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Abstract

Blue light (BL) receptor phototropins (phots) regulate numerous BL-induced physiological responses through NPH3/
RPT2-like (NRL) family members. However, how phots and NRL proteins regulate plant immunity remain incompletely
understood. This study demonstrates that Stphot2 negatively regulated resistance against Phytophthora infestans,

the causal agent of late blight, in potato and Nicotiana benthamiana. Stphot2 interacts with an NRL protein, StNRL-30,
which functions as a susceptibility factor. Homodimerization and C-terminal consensus sequence (RxSOS) of StNRL-30 are
essential for accelerating P infestans infection. The study identifies StNRL-30's interaction with mitochondrial Peroxiredoxin-
IF (StPRXIIF), which positively regulates resistance against P, infestans. StPRXIIF overexpression upregulates mitochondrial
alternative oxidase genes and salicylic acid pathway genes, while downregulating jasmonic acid pathway genes. StNRL-30
initiates StPRXIIF degradation, enhanced by Stphot2. In addition, BL treatment promotes StPRXIIF turnover and induces
the translocation of the StNRL-30-StPRXIIF complex from the plasma membrane to the chloroplasts. These findings dem-
onstrate how the BL receptor Stphot2, along with StNRL-30, modulates plant immunity by affecting the stability and locali-
zation of the positive immunoregulator StPRXIIF, providing insights into BL and plant immunity crosstalk.
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Accession numbers: Stphotl (Soltu.DM.11G026060),
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Stphot2  (Soltu.DM.01G037020), StNRL-30 (Soltu.
DM.09G023040), StPRXIIF (Soltu.DM.01G024400).

Introduction

Light is a critical environmental factor influencing plant
growth and development. Plants respond to various light
wavelengths through specialized photoreceptors that
direct development, morphogenesis, and physiology.
Phototropins (phots) function as plant-specific blue light
(BL, 390-500 nm) photoreceptors, playing essential roles
in BL-mediated responses (Christie et al. 2015). Phots
are plasma membrane (PM)-associated Ser/Thr protein
kinases, comprising an AGCVIII (cAMP-dependent pro-
tein kinase A, cGMP-dependent protein kinase G, and
phospholipid dependent protein kinase C) kinase domain
at their C-terminus and two specialized light oxygen volt-
age (LOV) domains (LOV1 and LOV2) at their N-termi-
nus (Christie et al. 1999; Rademacher and Offringa 2012).
BL sensing induces a conformational change that acti-
vates the kinase domain and initiates receptor autophos-
phorylation (Harper et al. 2003; Hart and Gardner 2021;
Pfeifer et al. 2010). Kinase-inactive phot mutants impair
BL-mediated responses, emphasizing the significance of
receptor phosphorylation in signal transduction (Inoue
et al. 2008, 2011).

In Arabidopsis thaliana, photl and phot2 demonstrate
both overlapping and distinct functions (Christie 2007).
Photl and phot2 share partially redundant roles in regu-
lating hypocotyl phototropism under high intensities of
unilateral BL, while hypocotyl phototropism under low
light conditions is exclusively controlled by photl (Sakai
et al. 2000, 2001). Both photl and phot2 regulate chlo-
roplast accumulation movement under low BL condi-
tions, with photl exhibiting greater sensitivity than phot2
(Kagawa and Wadalf 2000; Sakai et al. 2001). Chloroplast
avoidance movement in response to high BL conditions is
mediated specifically by phot2 (Jarillo et al. 2001; Kagawa
et al. 2001). Photl directly phosphorylates ATP-BIND-
ING CASSETTE B19 (ABCB19) and PHYTOCHROME
KINASE SUBSTRATE 4 (PKS4), thereby inhibiting their
auxin transport activity and promoting hypocotyl pho-
totropic responses (Christie et al. 2011; Demarsy et al.
2012). Photl, but not phot2, modulates ABCB19 activity
through phosphorylation (Christie et al. 2011). ROOT
CURLING IN N-NAPHTHYLPHTHALAMIC ACID1
(RCN1), corresponding to the Al subunit of protein
phosphatase 2A (PP2A), interacts with phot2 and nega-
tively regulates phot2-mediated phototropism (Tseng
and Briggs 2010). However, RCN1 does not interact
with photl. These distinct downstream interacting pro-
teins may account for the functional differences between
photl and phot2.
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NONPHOTOTROPIC HYPOCOTYL 3 (NPH3) and
ROOT PHOTOTROPISM 2 (RPT2) are well-character-
ized members of the NPH3/RPT2-like (NRL) protein
family, identified as essential signaling factors for phot-
mediated responses (Christie et al. 2018; Liscum et al.
2014). NRL proteins typically comprise three conserved
regions: an N-terminal bric-a-brac, tramtrack, and broad
complex (BTB) domain, a central NPH3 domain, and
a C-terminal coiled-coil domain (Liscum et al. 2014;
Suetsugu et al. 2016). NPH3 and RPT2, similar to phots,
associate with the PM and interact with phots (Haga
et al. 2015; Inada et al. 2004). NPH3, in conjunction with
RPT2, participates in phot-mediated changes in photot-
ropism and leaf positioning and expansion (Christie et al.
2015; Harada et al. 2013). NRL PROTEIN FOR CHLO-
ROPLAST MOVEMENT1 (NCH1) and RPT2 redun-
dantly regulate chloroplast accumulation movement in
response to low BL conditions (Suetsugu et al. 2016).
Studies indicate that NPH3 and RPT2 undergo direct
phosphorylation by photl within a conserved C-terminal
consensus sequence (RxS®S), necessary for promoting
phototropism and leaf positioning in Arabidopsis. RxSOS
phosphorylation also triggers 14-3-3 protein binding
coupled with changes in NPH3/RPT2 phosphorylation
status and NPH3 localization (Reuter et al. 2021; Sullivan
et al. 2021; Waksman et al. 2023).

