonadapted pathogen P. oryzae, which shows melanized
appressorium-mediated entry (MAE)-type plant invasion but is phylogenetically distantly
related to Colletotrichum [48]. The frequency of P. oryzae-induced ECR also increases in the
pen2 mutant. Thus, ECR may be a broad-spectrum epidermal response to a wide variety of
fungal pathogens. This idea is consistent with the new finding that the nonadapted fungus
Alternaria alternata, which is not an MAE-type pathogen and forms melanized conidia, also
induces ECR in the nonhost A. thaliana, especially in the presence of the pen2 mutation
(Figure 3).
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Figure 3. Arabidopsis ECR against nonadapted fungal pathogen A. alternata 98012501 (MAFF712212).
(a) The epidermal surface of the pathogen-inoculated cotyledon of pen2-1 mutant was observed at
2 dpi. The chloroplasts were visualized based on chlorophyll autofluorescence. The DIC image was
captured by confocal microscopy. The arrowheads indicate melanized conidia. Scale bar, 10 µm.
(b) Quantification of the ECR in the wild-type and pen2-1 plants. The ratio of epidermal cells with
surface chloroplasts was investigated at 2 dpi. A total of 100 cells in contact with the pathogen were
observed. The means and SE were calculated from three independent plants.

2.2. The Trigger of the Epidermal Chloroplast Response

Although how the plant epidermis recognizes fungal pathogens and induces ECR still
remains an open question, some data indicate a fascinating correlation between fungal entry
trial-related characteristics and ECR induction [48]. Some of the well-studied pathogen-
derived molecules are pathogen/microbe-associated molecular patterns (PAMPs/MAMPs),
which are highly conserved among broad-spectrum pathogens and contribute to their
viability [52]. Damage-associated molecular patterns (DAMPs), host-derived molecules
such as Pep1 released extracellularly during pathogen invasion, are also cues for innate
immune responses [53]. PAMPs/DAMPs are recognized by plant pattern recognition
receptors (PRRs), and PAMP/DAMP-triggered immunity is initiated via PRR-associated
proteins, such as RLP 23 and RLP30, membrane-embedded receptor-like proteins (RLPs),
FLS2 and BAK1, membrane-embedded receptor-like kinases (RLKs), and BIK1 and PBL1,
receptor-like cytoplasmic kinases (RLCKs) [54–61]. Exceptional reviews on PRR signaling
in plant immunity have been published by several researchers [62–65]. Intriguingly, ECR is
not dependent on BAK1, BIK1, PBL1, Pep1-sensing RLKs, PEPR1 and PEPR2; therefore,
PAMP and/or DAMP signaling events, at least those mediated by these RLKs and RLCKs,
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are not involved in the induction of ECR [48]. Furthermore, quantification of ECR in
the pen2 mutant plant against multiple C. orbiculare mutants deficient in different steps
of invasion-related morphogenesis revealed that the formation of the penetration peg, a
needle-like fungal structure emerging from the appressorium for successful entry into the
plant epidermis, is essential for ECR induction [48].

Plant pathogenic fungi and oomycetes secrete an arsenal of virulence proteins, called ef-
fectors, to manipulate plant cellular processes and induce immune suppression. Numerous
reviews have been published on the effectors of plant pathogens [66–70]. In Colletotrichum,
fluorescently labeled effector proteins preferentially accumulate at the bottom pore of the
appressorium for secretion through the penetration peg [71,72]. This effector secretion
depends on the v-SNARE SEC22-mediated intracellular traffic route in the fungus [72] and,
interestingly, correlates with ECR induction [48]. These observations hint at the following
potential candidates as triggers of ECR: (i) pathogen-derived molecule(s) secreted from
the penetration peg during fungal entry trials and (ii) plant-derived signal(s) generated in
response to the degree of fungal progression in the attempt to penetrate. ECR is a universal
event against many types of fungal pathogens, including Colletotrichum species, P. oryzae,
and A. alternata (Figure 3) [48]. Therefore, typical effectors that are limited to a narrow
range of fungal pathogens for their host specificity might not be a cue of ECR; rather,
common cell wall-degrading enzymes or highly conserved core effectors of a broad range
of pathogenic fungi or plant damage signals not associated with Pep1 might trigger ECR in
plant epidermis.

2.3. The Regulators of Epidermal Chloroplast Response and Preinvasive Nonhost Resistance
of Arabidopsis

Large mesophyll chloroplasts show intracellular movements based on the intensity
of light for safe and efficient photosynthesis; they escape from strong light and migrate
to the anticlinal walls of the cell to prevent photodamage (avoidance response) and move
toward weak light and settle on the periclinal walls to increase photosynthetic efficiency
(accumulation response). Many regulatory proteins of this adaptive phenomenon, called
chloroplast photorelocation movements, have been identified within mesophyll cells [73].
However, there are few reports and little is known about the components that control the
intracellular movement of epidermal chloroplasts [74,75]. In this context, I recently demon-
strated that ECR in epidermal cells shares common regulatory proteins with mesophyll
chloroplast photorelocation movements [48]. The actin-binding protein CHUP1 generates a
chloroplast-actin-based motive force and is essential for both accumulation and avoidance
responses [76–78], while the auxilin-like J-domain protein JAC1 regulates the appearance
and disappearance of chloroplast-actin filaments and is required for the accumulation
response [79]. The genetically modified A. thaliana shows that overexpression of CHUP1
proteins causes strong suppression of the ECR. Typically, epidermal chloroplasts are hardly
detected at the surface area, even after inoculation with nonadapted fungal pathogens [48].
However, the overexpression of JAC1 or deletion of CHUP1 leads to constitutive position-
ing of epidermal chloroplasts at the surface, regardless of fungal inoculation [48]. Thus,
CHUP1 and JAC1 regulate negatively and positively, respectively, the positioning of epider-
mal chloroplasts at the surface area of pavement cells (Figure 4). It is noteworthy that the
inoculation of the chup1 mutant with high concentrations of nonadapted fungi only slightly
increased the population of surface chloroplasts, thereby suggesting the impairment of
ECR by the depletion of CHUP1 protein. In contrast, phototropins 1 and 2, which are
blue light receptors responsible for chloroplast photorelocation movements [80–82], are
dispensable for the activation of ECR [48]. Therefore, chloroplast photorelocation and ECR
have different stimulus recognition systems for light and pathogens, respectively, but share
at least some downstream regulatory components. From the viewpoint of the differences
between mesophyll and epidermal chloroplasts, the versatility of the adaptive systems
against different environmental stresses might reflect the elaborate survival strategy of
the plant.
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Whether ECR contributes to plant immunity in the epidermal cells of A. thaliana is
a fascinating question. To clarify the involvement of ECR in preinvasive NHR, the ef-
fects of ECR impairments by overexpressing or depleting CHUP1 proteins on the MAE
rate of multiple nonadapted fungi into the plant epidermis have been investigated [48].
C. nymphaeae PL1-1-B, which exhibited relatively lower incompatibility with A. thaliana com-
pared to other nonadapted fungi, showed an increased MAE rate in ECR-impaired plants
(Figure 2) [48]. Moreover, in plants with pen2 or other additional mutations such as edr1,
gsh1, eds5, and cas, an increase or decrease in the levels of CHUP1 proteins promoted the
MAE rate of C. fioriniae CC1, C. siamense MAF1, COC4, and C. orbiculare 104-T (Figure 2) [48].
Similar results were obtained for MAE rate of P. oryzae. Accordingly, ECR is a stress re-
sponse of the plant, by which the preinvasive NHR is enhanced in epidermal cells when
the fungal pathogens attempt invasion through the penetration peg. As described, ECR is
preferentially activated in the absence of a PEN2-related defense pathway. Similarly, the
inoculation of nonadapted C. fioriniae CC1 also induced expression of many defense-related
genes, such as PAD3, CYP79B2, CYP71A13, PDF1.2a, MYB51, PR1, FRK1, and NHL10, only
in the case of pen2 mutation, although the threshold for the ECR was lower than that
for the expression of these genes [48]. Based on the layered structure of the plant NHR,
ECR is one of the defense responses that is programmed to back up the preinvasive NHR
when the pathways involved in higher-layer preinvasive defense, including PEN2-related
pathways, are ineffective [48,51]. This is consistent with the relationship between A. thaliana
and the lower incompatible nonadapted pathogen C. nymphaeae PL1-1-B, which partly
overcomes the high-layer preinvasive defenses [51]; C. nymphaeae PL1-1-B strongly triggers
the ECR, and also induces defense-related genes in the wild-type plant [48]. A number of
phytopathogenic fungi, such as C. nymphaeae PL1-1-B, that partly overcome the higher-layer
preinvasive defenses of A. thaliana is presumed to exist in nature. Therefore, plants have
evolved ECR as one of the mechanisms of epidermal NHR against these kinds of fungal
pathogens (Figure 4).
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3. Epidermal Chloroplast-Localized Immune Components Contribute to Preinvasive
Antifungal Nonhost Resistance of Arabidopsis
3.1. The Preferential Localization of Immune-Related Components to Motile Epidermal
Chloroplasts in A. thaliana

