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The plant cell nucleus
A true arena for the fight between plants and pathogens
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Communication between the cytoplasm and the nucleus is a
fundamental feature shared by both plant and animal cells.
Cellular factors involved in the transport of macromolecules
through the nuclear envelope, including nucleoporins,
importins and Ran-GTP related components, are conserved
among a variety of eukaryotic systems. Interestingly, mutations
in these nuclear components compromise resistance
signaling, illustrating the importance of nucleocytoplasmic
trafficking in plant innate immunity. Indeed, spatial restriction
of defense regulators by the nuclear envelope and stimulus-
induced nuclear translocation constitute an important level
of defense-associated gene regulation in plants. A significant
number of effectors from different microbial pathogens
are targeted to the plant cell nucleus. In addition, key host
factors, including resistance proteins, immunity components,
transcription factors and transcriptional regulators shuttle
between the cytoplasm and the nucleus, and their level of
nuclear accumulation determines the output of the defense
response, further confirming the crucial role played by the
nucleus during the interaction between plants and pathogens.
Here, we discuss recent findings that situate the nucleus at
the frontline of the mutual recognition between plants and
invading microbes.

Plant resistance to disease is mediated by a mutilayered innate
immune system that shares features with animal immunity.!
The first line of active defense relies on the recognition of patho-
gen- (or microbe-) associated molecular patterns (PAMPs or
MAMPs), which are conserved among a diversity of microbes.?
PAMP recognition is mediated by specific pattern-recognition
receptors (PRRs) and leads to the so-called PTI (pathogen-
triggered immunity), which involves the induction of basal
defenses.’> A second layer of defense involves molecular recog-
nition of pathogen-produced virulence effectors that evolved
to suppress PTI and promote pathogen growth.® This defense
layer is also known as effector-triggered immunity (ETT),* and
involves additional receptors, mostly nucleotide-binding leucine-
rich repeat (NB-LRR) resistance (R) proteins, which recognize
specific pathogen effectors or their action(s) on host components.
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R proteins of the NB-LRR type have been classified in two groups
based on the presence of the N-terminal coiled-coil (CC) or Toll/
interleukin-1 receptor (TIR) domains. NB-LRR R proteins work
as molecular switches whose effector-triggered activation results
in the transcriptional reprogramming of defense-associated genes
and promotion of host defenses. ETT is often associated with the
hypersensitive response (HR), a form of programmed cell death
that restricts the growth of the pathogen at the infection sites.”®

Plant innate immunity against infection by microbial patho-
gens is a highly dynamic process that involves spatial and tempo-
ral regulation of a variety of defense components. Studies on the
localization of R proteins, pathogen effectors and key host factors
during plant innate immunity have revealed the implication of
multiple organelles in the recognition and signaling mechanisms
associated to defense responses.” In particular, a growing body
of evidence shows the importance of protein trafficking to the
nucleus to regulate gene expression related to plant defense.'*?
Various nucleocytoplasmic trafficking pathways, including
mRNA export, nuclear localization signal (NLS)-dependent
nuclear protein import and nuclear export signal (NES)-mediated
nuclear protein export, have been involved in plant innate immu-
nity."*" A significant number of effector proteins from viruses,
bacteria and oomycetes are targeted to the nucleus where they
may directly target nuclear host components (or functions) essen-
tial for the immune response.’®?! Alternatively, nuclear translo-
cation of effectors may affect subcellular localization of their
cognate R proteins.”»** Indeed, dynamic trafficking of different
R proteins between the cytoplasm and the nucleus is crucial for
plant immune responses.'*'>?*? Together, these findings situate
the nucleus at the forefront of the interaction between plants and
pathogens. Moreover, essential components of the plant immune
response shuttle between the cytoplasm and the nucleus,*®*
providing a possible framework for defense signal trafficking
between the two compartments. Finally, cytoplasmic retention
of inactive transcription factors or transcriptional regulators, fol-
lowed by their activation and signal-dependent translocation into
the nucleus, allows plants to rapidly connect signal perception at
the cell surface and cytoplasmic signal transduction to defense
gene activation in a stimulus-dependent manner.?!