Light and photoreceptors are crucial not only for plant
growth and development but also for regulating plant
resistance to pathogen attacks (Roeber et al. 2021). The
ultraviolet (UV)-B light receptor UVR8 mediates UV-B-
induced resistance against Botrytis cinerea (Demkura and
Ballaré 2012), while the red light receptor PhyB inhibits
the BZR1-NAC028-CADS8B pathway to negatively regu-
late rice resistance to sheath blight (Yuan et al. 2023). Red
light induces Phytophthora capsici resistance in pepper
through CaHY5 expression activation (Yang et al. 2023).
Near-infrared light enhances plant antiviral defenses by
positively regulating PIF4-activated RNA interference
(RNAIi) (Zhang et al. 2024), whereas supplemental far-red
light increases tomato susceptibility to B. cinerea (Cour-
bier et al. 2020, 2021). BL receptors phot2 and CRY2 are
essential for the stability of the resistance (R) protein
HRT (hypersensitive response to turnip crinkle virus)
(Jeong et al. 2010a, b), and CRY1 positively regulates R
protein-mediated resistance to Pseudomonas syringae
(Wu and Yang 2010). These findings demonstrate signifi-
cant crosstalk between light and plant defense responses.

Potato BL receptors, Stphotl and Stphot2, have been
demonstrated to regulate plant immunity (Naqvi et al.
2022). StNRL1, a cullin-based and BTB domain contain-
ing E3 ligase, forms a complex with effector Pi02860 from
P infestans, the causal agent of late blight, to facilitate
proteasome-mediated degradation of guanine nucleotide
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exchange factor StSWAP70 (He et al. 2018; Yang et al.
2016). StNRL1 inhibits INF1-induced cell death (ICD),
while StSWAP70 is essential for ICD immune response.
Both Stphotl and Stphot2 interact with StNRL1 and
function as susceptible factors enhancing P infestans
leaf colonization (Naqvi et al. 2022). Stphotl, but not
Stphot2, suppresses ICD in a BL- and NRL1-dependent
manner and promotes StSWAP70 degradation when co-
expressed with StNRL1 (Naqvi et al. 2022), indicating
that Stphot2 promotes susceptibility through alternative
mechanisms.

Mitochondria serve as cellular energy factories, and
mounting evidence indicates their importance in plant—
pathogen defense (Igamberdiev and Bykova 2023; Wang
et al. 2022). Several mitochondria-localized proteins
participate in plant—pathogen interactions. For instance,
the mitochondria-associated OsCOX11 is targeted by
the effector AvrPita from the fungal pathogen Magna-
porthe oryzae, leading to the disruption of mitochondrial
reactive oxygen species (mROS) metabolism (Han et al.
2021). Alternative oxidase (AOX) functions as a mito-
chondrial stress marker and plays a crucial role in plant
immune regulation (Cvetkovska and Vanlerberghe 2012).
Tobacco mosaic virus (TMV) coat protein and transcript
levels were elevated in NbPAOXla-silenced plants (Zhu
et al. 2015). Peroxiredoxins (PRXs) constitute a major
peroxidase system in plant mitochondria and act as redox
sensors (Liebthal et al. 2018). However, the roles of PRXs
in plant immunity remain largely unexplored.