How ECR contributes to preinvasive NHR against nonadapted fungal pathogens
remains to be completely elucidated. Fluorescence live cell imaging revealed that immune-
related components, such as γ-glutamylcysteine synthetase GSH1, Ca2+-sensing receptor
CAS, MATE family transporter EDS5, isochorismate synthase ICS1/SID2, and amino-
transferase ALD1, were localized in epidermal small chloroplasts (Figure 4) [15,48,83–86].
Interestingly, the fluorescent signals of these components in epidermal chloroplasts are
much stronger than those in large mesophyll chloroplasts [48,83,85,86]. In ECR-activated
pavement cells after inoculation with nonadapted C. fioriniae CC1, the GSH1, EDS5, and
CAS proteins were found to localize to the surface area together with the motile epidermal
chloroplasts, suggesting a tight link between ECR and the intracellular positioning of
these immune components [48]. These observations could strengthen the importance of
epidermal chloroplasts in plant immunity.

3.2. Epidermal Chloroplast-Localized Immune Components and Preinvasive Defense in A. thaliana

GSH1 contributes to plant defense via glutathione biosynthesis in both compatible and
incompatible A. thaliana-pathogen interactions [15,87]. CAS is involved in transient Ca2+

signaling in chloroplasts during plant immunity [88], and the CAS-targeted fungal effector
of Sclerotinia sclerotiorum interferes with SA signaling in the host plant [89]. ICS1/SID2 and
EDS5 are required for the biosynthesis and transport of SA precursors, respectively, during
the plant immune response [85,90,91]. The tight link between these immune components
and epidermal chloroplasts implies their involvement in epidermal NHR against fungal
pathogens that trigger ECR. The contributions of GSH1, CAS, EDS5, and ICS1/SID2 to
the preinvasive NHR against nonadapted fungi have been demonstrated; C. nymphaeae
PL1-1-B showed increased MAE in the epidermis of gsh1, cas, and eds5 single mutants
compared to that in the wild-type plant [51], whereas similar effects of these mutations
on MAE of C. fioriniae CC1, C. siamense MAF1, and P. oryzae were observed in each double
mutant with pen2 mutation (Figure 2) [48]. The increased MAE rates of more incompatible
C. siamense COC4 and C. orbiculare 104-T were confirmed in pen2 mutant plants with mul-
tiple mutations in immune-related genes (Figure 2) [48]. Therefore, the pen2-dependent
effects of these mutated genes, which encode epidermal chloroplast-localized proteins,
correlate with ECR triggered by each fungal pathogen. This study proposes that Arabidop-
sis epidermal cells deploy an ECR-centered immune response, wherein the intracellular
repositioning of immune-related proteins might enhance antifungal NHR (Figure 4) [48].
The epidermal chloroplast-specific protein, ALD1, is essential for local disease resistance
and systemic acquired resistance against both virulent and avirulent bacterial pathogens,
and it exerts its effect by controlling SA accumulation [86,92–94]. In the future, it should be
elucidated whether ALD1 also functions in the preinvasive NHR against fungal pathogens.

4. Epidermal Chloroplasts Accumulate at the Interface with Oomycete Pathogen and
CHUP1 Is Required for Penetration Resistance in Nicotiana benthamiana
4.1. Focal Accumulation of Epidermal Chloroplasts at the Interface with Oomycete Pathogen in
N. benthamiana

The role of epidermal chloroplasts in response to the oomycete pathogen P. infestans
has also been studied in the model solanaceous plant N. benthamiana [95–97]. In this
section, I mention recent research on the dynamics of epidermal chloroplast movements
and the involvement of CHUP1 in antioomycete immunity, although there is ambiguity
regarding the adaptive or nonadaptive characteristics of P. infestans to N. benthamiana,
which shows an ambiguous age-related resistance to P. infestans; mature plants are resistant,
whereas young plants are susceptible [98]. During the response of N. benthamiana to
P. infestans, epidermal chloroplasts show intracellular movements and accumulate at the
interface with the pathogen haustorium, an infection-related specialized hyphae, in a
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BAK1-independent manner (Figure 5) [96]. Thus, focal immunity mediated by epidermal
chloroplasts has been proposed in N. benthamiana-P. infestans pathosystem. A similar
phenomenon was observed in the ECR-activated cells of A. thaliana during the antifungal
response; however, most of the surface chloroplasts were scattered in the case of ECR and,
at least under the microscope, did not associate with the pathogen interface [48]. Given
that epidermal chloroplasts of N. benthamiana are usually detected at the surface area of
pavement cells, regardless of pathogen inoculation, the working mechanisms of epidermal
chloroplasts in response to pathogen attacks were not entirely the same between A. thaliana
and N. benthamiana. Furthermore, it is possible that the CHUP1-related ECR and focal
accumulation of epidermal chloroplasts to the fungal penetration sites are independent
events in A. thaliana because the pathogen interface-specific accumulation of epidermal
chloroplasts in N. benthamiana is CHUP1-independent (Figure 5) [97]. In this context, it
remains to be elucidated whether a part of the epidermal chloroplasts of A. thaliana, which
focally accumulate at the fungal penetration sites, has a distinct role(s) from ECR-associated
epidermal chloroplasts, as well as that in N. benthamiana.
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Figure 5. Schematic overview of the focal accumulation of the epidermal chloroplasts and callose
deposition at the penetration site of oomycete P. infestans in epidermis of N. benthamiana. A hyphal
entry of P. infestans triggers the intracellular movements of epidermal chloroplasts to the interfaces in
a CHUP1-independent manner, while CHUP1-dependent callose deposition occurs at the penetration
site of the pathogen and might contribute to penetration resistance.

4.2. CHUP1-Dependent Callose Deposition at the Oomycete Penetration Site during the Epidermal
Resistance of N. benthamiana

Savage et al. reported that the positioning of epidermal chloroplasts at the interface be-
tween N. benthamiana and the haustoria of P. infestans occurred independent of CHUP1 [97],
which was slightly different from Arabidopsis ECR [48]. However, they demonstrated that
CHUP1 is required for penetration resistance in epidermal cells of N. benthamiana against
P. infestans [97]. Silencing or knockout of two CHUP1 alleles in N. benthamiana clearly
enhances susceptibility to P. infestans, whereas the accumulation of epidermal chloroplasts
around haustoria is not impaired in the CHUP1 knockout mutant (chup1) [97]. The Arabidop-
sis chup1 mutant also showed decreased preinvasive NHR against MAE of nonadapted
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fungal pathogens [48], suggesting the importance of the chloroplast-associated protein
CHUP1 in epidermal plant immunity against both oomycete and fungal pathogens.