In this review, we provide an overview of recent reports that
highlight the importance of cellular dynamics, and particularly
protein translocation to the nucleus, for defense-associated gene
regulation in plants.
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Plant-Pathogen Recognition:
“Love will Tear us Apart”

Recent studies reveal that several cytoplasmic NB-LRR recep-
tors partially localize to the nucleus where they function to trig-
ger innate immune responses. The barley Mla resistance locus
that conditions isolate-specific immunity to the powdery mildew
fungus Blumeria graminis f. sp. hordei encodes CC-NB-LRR
receptor proteins.**® Shen and colleagues®® showed that the
intracellular MLA10 protein is localized both in the cytoplasm
and in the nucleus of plant cells. Importantly, activation of the
MLA10-mediated immune response requires nuclear accumula-
tion of MLA10, which is triggered by its cognate effector AVR .
Indeed, the fusion of a nuclear export signal (NES) to MLA10
prevents its nuclear accumulation and leads to the loss of MLA10
function. Interestingly, the CC domain of MLA10 was shown
to associate with two closely related barley WKRY transcription
factors, HYWRKY1 and HvWRKY2, which act as repressors of
PAMP-triggered basal defense responses.” In planta interaction
between nuclear MLA10 and HvWRKY2 occurs in an AVR -
dependent manner. MLA receptor activation appears to allow
rapid transcriptional reprogramming in response to pathogen
perception by interfering with HvWRKY1/2 repressor function.
Therefore, direct targeting of PAMP-activated HvWRKY1/2
repressors by MLA receptors represents a molecular shortcut to
rapidly connect pathogen perception with regulation of defense-
related gene expression independently of the action of R gene-
specific signaling components (Fig. 1A).

A more condensed version of a typical defense signaling path-
way is illustrated by the Arabidopsis RRS1-R protein whose
modular architecture brings together the NB-LRR domains and
a WKRY motif in the same protein.?*?® RRSI-R was shown to
interact in yeast cells with its cognate Ralstonia solanacearum
Type II effector PopP2. Both protein partners co-localize in the
plant cell nucleus where they physically interact.?*?” Upon asso-
ciation with PopP2, RRS1-R may regulate defense-related gene
expression either directly via its WKRY domain or through the
action of additional transcription factors (Fig. 1B). Interestingly,
PopP2 induces nuclear targeting of the Arabidopsis cysteine
protease RESPONSIVE TO DEHYDRATATION19 (RD19),
otherwise localized to mobile vacuole-associated vesicles and
destined to the lytic vacuole.?® The physical interaction between
RD19, whose expression is induced by Ralstonia infection, and
PopP2 was demonstrated in living plant cells. Since Arabidopsis
rd19 mutant plants are compromised in resistance to Ralstonia, it
was proposed that RD19 associates with PopP2 to form a nuclear
complex that is required for activation of the plant resistance
response (Fig. 1B). Unlike RRS1-R, RD19 does not present an
obvious NLS and details about the molecular mechanism that
activates RD19 nuclear relocalization remain unknown. Several
hypotheses about how RD19 nuclear targeting may occur are dis-
cussed below.

Recent data reveal a more sophisticated mechanism behind the
RRS1-R-mediated resistance response. Indeed, the Arabidopsis
RPS4 protein, previously described as conferring resistance
to Pseudomonas syringae pv. tomato strain DC3000 expressing
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AvrRps4,” was recently shown to function cooperatively with
RRS1 allelic forms to prevent infection against at least three
different pathogens (Ralstonia solanacearum, Pseudomonas syrin-
gae and Colletotrichum higginsianum).**" It is not yet known
how RRS1 and RPS4 act together into the nucleus to trigger
plant immunity. Interestingly, the AvrRps4-triggered immune
response requires nuclear accumulation of RPS4 that is distrib-
uted between endomembranes and nuclei in uninfected plants.
However, RPS4 subcellular localization is not influenced by
AvrRps4,%? whereas RRS1-R nuclear accumulation depends on
the presence of PopP2.2*% It is conceivable that a threshold con-
centration of both R proteins in the nucleus controls their respec-
tive functions for efficient activation of immune responses.