We demonstrated that the expression of Stphot2 in
potato and Nicotiana benthamiana enhances P. infestans
leaf colonization. We identified that Stphot2 inter-
acts with StNRL-30, an NRL family member. Increased
expression of StNRL-30 diminishes potato and N.
benthamiana resistance against P infestans. SENRL-30
interacts with a potato mitochondrial Peroxiredoxin-
IIF (StPRXIIF). StPRXIIF functions as a positive regula-
tor that enhances plant resistance against P infestans
colonization. In addition, StNRL-30, in conjunction with
Stphot2, facilitates proteasome-mediated StPRXIIF deg-
radation. Notably, BL promotes StPRXIIF turnover in
the presence of Stphot2 and StNRL-30. Furthermore,
BL induces the translocation of the StNRL-30-StPRX-
IIF complex from the PM to the chloroplasts. This study
advances our understanding of how BL receptor phots
utilize different downstream NRL family members to
modulate plant immunity.

Results

Stphot2 acts as a susceptibility factor in regulating late
blight resistance

In N. benthamiana, silencing of Nbphotl or Nbphot2
(alone or in combination) led to a substantial decrease
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in P. infestans leaf colonization (Naqvi et al. 2022). This
finding was confirmed in N. benthamiana (Fig. S1). To
examine the role of Stphot2 in potato late blight resist-
ance, Stphot2 stable transgenic overexpression (OE) and
RNAI (Ri) lines were generated. Three Stphot2-OE lines
(Stphot2-OE-2/6/8) and three Stphot2-Ri lines (Stphot2-
Ri-3/11/12) were selected for further analysis based on
the Stphot2 expression levels (Fig. S2A). These transgenic
plants exhibited no apparent phenotypic changes com-
pared with the ‘E-potato 3’ (‘E3’) wild-type (WT) plants
after seven weeks of greenhouse growth (Fig. S2B and C).
P infestans inoculation assays on detached potato leaves
revealed that the OE lines (Stphot2-OE-2/6/8) developed
significantly larger leaf lesions compared with the WT,
while the Ri lines (Stphot2-Ri-3/11/12) displayed smaller
leaf lesions than the WT (Fig. 1A and B). Thus, Stphot2
functions as a susceptibility factor in regulating late
blight resistance in potato, consistent with its role in N.
benthamiana (Naqgvi et al. 2022) (Fig. S1). Similarly, the
results indicated that Stphotl also increased susceptibil-
ity to P, infestans in transgenic potato plants (Fig. S3).

To examine whether BL influences potato resistance
against P infestans, detached leaves of WT ‘E3’ were
inoculated with P infestans and placed in incubators
with either a 16-h BL/8-h dark cycle or a 16-h white light
(WL)/8-h dark cycle. The analysis revealed larger lesions
on leaves under BL conditions compared with WL con-
ditions, demonstrating that BL enhances potato suscep-
tibility to P infestans (Fig. S4). To determine whether
BL-mediated plant susceptibility requires Stphotl or
Stphot2, P. infestans inoculated leaves from Stphot2- or
Stphot1-Ri lines were placed in BL or WL incubators.
Under BL conditions, compared with the WT, the lesions
on leaves of Stphot2- or StphotI-Ri lines were reduced,
indicating that BL-mediated plant susceptibility requires
Stphotl or Stphot2 (Fig. S4). However, the lesions on
leaves of Stphot2- or Stphotl-Ri lines under BL condi-
tions remained larger than those under WL conditions
(Fig. S4), suggesting that BL-mediated potato susceptibil-
ity to P, infestans partially required Stphotl or Stphot2.