Interestingly, focal callose deposition at the haustoria of P. infestans, which is one of
the defense responses of the plant, is CHUP1-dependent, suggesting that the chloroplast-
associated protein CHUP1 contributes to epidermal immunity against oomycete pathogen
by enhancing penetration resistance via callose deposition (Figure 5) [97]. The key question
is how the link between this callose deposition and the focal accumulation of the epidermal
chloroplasts at the pathogen interface exists, because CHUP1 is a chloroplast-associated
protein. In this regard, Savage et al. showed no correlation between callose deposition and
the presence of chloroplasts around the haustorium [97]. Consistent with this finding, in
A. thaliana-C. orbiculare incompatible interaction, callose deposition does not correlate with
ECR activation; the callose is sufficiently deposited at the sites of pathogen penetration
attempts in the wild-type plant, where the ECR is hardly activated due to a prior function
of high-layer preinvasive defense(s) [48]. CHUP1 gene knockout in N. benthamiana has
no effect on other core immune processes, such as PAMP-triggered MAPK phosphoryla-
tion, constitutively active MEK2DD-induced hypersensitive response (HR)-like cell death,
and effector-triggered HR cell death [97]. Therefore, Savage et al. speculated that in the
CHUP1-knockout N. benthamiana, reduction in the production of epidermal chloroplast-
derived molecules, such as ROS and SA precursors, could plausibly cause the impairment
of callose accumulation around the haustorium. They also did not exclude the possibility
that snapshot imaging did not accurately reflect the involvement of epidermal chloro-
plast mobilization to the haustoria in focal callose deposition, because the chloroplasts
may have moved away from the haustoria after callose deposition [97]. I expect future
research to clarify the regulatory mechanism of callose deposition at the pathogen interface
via chloroplast-associated CHUP1 in N. benthamiana, and compare it with the epidermal
chloroplast-related immune responses in A. thaliana.

5. Dynamic Morphology of Epidermal Chloroplasts and Inter-Organelle Interactions
in Plant Immunity
5.1. Stromule Formation, Enlargement, and Cavity Formation

Mesophyll and epidermal chloroplasts grow dynamic tubular extensions called stro-
mules, which are filled with stroma [99]. In epidermal cells of N. benthamiana, stromules
increase during antiviral and antibacterial immunities, where effector-triggered HR cell
death occurs [95]. N. benthamiana also induces stromule formation during PAMP-triggered
immunity against the oomycete INF1 in addition to bacterial flg22 and fungal chitin in a
BAK1-dependent manner [95,96]. Interestingly, stromule induction is suppressed by the
P. infestans effector AVR3a [96]. Stromule induction in epidermal chloroplasts was also
observed during antibacterial immunity in A. thaliana [95]. Altogether, these observations
imply the possible involvement of stromules in plant defense responses. Importantly,
chloroplast movements and connections with other organelles, such as nuclei, are mediated
by stromules during plant immune response [95,100]. Moreover, stromules may transport
the defense-related signaling molecule ROS and the chloroplast defense protein NRIP1
to the nucleus in N. benthamiana [95,101]. NRIP1 is required for antiviral resistance in
N. benthamiana [102]. Immune-related proteins GSH1, EDS5, and CAS are also localized
to stromules extending from the epidermal chloroplasts in A. thaliana, although the lo-
calization signal of the thylakoid protein CAS in stromules is weaker than that of the
other two proteins and may possibly be an artifact of overexpression [48]. Thus, in epider-
mal cells, immune-related components can dynamically alter their positioning through
chloroplast movements and further expand their location to the outside of the chloroplasts
via stromules during immune responses. However, it is also highly controversial as to
whether increased stromules have positive effects on antimicrobial resistance. Caplan
et al. reported that CHUP1 gene-silenced N. benthamiana and Arabidopsis chup1 mutants
showed increased stromules, which were visualized with NRIP1-GFP fusion protein, in
the absence of pathogens and promoted effector-triggered HR cell death during antiviral
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and antibacterial immune response [95]. In contrast, Savage et al. demonstrated that chup1
mutants of both N. benthamiana and A. thaliana exhibited decreased stromules, which were
visualized with GFP, in the absence of pathogens [97]. Moreover, the chup1 mutant of N.
benthamiana can induce stromule formation sufficiently when challenged with P. infestans,
despite its increased susceptibility to this pathogen [97]. Decreased preinvasive NHR
in Arabidopsis with a chup1 mutation against MAE-type fungal pathogens has also been
reported [48]. These discrepancies can be explained in future studies. It is noteworthy
that, in plant immunity, stromule induction and chloroplast movements, such as ECR and
focal accumulation at the pathogen interface, are more related but clearly different events,
because the former depends on the PAMP signaling kinase BAK1, while the latter does
not. Therefore, distinct pathogen-derived signals may be integrated through an epidermal
chloroplast-centered system to harmonize defense responses.

The epidermal chloroplasts are considerably smaller than the mesophyll chloroplasts.
However, intriguingly, enlarged epidermal chloroplasts in ECR-activated cells could be
observed, and the population of the enlarged chloroplasts gradually increased during
incubation with the nonadapted fungal pathogens (Figure 6). Enlarged chloroplasts were
not observed in the early stage of the ECR. The formation of cavities inside the enlarged
epidermal chloroplasts was confirmed (Figure 6). The physiological significance of these
changes in the morphology of the epidermal chloroplasts during ECR is currently unclear,
but it is possible that epidermal chloroplasts enhance the preinvasive NHR via these addi-
tional events at the late stage of the ECR. Alternatively, plant organellar morphology might
be affected by pathogen effectors, because it has been reported that transient expression of
Colletotrichum effector proteins leads to enlargement of nuclei in epidermal cells of N. ben-
thamiana [103]. If such organellar expansions are among the pathogen infection strategies
via effectors, it is consistent with the fact that many pathogen effectors enter chloroplasts
and target chloroplast-localized proteins [46,47].
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5.2. Perinuclear Clustering of Epidermal Chloroplasts and Nuclear Movements

Chloroplasts are known to cluster around the nucleus for inter-organelle communi-
cation, where the transmission of retrograde signals occurs in response to various envi-
ronmental stresses [37,38,104–106]. In the defense responses of N. benthamiana, retrograde
ROS signaling from perinuclear clustering chloroplasts to the nucleus through stromules
has been reported [95]; the same has been proposed in A. thaliana [88,107,108]. Interest-
ingly, the loss of the CHUP1 gene leads to increased perinuclear clustering of epidermal
chloroplasts in both N. bnethamiana and A. thaliana [97]. Perinuclear clustering of epidermal
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chloroplasts was also observed during Arabidopsis ECR after pathogen inoculation or in
CHUP1-depleted conditions with no pathogen [48]. Thus, these two plant species have
similar regulatory mechanisms to control perinuclear clustering of epidermal chloroplasts,
in which CHUP1 shows negative effects. Given the impairment of the ECR and preinvasive
NHR by the constitutive surface positioning of epidermal chloroplasts in the chup1 mutant
of A. thaliana [48], greater perinuclear clustering of epidermal chloroplasts might also be
functionally deteriorated. Consistent with this idea, CHUP1-knockout N. benthamiana is
more susceptible to P. infestans [97].