The tobacco TIR-NB-LRR immune receptor N is an addi-
tional R protein that has been shown to function in the nucleus. In
non-inoculated cells, N resides in the cytoplasm and the nucleus.
Recognition of the 50 kDa helicase domain of Tobacco mosaic
virus (TMV) replicase (p50) occurs in the cytoplasm through
its indirect association with the TIR domain of the N protein
through NRIP1, a tobacco rhodanase sulfurtransferase, which
normally localizes to the stroma of chloroplasts and is recruited
to the cytoplasm (and nucleus) of the plant cell by the p50 effec-
tor.”’ In this scenario, NRIP1 has been proposed to form a cyto-
plasmic pre-recognition complex with p50 and to recognize the
TIR domain of N to activate a successful defense response. Once
activated, cytoplasmic N is either translocated into the nucleus
or able to send a signal that activates the N nuclear pool, result-
ing in the activation of a successful defense response (Fig. 1C).
Shuttling of p50-activated N from the cytoplasm to the nucleus
may be required for N function, since nuclear accumulation of N
is needed to trigger an efficient defense response.*” Nuclear relo-
calization of NRIP1 is required to provide full resistance to TMV
infection.” Different hypotheses were formulated to explain the
molecular mechanism of p50-mediated NRIP1 nuclear relocal-
ization. First, p50 may intercept cytosolic NRIPI on its way to
the chloroplast, in a process that would mask NRIP1 chloroplast
targeting signal and allow its nuclear recruitment. Alternatively,
p50 may indirectly disrupt global chloroplast import affecting
the translocation of NRIP1. Otherwise, similar to the mitochon-
drial release of pro-cell death components, such as cytochrome
¢,* chloroplast-localized NRIP1 may be released into the cyto-
plasm and the nucleus by p50-induced permeabilization of the
outer membrane. Finally, the involvement of stromules in NRIP1
nuclear import was also suggested. Stromules have been associ-
ated with defense reactions in response to both biotic and abiotic
stresses.””* Although there is not reported evidence demonstrat-
ing that stromules directly connect nuclei and chloroplasts, close
contact between stromules and nuclei has been observed? ¢
and this close association may enhance the nuclear import of
chloroplastic factors, such as NRIP1.

Immunity Components:
“With a Little Help from My Friends”

In addition to R proteins, essential components of the plant
immune system have been shown to dynamically translocate
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Figure 1. Schematic representation of the transport of plant immune receptors and regulatory components across the nuclear envelope. (A) The
MLA10-mediated immune response is activated by the AVR,, effector, which promotes nuclear accumulation of CC-NB-LRR resistance protein MLA10.
In resting cells, HYWRKY2 acts as a transcriptional repressor of basal defense responses. After pathogen perception, MLA10 binds HvWRKY2 through
its CC domain, thereby releasing the negative regulation of the immune response. (B) The PopP2 effector, which triggers the RRS1-R-mediated
resistance response, promotes nuclear accumulation of the TIR-NB-LRR-WRKY immune receptor RRS1-R and the vacuolar cysteine protease RD19. In
unchallenged cells, RRS1-R is hypothesized to act as a transcriptional repressor of basal defense responses. The RD19/PopP2 protein complex would
be recognized by RRS1-R leading to either modification of RRS1-R transcriptional activity or transcriptional activation by additional transcription
factors, thereby derepressing defense responses. (C) The tobacco TIR-NB-LRR immune receptor N resides in the cytoplasm and the nucleus of non-
infected cells. After pathogen inoculation, the tobacco rhodanase sulfurtransferase NRIP1, which localizes to the stroma of chloroplast in resting cells,
is recruited to the cytoplasm of the plant cell by the p50 effector, to form a pre-recognition complex. This NRIP1/p50 complex interacts with the N
receptor thanks to NRIP1, which binds to the TIR domain of N, leading to the activation of cytoplasmic N. Once activated, cytoplasmic N either enters
the nucleus or sends a signal that activates the N nuclear pool, resulting in the activation of a successful defense response. (D) Basal and TIR-NB-LRR
resistance protein-mediated defense responses depend on the regulatory immune complexes formed by the EDS1, PAD4 and SAG101 proteins. EDS1
can exist in a complex with PAD4 in both the cytoplasm and nucleus, and with SAG101 in the nucleus, resulting in the regulation of defense gene
transcription. The role of EDS1 homodimers in the cytoplasm is still unknown. Dynamic changes in the binding affinities and concentrations of these
complexes modulate nuclear accumulation of defense-related components, which allows the plant to mount an appropriate immune response. (E)
The transcriptional regulator NPR1 primarily exists as inactive oligomers in the cytoplasm of non-elicited cells. Pathogen recognition leads to a change
in the cell redox potential, resulting in the formation of reduced active NPRT monomers that are translocated into the nucleus. Within the nucleus,
NPR1 associates with TGA transcription factors to promote defense gene expression. Levels of nuclear NPR1 accumulation are controlled by protein
degradation through the 26S proteasome. (F) The secreted phospholipase AtsPLA -« is partially relocalized, via a yet undescribed mechanism, from
Golgi vesicles to the nucleus where it interacts with the transcription factor AtMYB30, leading to transcriptional repression of defense responses.