In Arabidopsis, photl and phot2 kinase-dead mutants,
where a conserved aspartate residue was substituted with
asparagine within the kinase domain, lack autophospho-
rylation capability (Inoue et al. 2008, 2011). To investigate
the importance of Stphot2 kinase activity in enhancing
P infestans colonization, the conserved residue Asp764
(D764) within the Stphot2 kinase domain was substi-
tuted with Asn (N) to generate the Stphot2P7**N mutant
(Fig. 1C). Both GEFP-Stphot2 and GFP-Stphot2P764N
fusion proteins demonstrated stable expression (Fig.
S5). GFP-Stphot2 or GFP-Stphot2P7%*N was transiently
expressed on one half of N. benthamiana leaves, with
the empty vector EV-GFP control on the other half.
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Fig. 1 Stphot2 requires kinase activity to enhance Phytophthora infestans colonization. A and B Representative leaf images demonstrating lesion
diameters in potato Stphot2 overexpression (OE) and RNA interference (Ri) lines at 5 days post-inoculation (dpi) with P infestans isolate HB09-14-2,
with WT'E3"serving as the control. C Schematic diagram of the Stphot2 protein structure. The conserved 764 residue Asp (D) within the Stphot2
kinase domain mutated to Asn (N). D and E Representative leaf images showing lesion diameters in Nicotiana benthamiana at 5 dpi with P infestans
isolate 88069. GFP-Stphot2, GFP-Stphot2P7¢™ and EV-GFP were agroinfiltrated into N. benthamiana leaves 24 h before inoculation. B and E Box
plots illustrating lesion diameters (mm) on inoculated leaves. Dots represent individual data points, and horizontal lines indicate the median.
One-way analysis of variance (ANOVA) was used for statistical analysis (**, p < 0.01; three biological replicates with precise n numbers indicated)

Subsequently, both sides of each leaf were inoculated  sizes to the EV-GFP control (Fig. 1D and E), indicating
with P infestans isolate 88069. Transient expression of that Stphot2 kinase activity is essential for enhancing P
GFP-Stphot2 significantly increased lesion diameters infestans colonization.

compared with the EV-GFP control, while areas express-

ing the Stphot2P7**N mutant exhibited similar lesion
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Stphot2 interacts with StNRL-30 at the PM

The potato genome contains 35 candidate NRL fam-
ily proteins, excluding those lacking the NPH3 domain
(Cheng et al. 2024; Lin et al. 2024). Analysis focused
on 12 NRLs (Fig. S6A) containing a C-terminal RxS®S
motif. StRPT2 and StNPH3 were excluded based on
previous research showing no effect on P. infestans col-
onization in N. benthamiana (Naqvi et al. 2022). Split
luciferase (LUC) complementation assay (LCA) was
used to identify potential NRL interactions with Stphot2.
Using StNRL1 as a positive control for Stphot2 interac-
tion, strong luminescence signals were detected upon co-
expression of Stphot2-nLUC and cLUC-StNRL-30 (Fig.
S6B). This led to the selection of StNRL-30 as a candidate
interacting protein for Stphot2.

Co-immunoprecipitation (co-IP) assay confirmed the
interaction between Stphot2 and StNRL-30. HA-Stphot2
and HA-Stphotl were transiently co-expressed with
either GFP-StNRL-30 or EV-GFP in N. benthamiana
leaves. HA-Stphot2, but not HA-Stphotl, was co-immu-
noprecipitated by GFP-StNRL-30 (Fig. 2A and Fig. S6C).
LCA results demonstrated that regions co-expressing
Stphot2-nLUC and cLUC-StNRL-30 exhibited compara-
ble LUC activity to the positive control (Stphot1-nLUC +
cLUC-StNRL1) (Fig. 2B). In contrast, areas co-expressing
Stphot1-nLUC + cLUC-StNRL-30 and Stphot2-nLUC +
cLUC-EV showed no LUC activity (Fig. 2B). These find-
ings confirmed that Stphot2, but not Stphotl, interacts
with StNRL-30 in planta.

In Arabidopsis, photl, phot2, NPH3, and RPT2 are
PM-associated proteins (Hart and Gardner 2021). Confo-
cal images confirmed that Stphot2 was co-localized with
the PM marker CBL1n (Qiu et al. 2023) (Fig. 2C). GFP-
StNRL-30 showed significant accumulation on the PM
(Fig. 2C and Fig. S7A). Bimolecular fluorescence comple-
mentation (BiFC) assay was used to examine the interac-
tion site of Stphot2 and StNRL-30 in plant cells. Yellow
fluorescent protein (YFP) fluorescence was detected in
regions co-expressing nYFP-Stphot2 and cYFP-StNRL-30

(See figure on next page.)
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(Fig. 2D), with the YFP signal coinciding with the PM
marker CBL1n-OFP (orange fluorescent protein). No
fluorescence was observed in areas co-expressing cYFP-
StNRL-30 and nYFP-Stphotl or cYFP-EV and nYFP-
Stphot2 (Fig. S7B). These results collectively indicate that
Stphot2 interacts with StNRL-30 on the PM.