Light-induced nuclear movement in Arabidopsis mesophyll and epidermal pavement
cells is CHUP1-dependent [74,78]. CHUP1 specifically localizes to the envelope of chloro-
plasts, but not nuclei, and regulates chloroplast movements; hence, the CHUP1-mediated
intracellular movement of epidermal chloroplasts is a motive force for nuclear movement
in response to strong light [74,78]. Similarly, nuclei, together with perinuclear clustering
chloroplasts, migrate to the surface area during ECR in A. thaliana, which is tightly linked
to the amount of CHUP1 proteins [48]. The perinuclear endoplasmic reticulum also repo-
sitions to the epidermal surface during ECR [48]. In N. benthamiana, the nucleus moves
to the penetration sites of the oomycete P. infestans [96,109]. This is also observed in other
plant pathosystems using fungal and oomycete pathogens [110–112]. The focal accumula-
tion of the nucleus was not influenced by increased perinuclear clustering of epidermal
chloroplasts in CHUP1-knockout N. benthamiana [97]. Given that the overexpression and
depletion of CHUP1 proteins have opposite effects on epidermal chloroplast movements
during Arabidopsis ECR, it would be interesting to determine whether perinuclear clustering
of epidermal chloroplasts is suppressed by CHUP1 overexpression in N. benthamiana, and
hence whether the focal accumulation of the nucleus at the P. infestans interface is perturbed.

6. Conclusions

The importance of chloroplast function in plant immunity is widely recognized. Re-
search focusing on the types of chloroplast has now been emerging in the field of antimicro-
bial responses. Given the function of the plant epidermis as a primary stronghold to repel
the enemy, such as fungal and oomycete pathogens with direct penetration ability, epider-
mal atypical chloroplasts are an ideal research subject because of their small amount of
information compared to well-known typical mesophyll chloroplasts. In particular, recent
studies have revealed a link between the intracellular dynamics of epidermal chloroplasts
and plant epidermal immunity, wherein the ECR, focal accumulation of epidermal chloro-
plasts to the pathogen interface, stromule formation, inter-organelle communication, and
other processes might be orchestrated to enhance antimicrobial resistance [48,95–97,113].
Chloroplast-localized CHUP1, which was originally identified as a regulator of chloro-
plast photorelocation movements in mesophyll cells [76], has a key function in epidermal
chloroplast-related events in response to pathogens. JAC1, a regulator of the photoinduced
accumulation response of chloroplasts, is also involved in the intracellular positioning
of epidermal chloroplasts during ECR [48]. To understand the mechanism underlying
epidermal immunity via motile chloroplast-centered responses, further analysis is needed
on which and how the components employed in the chloroplast photorelocation system
contribute to the defense responses in plant epidermis.

Funding: This research was funded by JSPS KAKENHI Grant Numbers 15K18648, 18K05643, and
21H02194, and by the Leading Initiative for Excellent Young Researchers (LEADER) program
of MEXT.

Acknowledgments: I thank Yoshitaka Takano for his assistance and helpful discussions.

Conflicts of Interest: The author declares no conflict of interest.



Int. J. Mol. Sci. 2022, 23, 4043 12 of 16

References
1. Kubo, Y.; Furusawa, I. Melanin biosynthesis: Prerequisite for successful invasion of the plant host by appressoria of Colle-totrichum

and Pyricularia. In The Fungal Spore and Disease Initiation in Plants and Animals; Cole, G.T., Hoch, H.C., Eds.; Plenum Publishing:
New York, NY, USA, 1991; pp. 205–217.

2. Heath, M.C. Nonhost resistance and nonspecific plant defenses. Curr. Opin. Plant Biol. 2000, 3, 315–319. [CrossRef]
3. Lee, H.-A.; Lee, H.-Y.; Seo, E.; Lee, J.; Kim, S.-B.; Oh, S.; Choi, E.; Choi, E.; Lee, S.E.; Choi, D. Current Understandings of Plant

Nonhost Resistance. Mol. Plant-Microbe Interact. 2017, 30, 5–15. [CrossRef] [PubMed]
4. Collins, N.C.; Thordal-Christensen, H.; Lipka, V.; Bau, S.; Kombrink, E.; Qiu, J.-L.; Hückelhoven, R.; Stein, M.; Freialdenhoven, A.;

Somerville, S.C.; et al. SNARE-protein-mediated disease resistance at the plant cell wall. Nature 2003, 425, 973–977. [CrossRef]
[PubMed]

5. Jacobs, A.K.; Lipka, V.; Burton, R.; Panstruga, R.; Strizhov, N.; Schulze-Lefert, P.; Fincher, G.B. An Arabidopsis Callose Synthase,
GSL5, Is Required for Wound and Papillary Callose Formation. Plant Cell 2003, 15, 2503–2513. [CrossRef]

6. Lipka, V.; Dittgen, J.; Bednarek, P.; Bhat, R.; Wiermer, M.; Stein, M.; Landtag, J.; Brandt, W.; Rosahl, S.; Scheel, D.; et al. Pre- and
Postinvasion Defenses Both Contribute to Nonhost Resistance in Arabidopsis. Science 2005, 310, 1180–1183. [CrossRef] [PubMed]

7. Stein, M.; Dittgen, J.; Sánchez-Rodríguez, C.; Hou, B.-H.; Molina, A.; Schulze-Lefert, P.; Lipka, V.; Somerville, S. Arabidopsis
PEN3/PDR8, an ATP Binding Cassette Transporter, Contributes to Nonhost Resistance to Inappropriate Pathogens That Enter by
Direct Penetration. Plant Cell 2006, 18, 731–746. [CrossRef] [PubMed]

8. Jensen, M.K.; Hagedorn, P.H.; de Torres-Zabala, M.; Grant, M.R.; Rung, J.H.; Collinge, D.B.; Lyngkjaer, M.F. Transcriptional
regulation by an NAC (NAM-ATAF1,2-CUC2) transcription factor attenuates ABA signalling for efficient basal defence towards
Blumeria graminis f. sp. hordei in Arabidopsis. Plant J. 2008, 56, 867–880. [CrossRef] [PubMed]
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15. Hiruma, K.; Fukunaga, S.; Bednarek, P.; Piślewska-Bednarek, M.; Watanabe, S.; Narusaka, Y.; Shirasu, K.; Takano, Y. Glutathione
and tryptophan metabolism are required for Arabidopsis immunity during the hypersensitive response to hemibiotrophs. Proc.
Natl. Acad. Sci. USA 2013, 110, 9589–9594. [CrossRef] [PubMed]

16. Irieda, H.; Inoue, Y.; Mori, M.; Yamada, K.; Oshikawa, Y.; Saitoh, H.; Uemura, A.; Terauchi, R.; Kitakura, S.; Kosaka, A.; et al.
Conserved fungal effector suppresses PAMP-triggered immunity by targeting plant immune kinases. Proc. Natl. Acad. Sci. USA
2018, 116, 496–505. [CrossRef] [PubMed]

17. Maeda, K.; Houjyou, Y.; Komatsu, T.; Hori, H.; Kodaira, T.; Ishikawa, A. AGB1 and PMR5 Contribute to PEN2-Mediated
Preinvasion Resistance to Magnaporthe oryzae in Arabidopsis thaliana. Mol. Plant-Microbe Interact. 2009, 22, 1331–1340. [CrossRef]

18. Nakao, M.; Nakamura, R.; Kita, K.; Inukai, R.; Ishikawa, A. Non-host resistance to penetration and hyphal growth of Magnaporthe
oryzae in Arabidopsis. Sci. Rep. 2011, 1, 171. [CrossRef] [PubMed]

19. Okawa, C.; Ishikawa, A. MPK6 Contributes to Non-Host Resistance to Magnaporthe oryzae in Arabidopsis thaliana. Biosci. Biotechnol.
Biochem. 2013, 77, 1320–1322. [CrossRef]

20. Takahashi, T.; Shibuya, H.; Ishikawa, A. SOBIR1 contributes to non-host resistance to Magnaporthe oryzae in Arabidopsis. Biosci.
Biotechnol. Biochem. 2016, 80, 1577–1579. [CrossRef]