across the nuclear envelope. The plant immune regulator EDS1
(enhanced disease susceptibilityl) is a master component
of plant defense”“® that transiently associates in the cyto-
plasm and in the nucleus with its co-regulator partners PAD4
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(Phytoalexin Deficient4) and SAGI101 (Senescence-Associated
Genel01).%% EDSI1-, PAD4-, SAG10l-containing complexes
constitute an essential regulatory node that mediates both
effector-triggered activation of several TIR-NB-LRR and basal
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defense responses®®" (Fig. 1D). Although EDSI was found not
to be necessary for accumulation or nuclear accessibility of RPS4,
EDSI is strictly required for RPS4-mediated signaling and func-
tions somewhere between the activation of the R protein and the
transcriptional reprogramming in the cell nucleus.”> Recently,
Garcia and colleagues showed that RPS4 recognition of AvrRps4
triggers nuclear accumulation of EDSI1, which directs transcrip-
tional reprogramming.’' The Arabidopsis sncl (suppressor of nprl-
1, constitutive 1) mutant carries a gain of function mutation in a
TIR-NB-LRR-type R gene and shows constitutive defense acti-
vation and increased resistance to virulent pathogens.”>»* EDS1-
dependent constitutive resistance displayed by the snzcl mutant
was shown to be associated with changes in relative amounts of
cytoplasmic and nuclear EDS1. Thus, EDSI functions through
balanced nuclear and cytoplasmic activities to mediate the induc-
tion and repression of particular defense-related genes thereby
allowing the plant to mount an appropriate immune response.’

Transcriptional Regulators: “The Winner Takes it All”

Spatial restriction of transcription factors and regulators of tran-
scription by the nuclear envelope and their stimulus-induced
nuclear translocation constitute an important level of defense-
associated gene regulation in plants. NPR1 (Non expressor of
Pathogenesis-Related genesl, also known as NIMI1) is a key regu-
lator of systemic acquired resistance (SAR), an inducible form of
plant defense conferring broad-spectrum immunity to secondary
>456 Tn the absence of infection, NPR1, which contains
a functional bipartite NLS, is predominantly sequestered in the

infection.

cytoplasm as an oligomeric complex.” Upon pathogen challenge,
a change in the redox potential of the cell is induced so that the
NPR1 oligomer is partially reduced to a monomeric state and
translocates to the nucleus. Once in the nucleus, NPR1 functions
as a co-activator of gene transcription through its interaction
with TGA-bZIP transcription factors.”®* Interestingly, protea-
somal-mediated turnover of NPR1 in the nucleus is necessary for
its function as a transcriptional co-activator in SAR® (Fig. 1E).