StNRL1, targeted by the P infestans RXLR effector
Pi02860, inhibits the ICD immune response (Yang et al.
2016). To examine whether StNRL-30 exhibits similar
functions as StNRL1, co-IP assays were conducted to
assess the interaction between StNRL-30 and Pi02860.
The results demonstrated that HA-StNRL1, but not HA-
StNRL-30, was immunoprecipitated with GFP-Pi02860
(Fig. 2E). Neither HA-StNRL1 nor HA-StNRL-30 was
immunoprecipitated with the EV-GFP control. To
evaluate potential ICD suppression in the presence of
StNRL-30, INF1 was co-expressed with GFP-StNRL-30,
GFP-StNRL1, GFP-AVR3a, or EV-GFP. GFP-StNRL1
and GFP-AVR3a suppressed ICD, while GFP-StNRL-30
showed no effect on ICD (Fig. 2F). Thus, StNRL-30 nei-
ther interacts with Pi02860 or Stphotl nor suppresses
ICD, suggesting distinct functional characteristics from
StNRLI.

StNRL-30 acts as a susceptibility factor to P. infestans
resistance

To examine the function of StNRL-30 in disease resist-
ance, GFP-StNRL-30 and EV-GFP were transiently
expressed in N. benthamiana leaves. Following inocula-
tion, significantly larger lesions were observed in areas
expressing GFP-StNRL-30 compared with areas express-
ing the EV-GFP control (Fig. 3A and B). Two sequences,
designated NbNRL-30a and NbNRL-30b, encoding pro-
teins with 96.4% amino acid identity to each other, were
identified in the N. benthamiana genome. The predicted
proteins of NbNRL-30a and NbNRL-30b share 93.6% and
90.5% identity with StNRL-30, respectively (Fig. S8). Sub-
sequently, the virus-induced gene silencing (VIGS) con-
struct tobacco rattle virus (TRV)-NRL-30 was designed

Fig. 2 StNRL-30 interacts with Stphot2, but not with Stphot1 and Pi02860. A Co-immunoprecipitation (co-IP) assay demonstrated that HA-Stphot2,
but not HA-Stphot1, was immunoprecipitated with GFP-StNRL-30. EV-GFP served as the negative control. GFP-agarose beads were used

for immunoprecipitating leaf extract proteins. B LUC complementation assay (LCA) confirmed that StNRL-30 interacts with Stphot2, but not with
Stphot1. The luminescence signal was detected and imaged 48 h post-agroinfiltration (hpa). C Confocal microscopy images demonstrating

that GFP-StNRL-30 and GFP-Stphot? localized to the plasma membrane (PM). GFP-StNRL-30 and GFP-Stphot2 were transiently co-expressed
with the PM marker CBL1n-OFP in N. benthamiana. Images were captured at 48 hpa. D BiFC assay revealing that Stphot2 interacts with StNRL-30
on the PM. cYFP-StNRL-30 and nYFP-Stphot2 were transiently co-expressed with CBL1n-OFP in N. benthamiana. YFP fluorescence coincided
with OFP fluorescence at 48 hpa. E Co-IP assay indicated that HA-StNRL1, but not HA-StNRL-30, was immunoprecipitated with GFP-Pi02860.
EV-GFP served as the negative control. GFP-agarose beads were used for immunoprecipitating leaf extract proteins. Constructs expressed

in N. benthamiana leaves are represented by a plus sign (+) in A and E. Protein size markers are given in kilodaltons (kDa), and protein loading

is shown by Ponceau stain (PS). * indicates target protein bands. F Representative trypan blue-stained leaf image showing INF1-induced cell
death when INF1 was co-expressed with EV-GFP, GFP-StNRL-30, GFP-StNRL1, and GFP-AVR3a, in N. benthamiana leaves at 48 hpa. EV-GFP served