21. Takahashi, T.; Shibuya, H.; Ishikawa, A. ERECTA contributes to non-host resistance to Magnaporthe oryzae in Arabidopsis. Biosci.
Biotechnol. Biochem. 2016, 80, 1390–1392. [CrossRef]

22. Takahashi, T.; Murano, T.; Ishikawa, A. SOBIR1 and AGB1 independently contribute to nonhost resistance to Pyricularia oryzae
(syn. Magnaporthe oryzae) in Arabidopsis thaliana. Biosci. Biotechnol. Biochem. 2018, 82, 1922–1930. [CrossRef] [PubMed]

23. DuPree, P.; Pwee, K.-H.; Gray, J.C. Expression of photosynthesis gene-promoter fusions in leaf epidermal cells of transgenic
tobacco plants. Plant J. 1991, 1, 115–120. [CrossRef]

24. Bowes, B.G.; Mauseth, J.D. Plant Structure—A Colour Guide, 2nd ed.; Manson Publishing, Ltd.: London, UK, 2008.
25. Vaughan, K. Immunocytochemistry of Plant Cells; Springer: Dordrecht, The Netherlands, 2013.

http://doi.org/10.1016/S1369-5266(00)00087-X
http://doi.org/10.1094/MPMI-10-16-0213-CR
http://www.ncbi.nlm.nih.gov/pubmed/27925500
http://doi.org/10.1038/nature02076
http://www.ncbi.nlm.nih.gov/pubmed/14586469
http://doi.org/10.1105/tpc.016097
http://doi.org/10.1126/science.1119409
http://www.ncbi.nlm.nih.gov/pubmed/16293760
http://doi.org/10.1105/tpc.105.038372
http://www.ncbi.nlm.nih.gov/pubmed/16473969
http://doi.org/10.1111/j.1365-313x.2008.03646.x
http://www.ncbi.nlm.nih.gov/pubmed/18694460
http://doi.org/10.1126/science.1163732
http://doi.org/10.1104/pp.113.223503
http://doi.org/10.1111/nph.13582
http://doi.org/10.1105/tpc.16.00859
http://www.ncbi.nlm.nih.gov/pubmed/28808134
http://doi.org/10.1105/tpc.110.074344
http://doi.org/10.1111/j.1365-313X.2011.04651.x
http://doi.org/10.1073/pnas.1305745110
http://www.ncbi.nlm.nih.gov/pubmed/23696664
http://doi.org/10.1073/pnas.1807297116
http://www.ncbi.nlm.nih.gov/pubmed/30584105
http://doi.org/10.1094/MPMI-22-11-1331
http://doi.org/10.1038/srep00171
http://www.ncbi.nlm.nih.gov/pubmed/22355686
http://doi.org/10.1271/bbb.130082
http://doi.org/10.1080/09168451.2016.1164586
http://doi.org/10.1080/09168451.2016.1151345
http://doi.org/10.1080/09168451.2018.1498727
http://www.ncbi.nlm.nih.gov/pubmed/30022707
http://doi.org/10.1111/j.1365-313X.1991.00115.x


Int. J. Mol. Sci. 2022, 23, 4043 13 of 16

26. Brunkard, J.O.; Runkel, A.M.; Zambryski, P.C. Chloroplasts extend stromules independently and in response to internal redox
signals. Proc. Natl. Acad. Sci. USA 2015, 112, 10044–10049. [CrossRef] [PubMed]

27. Mullet, J.E. Chloroplast Development and Gene Expression. Annu. Rev. Plant Biol. 1988, 39, 475–502. [CrossRef]
28. Kong, S.-G.; Wada, M. New Insights into Dynamic Actin-Based Chloroplast Photorelocation Movement. Mol. Plant 2011, 4,

771–781. [CrossRef] [PubMed]
29. Osteryoung, K.W.; Pyke, K.A. Division and Dynamic Morphology of Plastids. Annu. Rev. Plant Biol. 2014, 65, 443–472. [CrossRef]
30. Pyke, K.; Leech, R.M. A Genetic Analysis of Chloroplast Division and Expansion in Arabidopsis thaliana. Plant Physiol. 1994, 104,

201–207. [CrossRef]
31. Robertson, E.J.; Rutherford, S.M.; Leech, R.M. Characterization of Chloroplast Division Using the Arabidopsis Mutant arc5. Plant

Physiol. 1996, 112, 149–159. [CrossRef]
32. Vitha, S.; McAndrew, R.S.; Osteryoung, K.W. Ftsz Ring Formation at the Chloroplast Division Site in Plants. J. Cell Biol. 2001, 153,

111–120. [CrossRef]
33. Joo, J.H.; Wang, S.; Chen, J.-G.; Jones, A.; Fedoroff, N.V. Different Signaling and Cell Death Roles of Heterotrimeric G Protein α

and β Subunits in the Arabidopsis Oxidative Stress Response to Ozone. Plant Cell 2005, 17, 957–970. [CrossRef]
34. Pyke, K.A. Plastid Biology; Cambridge University Press: New York, NY, USA, 2009; pp. 13–18.
35. Barton, K.A.; Schattat, M.H.; Jakob, T.; Hause, G.; Wilhelm, C.; McKenna, J.F.; Máthé, C.; Runions, J.; Van Damme, D.; Mathur, J.

Epidermal Pavement Cells of Arabidopsis Have Chloroplasts. Plant Physiol. 2016, 171, 723–726. [CrossRef] [PubMed]
36. Barton, K.A.; Wozny, M.; Mathur, N.; Jaipargas, E.-A.; Mathur, J. Pavement cell chloroplast behaviour and interactions with other

organelles in Arabidopsis thaliana. J. Cell Sci. 2017, 131, jcs202275. [CrossRef] [PubMed]
37. Chan, K.X.; Phua, S.Y.; Crisp, P.; McQuinn, R.; Pogson, B.J. Learning the Languages of the Chloroplast: Retrograde Signaling and

Beyond. Annu. Rev. Plant Biol. 2016, 67, 25–53. [CrossRef] [PubMed]
38. Song, Y.; Feng, L.; Alyafei, M.A.M.; Jaleel, A.; Ren, M. Function of Chloroplasts in Plant Stress Responses. Int. J. Mol. Sci. 2021,

22, 13464. [CrossRef] [PubMed]
39. Nambara, E.; Marion-Poll, A. Abscisic acid biosynthesis and catabolism. Annu. Rev. Plant Biol. 2005, 56, 165–185. [CrossRef]

[PubMed]
40. Stael, S.; Kmiecik, P.; Willems, P.; Van Der Kelen, K.; Coll, N.S.; Teige, M.; Van Breusegem, F. Plant innate immunity—sunny side

up? Trends Plant Sci. 2014, 20, 3–11. [CrossRef]
41. Wasternack, C.; Song, S. Jasmonates: Biosynthesis, metabolism, and signaling by proteins activating and repressing transciption.

J. Exp. Bot. 2016, 68, 1303–1321. [CrossRef]
42. Ding, P.; Ding, Y. Stories of Salicylic Acid: A Plant Defense Hormone. Trends Plant Sci. 2020, 25, 549–565. [CrossRef]
43. Serrano, I.; Audran, C.; Rivas, S. Chloroplasts at work during plant innate immunity. J. Exp. Bot. 2016, 67, 3845–3854. [CrossRef]
44. Sowden, R.G.; Watson, S.J.; Jarvis, P. The role of chloroplasts in plant pathology. Essays Biochem. 2017, 62, 21–39. [CrossRef]
45. Kretschmer, M.; Damoo, D.; Djamei, A.; Kronstad, J. Chloroplasts and Plant Immunity: Where Are the Fungal Effectors? Pathogens

2019, 9, 19. [CrossRef]
46. Littlejohn, G.R.; Breen, S.; Smirnoff, N.; Grant, M. Chloroplast immunity illuminated. New Phytol. 2020, 229, 3088–3107. [CrossRef]

[PubMed]
47. Yang, F.; Xiao, K.; Pan, H.; Liu, J. Chloroplast: The Emerging Battlefield in Plant–Microbe Interactions. Front. Plant Sci. 2021,

12, 63785. [CrossRef] [PubMed]
48. Irieda, H.; Takano, Y. Epidermal chloroplasts are defense-related motile organelles equipped with plant immune components.