Similarly to the Arabidopsis vacuolar cysteine protease RD19,
the tomato LeCp vacuolar protease is relocalized to the nucleus
following treatment with the ethylene-inducing xylanase (EIX)
elicitor.® In the nucleus, LeCp acts as a transcription factor to
activate the expression of the ACC synthase gene via a yet unex-
plained mechanism.®> As RD19, LeCp does not contain a con-
sensus NLS, and since LeCp interacts with SUMO in yeast, the
authors proposed that SUMO modification of LeCp generates
the signal required for LeCp to enter the nucleus. In this con-
text, LeCp would generally function as a Cys protease, but upon
modification by SUMO, it would enter the nucleus and induce
expression of the ACC synthase gene.

An additional example of the importance of dynamic protein
trafficking to the nucleus for the regulation of transcription is
provided by the secreted phospholipase A#sPLA -a. Surprisingly,
AtsPLA -a was identified in a yeast two-hybrid screen as an
interactor of the nuclear Arabidopsis MYB transcription factor
AtMYB30, a positive regulator of bacterial-induced HR and
defense responses.”®* AzsPLA -a has been implicated in the

www.landesbioscience.com

control of auxin transport protein trafficking to the plasma mem-
brane.® Consistent with the presence of a signal peptide in the
N-terminus of A#sPLA -, YFP-tagged AzsPLA -a was localized
intracellularly in Golgi-associated vesicles and later secreted to the
extracellular space.”®®* However, in the presence of AtMYB30,
targeting of A#sPLA - is partially modified from cytoplasmic
vesicles to the plant cell nucleus, where both proteins interact.
This protein interaction leads to repression of the AtMYB30-
mediated transcriptional activity and negative regulation of plant
HR. Furthermore, an Arabidopsis Azspla - mutant is more resis-
tant to bacterial inoculation, whereas A#sPLA -« overexpression
leads to decreased resistance, confirming the role of A#sPLA - as
a negative regulator of AtMYB30-mediated defense (Fig. 1F). As
in the previously mentioned examples, the mechanism behind the
nuclear recruitment of AzsPLA,-a is still unknown. In the case
of LeCp and RD19, EIX and PopP2 were proposed to induce a
membrane permeabilization process, triggering the collapse of the
vacuolar membrane. This would lead to the respective release of
LeCp and RD19 from vacuole-associated compartments into the
cytoplasm, where they may become available for SUMOylation,
thereby allowing their nuclear targeting.?®¢ Similarly, ActM'YB30
might release AzsPLA,-o from vesicle-associated compartments
to the nucleus through an unknown mechanism that may involve
AtsPLA,-a SUMOylation. Indeed, lysine residues with high
probability of being SUMOylated are present in LeCp, RD19
and AzsPLA,-o. Alternatively, we cannot rule out that AtMYB30
may intercept AtsPLA,-a on its way to the extracellular com-
partment via retrograde transport from the endomembrane sys-
tem, which has some continuity with the nuclear envelope, as
it was previously proposed for PopP2-induced nuclear transloca-
tion of RD19. Finally, binding of AtMYB30 to AzsPLA,-o may
mask AzsPLA,-a vesicle targeting signal or AtMYB30 may indi-
rectly disrupt global vesicle sorting affecting the translocation of
AtsPLA -a.

The Nuclear Import-Export Machinery:
“I Like to Move it”