as the negative control, and GFP-AVR3a functioned as the positive control
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Fig. 3 StNRL-30 enhances P infestans colonization. A and B Representative images showing lesion diameters in N. benthamiana leaves
agroinfiltrated with GFP-StNRL-30 and EV-GFP at 5 dpi with P infestans isolate 88069. C and D Leaves from TRV-NbNRL-30 plants exhibited reduced
lesion sizes compared with plants expressing TRV-GFP at 6 dpi. Leaves were inoculated with P infestans isolate 88069. E and F Representative images
showing lesion diameters on StNRL-30-OE and -Ri lines at 5 dpi with P, infestans isolate HB09-14-2, using WT'E3"as the control. B, D, and F Box plots
illustrating lesion diameters (mm) on inoculated leaves. Dots indicate individual data points, and horizontal lines represent the median. Statistical
analysis was performed using one-way ANOVA (**, p < 0.01; three independent repeats with precise n numbers indicated
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to silence both homologs simultaneously. The tran-
scription level of NbNRL-30 decreased by 65-90% in N.
benthamiana plants expressing TRV-NRL-30 compared
with plants expressing the TRV-GFP control (Fig. S9A).
TRV-NRL-30 plants exhibited stunted developmental
phenotype compared with TRV-GFP plants (Fig. S9B).
Leaves from N. benthamiana plants expressing TRV-
NRL-30 displayed significantly smaller lesions compared
with TRV-GFP (Fig. 3C and D). Transient overexpres-
sion and VIGS results indicated that NRL-30 facilitated P
infestans colonization.

To investigate the role of StNRL-30 in modulating
potato susceptibility to P infestans, transgenic potato
StNRL-30-OE lines and StNRL-30-Ri lines were generated
(Fig. S9). Three StNRL-30-OE lines (StNRL-30-OE-1/4/6)
and three StNRL-30-Ri lines (StNRL-30-Ri-14/19/20)
were selected for detailed analysis based on their SENRL-
30 expression levels as determined by quantitative real-
time polymerase chain reaction (qQRT-PCR) (Fig. S9C).
The transgenic plants exhibited no apparent phenotypic
differences compared with the WT ‘E3’ (Fig. S9D and E).
When challenged with the P infestans isolate HB09-14-
2, the OE lines (StNRL-30-OE-1/4/6) developed signifi-
cantly larger lesions compared with the WT, while the
Ri lines (StNRL-30-Ri-14/19/20) showed significantly
smaller lesions compared with the WT (Fig. 3E and F).
These findings confirmed that StNRL-30 functions as
a susceptibility factor, negatively regulating late blight
resistance in potato and N. benthamiana.

Homodimerization and RXSXS motif are important

for StNRL-30 to enhance P. infestans colonization

StNRL1 forms a homodimer, dependent on the con-
served pocket residues within the BTB domain (He
et al. 2018). Co-IP assay revealed that HA-StNRL-30
was immunoprecipitated with GFP-StNRL-30, but not
with GFP-StNRL1 (Fig. S10A), indicating StNRL-30

(See figure on next page.)
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forms a homodimer. Subsequently, the conserved resi-
dues in StNRL-30 (Asp39 and Lys53) were mutated to
Asn (39N) and Gln (53Q) to generate the StNRL-30P3N
K53Q (StNRL-30N'Q) mutant (Fig. 4A). Co-IP assay was
performed to examine its effect on StNRL-30 dimeriza-
tion. The results demonstrated that GFP-StNRL-30 was
strongly co-immunoprecipitated by HA-StNRL-30, while
HA-StNRL-30Y'? displayed markedly weakened associa-
tions with GFP-StNRL-30 (Fig. 4B), suggesting that the
two conserved residues of the BTB domain are essential
for StNRL-30 dimerization.

In Arabidopsis, photl directly phosphorylates the con-
served C-terminal consensus sequence (RxS®S) of NPH3
and RPT2, accompanied by 14-3-3 binding, which is
necessary to promote phototropism and leaf position-
ing (Reuter et al. 2021; Sullivan et al. 2021; Waksman
et al. 2023). The C-terminal RxS®S motif for phospho-
rylation is conserved in StNRL-30 (Fig. S8), suggesting
that phot-mediated phosphorylation and 14-3-3 binding
play important functions in regulating P. infestans resist-
ance. Co-IP results demonstrated that both HA-Stphot2
and HA-StNRL-30 interacted with GFP-St14-3-3, but
not with the EV-GFP control (Fig. S10B and C). The two
serine residues (Ser627 and Ser629) within the RxS®S
motif were mutated to Ala (A) to generate the StNRL-
305627A75629A (GtNRL-30%'4) mutant (Fig. 4A). Co-IP assay
revealed that mutant StNRL-30"’A maintained weak
interaction with St14-3-3 (Fig. S10C).