Nat. Commun. 2021, 12, 2739. [CrossRef] [PubMed]
49. Clay, N.K.; Adio, A.M.; Denoux, C.; Jander, G.; Ausubel, F.M. Glucosinolate Metabolites Required for an Arabidopsis Innate

Immune Response. Science 2009, 323, 95–101. [CrossRef] [PubMed]
50. Schlaeppi, K.; Mansour, E.A.; Buchala, A.; Mauch, F. Disease resistance of Arabidopsis to Phytophthora brassicae is established by the

sequential action of indole glucosinolates and camalexin. Plant J. 2010, 62, 840–851. [CrossRef] [PubMed]
51. Irieda, H. Preinvasive nonhost resistance of Arabidopsis against melanized appressorium-mediated entry of multiple nonadapted

Colletotrichum fungi. Plant Signal. Behav. 2022, e2018218. [CrossRef] [PubMed]
52. Abdul Malik, N.A.; Kumar, I.S.; Nadarajah, K. Elicitor and Receptor Molecules: Orchestrators of Plant Defense and Immunity. Int.

J. Mol. Sci. 2020, 21, 963. [CrossRef]
53. Hou, S.; Liu, Z.; Shen, H.; Wu, D. Damage-Associated Molecular Pattern-Triggered Immunity in Plants. Front. Plant Sci. 2019,

10, 646. [CrossRef]
54. Chinchilla, D.; Zipfel, C.; Robatzek, S.; Kemmerling, B.; Nürnberger, T.; Jones, J.D.G.; Felix, G.; Boller, T. A flagellin-induced

complex of the receptor FLS2 and BAK1 initiates plant defence. Nature 2007, 448, 497–500. [CrossRef]
55. Heese, A.; Hann, D.R.; Gimenez-Ibanez, S.; Jones, A.M.E.; He, K.; Li, J.; Schroeder, J.I.; Peck, S.C.; Rathjen, J.P. The receptor-like

kinase SERK3/BAK1 is a central regulator of innate immunity in plants. Proc. Natl. Acad. Sci. USA 2007, 104, 12217–12222.
[CrossRef]

56. Huffaker, A.; Ryan, C.A. Endogenous peptide defense signals in Arabidopsis differentially amplify signaling for the innate immune
response. Proc. Natl. Acad. Sci. USA 2007, 104, 10732–10736. [CrossRef] [PubMed]

57. Lu, D.; Wu, S.; Gao, X.; Zhang, Y.; Shan, L.; He, P. A receptor-like cytoplasmic kinase, BIK1, associates with a flagellin receptor
complex to initiate plant innate immunity. Proc. Natl. Acad. Sci. USA 2009, 107, 496–501. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.1511570112
http://www.ncbi.nlm.nih.gov/pubmed/26150490
http://doi.org/10.1146/annurev.pp.39.060188.002355
http://doi.org/10.1093/mp/ssr061
http://www.ncbi.nlm.nih.gov/pubmed/21772030
http://doi.org/10.1146/annurev-arplant-050213-035748
http://doi.org/10.1104/pp.104.1.201
http://doi.org/10.1104/pp.112.1.149
http://doi.org/10.1083/jcb.153.1.111
http://doi.org/10.1105/tpc.104.029603
http://doi.org/10.1104/pp.16.00608
http://www.ncbi.nlm.nih.gov/pubmed/27288524
http://doi.org/10.1242/jcs.202275
http://www.ncbi.nlm.nih.gov/pubmed/28320821
http://doi.org/10.1146/annurev-arplant-043015-111854
http://www.ncbi.nlm.nih.gov/pubmed/26735063
http://doi.org/10.3390/ijms222413464
http://www.ncbi.nlm.nih.gov/pubmed/34948261
http://doi.org/10.1146/annurev.arplant.56.032604.144046
http://www.ncbi.nlm.nih.gov/pubmed/15862093
http://doi.org/10.1016/j.tplants.2014.10.002
http://doi.org/10.1093/jxb/erw443
http://doi.org/10.1016/j.tplants.2020.01.004
http://doi.org/10.1093/jxb/erw088
http://doi.org/10.1042/ebc20170020
http://doi.org/10.3390/pathogens9010019
http://doi.org/10.1111/nph.17076
http://www.ncbi.nlm.nih.gov/pubmed/33206379
http://doi.org/10.3389/fpls.2021.637853
http://www.ncbi.nlm.nih.gov/pubmed/33747017
http://doi.org/10.1038/s41467-021-22977-5
http://www.ncbi.nlm.nih.gov/pubmed/34016974
http://doi.org/10.1126/science.1164627
http://www.ncbi.nlm.nih.gov/pubmed/19095898
http://doi.org/10.1111/j.1365-313X.2010.04197.x
http://www.ncbi.nlm.nih.gov/pubmed/20230487
http://doi.org/10.1080/15592324.2021.2018218
http://www.ncbi.nlm.nih.gov/pubmed/34978264
http://doi.org/10.3390/ijms21030963
http://doi.org/10.3389/fpls.2019.00646
http://doi.org/10.1038/nature05999
http://doi.org/10.1073/pnas.0705306104
http://doi.org/10.1073/pnas.0703343104
http://www.ncbi.nlm.nih.gov/pubmed/17566109
http://doi.org/10.1073/pnas.0909705107
http://www.ncbi.nlm.nih.gov/pubmed/20018686


Int. J. Mol. Sci. 2022, 23, 4043 14 of 16

58. Zhang, J.; Li, W.; Xiang, T.; Liu, Z.; Laluk, K.; Ding, X.; Zou, Y.; Gao, M.; Zhang, X.; Chen, S.; et al. Receptor-like Cytoplasmic
Kinases Integrate Signaling from Multiple Plant Immune Receptors and Are Targeted by a Pseudomonas syringae Effector. Cell Host
Microbe 2010, 7, 290–301. [CrossRef] [PubMed]

59. Yamaguchi, Y.; Huffaker, A.; Bryan, A.C.; Tax, F.; Ryan, C.A. PEPR2 Is a Second Receptor for the Pep1 and Pep2 Peptides and
Contributes to Defense Responses in Arabidopsis. Plant Cell 2010, 22, 508–522. [CrossRef] [PubMed]

60. Zhang, W.; Fraiture, M.; Kolb, D.; Löffelhardt, B.; Desaki, Y.; Boutrot, F.F.G.; Tor, M.; Zipfel, C.; Gust, A.A.; Brunner, F. Arabidopsis
receptor-like protein30 and receptor-like kinase suppressor of BIR1-1/EVERSHED mediate innate immunity to necrotrophic
fungi. Plant Cell 2013, 25, 4227–4241. [CrossRef]

61. Albert, I.; Böhm, H.; Albert, M.; Feiler, C.E.; Imkampe, J.; Wallmeroth, N.; Brancato, C.; Raaymakers, T.M.; Oome, S.; Zhang,
H.; et al. An RLP23–SOBIR1–BAK1 complex mediates NLP-triggered immunity. Nat. Plants 2015, 1, 15140. [CrossRef]

62. Couto, D.; Zipfel, C. Regulation of pattern recognition receptor signalling in plants. Nat. Rev. Immunol. 2016, 16, 537–552.
[CrossRef]

63. Tang, D.; Wang, G.; Zhou, J.-M. Receptor Kinases in Plant-Pathogen Interactions: More Than Pattern Recognition. Plant Cell 2017,
29, 618–637. [CrossRef]

64. Saijo, Y.; Loo, E.; Yasuda, S. Pattern recognition receptors and signaling in plant-microbe interactions. Plant J. 2018, 93, 592–613.
[CrossRef]

65. Albert, I.; Hua, C.; Nürnberger, T.; Pruitt, R.N.; Zhang, L. Surface Sensor Systems in Plant Immunity. Plant Physiol. 2019, 182,
1582–1596. [CrossRef] [PubMed]

66. Giraldo, M.; Valent, B. Filamentous plant pathogen effectors in action. Nat. Rev. Genet. 2013, 11, 800–814. [CrossRef] [PubMed]
67. Rovenich, H.; Boshoven, J.C.; Thomma, B.P. Filamentous pathogen effector functions: Of pathogens, hosts and microbiomes. Curr.