In eukaryotic cells, protein and RNA trafficking between the
cytoplasm and the nucleus occurs through nuclear pore complexes
(NPCs), which are composed of nucleoporins (Nups) and span
the double membrane of the nuclear envelope. Nucleocytoplasmic
transport of macromolecules typically depends on import and
export receptors (importins and exportins), which translocate
cargo through the nuclear pore.®® Importins and exportins
respectively recognize exposed NLSs and NESs that label their
cargo proteins.”’ o importins are adapter proteins that bind to
NLS-containing cargo proteins and bridge their interaction with
importin B. The trimeric complex importin a/importin 3/cargo
protein goes across the NPC, via the importin 3-mediated inter-
action with Nups, and is translocated into the nucleus. The direc-
tionality of the nuclear transport is maintained by the ratio of
Ran-GDP (cytoplasmic side) and Ran-GTP (nuclear side). Upon
binding of Ran-GTP in the nucleus, the complex is disassembled
and importin a and B shuttle back to the cytoplasm to allow
additional rounds of transport® (Fig. 2).
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Figure 2. Model for nucleocytoplasmic transport of macromolecules through the nuclear pore complex. Cytoplasmic proteins with a nuclear localiza-
tion signal (NLS) are translocated into the nucleus through nuclear pore complexes (NPCs), which are composed of nucleoporins (Nups) and span the
double membrane of the nuclear envelope. The NLS in cargo proteins is recognized and bound by importin receptors (importin a and ) promoting
their transport across the NPC, via the importin B-mediated interaction with Nups. The Ras-related nuclear (Ran) protein provides the directionality of
transport via its binding to GDP (cytoplasmic side) or GTP (nuclear side). Export receptors (exportins) recognize nuclear export signals (NES) in cargo
proteins and promote their nuclear export to the cytoplasm. Mutations in AtNup96 (MOS3), AtNup88 (MOS7) and importin a3 (MOS6) have been
shown to impair the nuclear transport of immunity components, resulting in altered defense responses.

The Arabidopsis sncl mutant shows increased resistance to
several pathogens.’>% The identification of MOS3, MOS6 and
MOS7 (for MODIFIER OF SNCI) in a sncl suppressor screen
underlines the importance of nucleocytoplasmic trafficking for
both basal resistance and resistance mediated by several R genes
in addition of sncl. Arabidopsis Nup96 (MOS3/SAR3), which is
involved in mRNA export, and Nup88 (MOS7) are localized in
the nuclear envelope and required for basal resistance as well as
R gene-mediated resistance to avirulent pathogens.'*'” However,
it is unclear how MOS proteins regulate sncl-mediated defense
and basal resistance responses. MOS3 may be involved in the
nuclear export of an RNA encoding a positive regulator essen-
tial for activation of disease resistance."* MOS7 is required for
specific nuclear accumulation of the autoactivated R protein
SNCI1, as well as the downstream defense signaling components
EDSI and NPRLY indicating that MOS7 acts a nuclear chap-
erone for NB-LRR proteins. Furthermore, these data suggest
that specific modulation of the nuclear concentration of a set of
defense regulators is crucial for the fine-tuning of plant immune
responses. In Arabidopsis, importin a4 is preferentially involved
in Agrobacterium-mediated transformation®® and importin o3
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(MOS6) is required for plant defense against virulent patho-
gens.” Finally, the implication of Ran-regulated elements of the
nuclear pore in plant immune responses was confirmed by the
finding that RanGap2 (Ran-GTPase-activating protein2) inter-
acts with the NB-LRR protein Rx, and silencing of RanGap2
impairs Rx-mediated resistance.'®® Therefore, it is likely that
RanGap2 directs Rx into the nucleus, either serving as a carrier to
promote Rx nuclear transport or modifying Rx folding so that it
may interact with an additional carrier protein that may facilitate
Rx nuclear translocation.

Together, these findings strongly suggest that components of
the NPC may specifically mediate nuclear translocation of cargo
proteins, including NB-LRR R proteins, immunity components
(such as the EDS1/PAD4/SAG101 complex), TGA or bZIP tran-
scription factors, transcriptional regulators (including NPR1
and A#sPLA,-a) or mitogen-activated protein kinases, which are
implicated in disease resistance and translocate to the nucleus
upon activation of the defense response.'**3%7°72 Specific mod-
ulation of the nuclear concentration of these host components
would thus allow appropriately mounting an efficient immune
response to pathogen attack.
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Exciting progress has been made during the last few years in
uncovering the previously unexpected dynamic translocation of a
great number of defense-related proteins across the nuclear enve-
lope. However, we are still far from comprehending the molec-
ular mechanisms controlling the dynamic changes in protein
subcellular localization that are necessary to achieve resistance. It

Conclusions and Perspectives
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