Opin. Plant Biol. 2014, 20, 96–103. [CrossRef]
68. Oliveira-Garcia, E.; Valent, B. How eukaryotic filamentous pathogens evade plant recognition. Curr. Opin. Microbiol. 2015, 26,

92–101. [CrossRef] [PubMed]
69. He, Q.; McLellan, H.; Boevink, P.C.; Birch, P.R.J. All roads lead to susceptibility: The many modes of action of fungal and oomycete

intracellular effectors. Plant Commun. 2020, 1, 100050. [CrossRef]
70. Figueroa, M.; Ortiz, D.; Henningsen, E.C. Tactics of host manipulation by intracellular effectors from plant pathogenic fungi. Curr.

Opin. Plant Biol. 2021, 62, 102054. [CrossRef] [PubMed]
71. Kleemann, J.; Rincon-Rivera, L.J.; Takahara, H.; Neumann, U.; Van Themaat, E.V.L.; Van Der Does, H.C.; Hacquard, S.; Stüber,

K.; Will, I.; Schmalenbach, W.; et al. Sequential Delivery of Host-Induced Virulence Effectors by Appressoria and Intracellular
Hyphae of the Phytopathogen Colletotrichum higginsianum. PLoS Pathog. 2012, 8, e1002643. [CrossRef]

72. Irieda, H.; Maeda, H.; Akiyama, K.; Hagiwara, A.; Saitoh, H.; Uemura, A.; Terauchi, R.; Takano, Y. Colletotrichum orbiculare
Secretes Virulence Effectors to a Biotrophic Interface at the Primary Hyphal Neck via Exocytosis Coupled with SEC22-Mediated
Traffic. Plant Cell 2014, 26, 2265–2281. [CrossRef]

73. Wada, M. Chloroplast and nuclear photorelocation movements. Proc. Jpn. Acad. Ser. B 2016, 92, 387–411. [CrossRef]
74. Higa, T.; Suetsugu, N.; Kong, S.-G.; Wada, M. Actin-dependent plastid movement is required for motive force generation in

directional nuclear movement in plants. Proc. Natl. Acad. Sci. USA 2014, 111, 4327–4331. [CrossRef]
75. Suetsugu, N.; Higa, T.; Kong, S.-G.; Wada, M. PLASTID MOVEMENT IMPAIRED1 and PLASTID MOVEMENT IMPAIRED1-

RELATED1 mediate photorelocation movements of both chloroplasts and nuclei. Plant Physiol. 2015, 169, 1155–1167. [CrossRef]
[PubMed]

76. Oikawa, K.; Kasahara, M.; Kiyosue, T.; Kagawa, T.; Suetsugu, N.; Takahashi, F.; Kanegae, T.; Niwa, Y.; Kadota, A.; Wada, M.
Chloroplast Unusual Positioning1 Is Essential for Proper Chloroplast Positioning. Plant Cell 2003, 15, 2805–2815. [CrossRef]

77. Oikawa, K.; Yamasato, A.; Kong, S.-G.; Kasahara, M.; Nakai, M.; Takahashi, F.; Ogura, Y.; Kagawa, T.; Wada, M. Chloroplast Outer
Envelope Protein CHUP1 Is Essential for Chloroplast Anchorage to the Plasma Membrane and Chloroplast Movement. Plant
Physiol. 2008, 148, 829–842. [CrossRef] [PubMed]

78. Suetsugu, N.; Higa, T.; Gotoh, E.; Wada, M. Light-Induced Movements of Chloroplasts and Nuclei Are Regulated in Both
Cp-Actin-Filament-Dependent and -Independent Manners in Arabidopsis thaliana. PLoS ONE 2016, 11, e0157429. [CrossRef]

79. Suetsugu, N.; Kagawa, T.; Wada, M. An Auxilin-Like J-Domain Protein, JAC1, Regulates Phototropin-Mediated Chloroplast
Movement in Arabidopsis. Plant Physiol. 2005, 139, 151–162. [CrossRef] [PubMed]

80. Jarillo, J.A.; Gabrys, H.; Capel, J.; Alonso, J.; Ecker, J.; Cashmore, A.R. Phototropin-related NPL1 controls chloroplast relocation
induced by blue light. Nature 2001, 410, 952–954. [CrossRef] [PubMed]

81. Kagawa, T.; Sakai, T.; Suetsugu, N.; Oikawa, K.; Ishiguro, S.; Kato, T.; Tabata, S.; Okada, K.; Wada, M. Arabidopsis NPL1: A
Phototropin Homolog Controlling the Chloroplast High-Light Avoidance Response. Science 2001, 291, 2138–2141. [CrossRef]

82. Sakai, T.; Kagawa, T.; Kasahara, M.; Swartz, T.E.; Christie, J.M.; Briggs, W.R.; Wada, M.; Okada, K. Arabidopsis nph1 and npl1:
Blue light receptors that mediate both phototropism and chloroplast relocation. Proc. Natl. Acad. Sci. USA 2001, 98, 6969–6974.
[CrossRef]

83. Nomura, H.; Komori, T.; Kobori, M.; Nakahira, Y.; Shiina, T. Evidence for chloroplast control of external Ca2+-induced cytosolic
Ca2+ transients and stomatal closure. Plant J. 2007, 53, 988–998. [CrossRef]

84. Yamasaki, K.; Motomura, Y.; Yagi, Y.; Nomura, H.; Kikuchi, S.; Nakai, M.; Shiina, T. Chloroplast envelope localization of EDS5, an
essential factor for salicylic acid biosynthesis in Arabidopsis thaliana. Plant Signal. Behav. 2013, 8, e23603. [CrossRef]

http://doi.org/10.1016/j.chom.2010.03.007
http://www.ncbi.nlm.nih.gov/pubmed/20413097
http://doi.org/10.1105/tpc.109.068874
http://www.ncbi.nlm.nih.gov/pubmed/20179141
http://doi.org/10.1105/tpc.113.117010
http://doi.org/10.1038/nplants.2015.140
http://doi.org/10.1038/nri.2016.77
http://doi.org/10.1105/tpc.16.00891
http://doi.org/10.1111/tpj.13808
http://doi.org/10.1104/pp.19.01299
http://www.ncbi.nlm.nih.gov/pubmed/31822506
http://doi.org/10.1038/nrmicro3119
http://www.ncbi.nlm.nih.gov/pubmed/24129511
http://doi.org/10.1016/j.pbi.2014.05.001
http://doi.org/10.1016/j.mib.2015.06.012
http://www.ncbi.nlm.nih.gov/pubmed/26162502
http://doi.org/10.1016/j.xplc.2020.100050
http://doi.org/10.1016/j.pbi.2021.102054
http://www.ncbi.nlm.nih.gov/pubmed/33992840
http://doi.org/10.1371/annotation/0f398a0c-dfda-4277-b172-4ff9cb31aec3
http://doi.org/10.1105/tpc.113.120600
http://doi.org/10.2183/pjab.92.387
http://doi.org/10.1073/pnas.1317902111
http://doi.org/10.1104/pp.15.00214
http://www.ncbi.nlm.nih.gov/pubmed/26324877
http://doi.org/10.1105/tpc.016428
http://doi.org/10.1104/pp.108.123075
http://www.ncbi.nlm.nih.gov/pubmed/18715957
http://doi.org/10.1371/journal.pone.0157429
http://doi.org/10.1104/pp.105.067371
http://www.ncbi.nlm.nih.gov/pubmed/16113208
http://doi.org/10.1038/35073622
http://www.ncbi.nlm.nih.gov/pubmed/11309623
http://doi.org/10.1126/science.291.5511.2138
http://doi.org/10.1073/pnas.101137598
http://doi.org/10.1111/j.1365-313X.2007.03390.x
http://doi.org/10.4161/psb.23603


Int. J. Mol. Sci. 2022, 23, 4043 15 of 16

85. Rekhter, D.; Lüdke, D.; Ding, Y.; Feussner, K.; Zienkiewicz, K.; Lipka, V.; Wiermer, M.; Zhang, Y.; Feussner, I. Isochorismate-derived
biosynthesis of the plant stress hormone salicylic acid. Science 2019, 365, 498–502. [CrossRef] [PubMed]

86. Jiang, S.-C.; Engle, N.L.; Banday, Z.Z.; Cecchini, N.M.; Jung, H.W.; Tschaplinski, T.J.; Greenberg, J.T. ALD1 accumulation in
Arabidopsis epidermal plastids confers local and non-autonomous disease resistance. J. Exp. Bot. 2021, 72, 2710–2726. [CrossRef]
[PubMed]

87. Parisy, V.; Poinssot, B.; Owsianowski, L.; Buchala, A.; Glazebrook, J.; Mauch, F. Identification of PAD2 as a γ-glutamylcysteine
synthetase highlights the importance of glutathione in disease resistance of Arabidopsis. Plant J. 2006, 49, 159–172. [CrossRef]
[PubMed]

88. Nomura, H.; Komori, T.; Uemura, S.; Kanda, Y.; Shimotani, K.; Nakai, K.; Furuichi, T.; Takebayashi, K.; Sugimoto, T.; Sano, S.; et al.
Chloroplast-mediated activation of plant immune signalling in Arabidopsis. Nat. Commun. 2012, 3, 926. [CrossRef]

89. Tang, L.; Yang, G.; Ma, M.; Liu, X.; Li, B.; Xie, J.; Fu, Y.; Chen, T.; Yu, Y.; Chen, W.; et al. An effector of a necrotrophic fungal
pathogen targets the calcium-sensing receptor in chloroplasts to inhibit host resistance. Mol. Plant Pathol. 2020, 21, 686–701.
[CrossRef]

90. Wildermuth, M.C.; Dewdney, J.; Wu, G.; Ausubel, F.M. Isochorismate synthase is required to synthesize salicylic acid for plant
defence. Nature 2001, 414, 562–565. [CrossRef]

91. Serrano, M.; Wang, B.; Aryal, B.; Garcion, C.; Abou-Mansour, E.; Heck, S.; Geisler, M.; Mauch, F.; Nawrath, C.; Métraux, J.-P.
Export of Salicylic Acid from the Chloroplast Requires the Multidrug and Toxin Extrusion-Like Transporter EDS5. Plant Physiol.
2013, 162, 1815–1821. [CrossRef]

92. Song, J.T.; Lu, H.; Greenberg, J. Divergent Roles in Arabidopsis thaliana Development and Defense of Two Homologous Genes,
Aberrant Growth and Death2 and AGD2-LIKE Defense Response Protein1, Encoding Novel Aminotransferases. Plant Cell 2004,
16, 353–366. [CrossRef]

93. Song, J.T.; Lü, H.; McDowell, J.M.; Greenberg, J.T. A key role for ALD1 in activation of local and systemic defenses in Arabidopsis.
Plant J. 2004, 40, 200–212. [CrossRef]

94. Cecchini, N.; Jung, H.W.; Engle, N.L.; Tschaplinski, T.; Greenberg, J. ALD1 Regulates Basal Immune Components and Early
Inducible Defense Responses in Arabidopsis. Mol. Plant-Microbe Interact. 2015, 28, 455–466. [CrossRef]

95. Caplan, J.L.; Kumar, A.S.; Park, E.; Padmanabhan, M.S.; Hoban, K.; Modla, S.; Czymmek, K.; Dinesh-Kumar, S.P. Chloroplast
Stromules Function during Innate Immunity. Dev. Cell 2015, 34, 45–57. [CrossRef] [PubMed]

96. Savage, Z.; Duggan, C.; Toufexi, A.; Pandey, P.; Liang, Y.; Segretin, M.E.; Yuen, L.H.; Gaboriau, D.C.A.; Leary, A.Y.; Tumtas, Y.;
et al. Chloroplasts alter their morphology and accumulate at the pathogen interface during infection by Phytophthora infestans.
Plant J. 2021, 107, 1771–1787. [CrossRef] [PubMed]

97. Savage, Z.; Erickson, J.L.; Prautsch, J.; Balmez, A.I.; Tumtas, Y.; Yuen, E.L.H.; Stuttmann, J.; Fantino, E.; Duggan, C.; Molinari,
C.; et al. Chloroplast movement and positioning protein CHUP1 is required for focal immunity against Phytophthora infestans.
bioRxiv 2021. [CrossRef]

98. Shibata, Y.; Kawakita, K.; Takemoto, D. SGT1 and HSP90 are essential for age-related non-host resistance of Nicotiana benthamiana
against the oomycete pathogen Phytophthora infestans. Physiol. Mol. Plant Pathol. 2011, 75, 120–128. [CrossRef]

99. Natesan, S.K.A.; Sullivan, J.A.; Gray, J.C. Stromules: A characteristic cell-specific feature of plastid morphology. J. Exp. Bot. 2005,
56, 787–797. [CrossRef]

100. Kumar, A.S.; Park, E.; Nedo, A.; AlQarni, A.; Ren, L.; Hoban, K.; Modla, S.; McDonald, J.H.; Kambhamettu, C.; Dinesh-Kumar,
S.P.; et al. Stromule extension along microtubules coordinated with actin-mediated anchoring guides perinuclear chloroplast
movement during innate immunity. eLife 2018, 7, e23626. [CrossRef]

101. Hanson, M.R.; Hines, K.M. Stromules: Probing Formation and Function. Plant Physiol. 2017, 176, 128–137. [CrossRef]
102. Caplan, J.L.; Mamillapalli, P.; Burch-Smith, T.M.; Czymmek, K.; Dinesh-Kumar, S.P. Chloroplastic Protein NRIP1 Mediates Innate

Immune Receptor Recognition of a Viral Effector. Cell 2008, 132, 449–462. [CrossRef]
103. Tsushima, A.; Narusaka, M.; Gan, P.; Kumakura, N.; Hiroyama, R.; Kato, N.; Takahashi, S.; Takano, Y.; Narusaka, Y.; Shirasu,

K. The Conserved Colletotrichum spp. Effector Candidate CEC3 Induces Nuclear Expansion and Cell Death in Plants. Front.
Microbiol. 2021, 12, 682155. [CrossRef]

104. De Souza, A.J.; Wang, J.-Z.; Dehesh, K. Retrograde Signals: Integrators of Interorganellar Communication and Orchestrators of
Plant Development. Annu. Rev. Plant Biol. 2017, 68, 85–108. [CrossRef]
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