Further investigation examined whether the S627A/
S629A and D39N/K53Q mutants affect the StNRL-
30 interaction with Stphot2 through co-IP assays. The
results indicated that the StNRL-30"* mutant exhib-
ited attenuated interaction with Stphot2, while the
StNRL-30YQ mutant maintained normal interaction
with Stphot2 (Fig. 4C). LCA results demonstrated that
the interactions between StNRL-30"* and Stphot2 or
StNRL-30 and Stphot2P7%*N were reduced compared with

Fig. 4 Homodimerization and RxSOS motif are essential for StNRL-30 to promote P infestans colonization. A Schematic diagram of the StNRL-30
protein structure. BTB: bric-a-brac, tramtrack, and broad complex domain; NPH3: NONPHOTOTROPIC HYPOCQOTYL 3 domain; CC: coiled-coil
domain. The conserved residues in StNRL-30 (Asp39 and Lys53) were mutated to Asn (N) and GIn (Q) to generate the StNRL-30V2 mutant.
Ser627 and Ser629 in the C-terminal RxS®S motif were mutated to Ala (A) to generate the StNRL-30"* mutant. B Co-IP assay demonstrating
weak association between HA-StNRL-30"? and GFP-StNRL-30, and strong association between HA-StNRL-30 and GFP-StNRL-30. HA-agarose
beads were used for immunoprecipitating leaf extract proteins. C Co-IP assay revealing the interaction between GFP-Stphot2 and HA-StNRL-30
mutants. GFP-agarose beads were used for immunoprecipitating leaf extract proteins. Constructs were transiently expressed in N. benthamiana
leaves through agroinfiltration. Constructs expressed in N. benthamiana leaves are indicated by a plus sign (+) in B and C. Protein size markers
are presented in kDa, and protein loading is indicated by PS. * indicates target protein bands. Red arrows indicate weakened target bands.

D and E LCA demonstrating significantly weaker interactions between cLUC-StNRL-30"* and nLUC-Stphot2, and between cLUC-StNRL-30

and nLUC-Stphot2"7%*N, compared with cLUC-StNRL-30 and nLUC-Stphot2. Box plots illustrate the relative LUC activity obtained by the IndiGo
analysis. Dots represent individual data points, and horizontal lines indicate the median. F Representative leaf images and box plots showing lesion
diameters in HA-StNRL-30, HA-StNRL-30"2, HA-StNRL-30""A, and HA-EV agroinfiltrated N. benthamiana leaves. Lesion diameters were measured
at 5 dpi with P infestans isolate 88069. Dots represent individual data points, and horizontal lines indicate the median. Student’s t-test was used
for statistical analysis (**, p < 0.01; three independent repeats with precise n numbers indicated)
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the interactions between StNRL-30 and Stphot2 (Fig. 4D
and E).

Ser627 and Ser629 of StNRL-30 were identified as
potential phosphorylation sites (Fig. S11A) and 14-3-3
binding sites (Fig. S11B). In addition, AlphaFold3 analysis
indicated that these serine residues serve as interaction
sites for Stphot2, with Ser627 specifically identified as a
potential phosphorylation site (Fig. S11C). This finding
aligns with previous research demonstrating that NRLs
undergo direct phosphorylation by phots within the con-
served sequence (RxS®S), which subsequently facilitates
14-3-3 binding (Sullivan et al. 2021).

Late blight resistance was also investigated using
StNRL-30 mutants. P infestans inoculation assays dem-
onstrated that the transient expression of HA-StNRL-30
significantly enhanced P infestans colonization com-
pared with the HA-EV control, while the expression of
mutants HA-StNRL-30"'? and StNRL-30** showed no
such enhancement (Fig. 4F). Thus, both homodimeriza-
tion and the RxS®S motif of StNRL-30 are essential for
conferring susceptibility to P, infestans.

StNRL-30 interacts with the positive regulator StPRXIIF

To investigate the molecular mechanism by which
StNRL-30 suppresses plant defense, a yeast two-hybrid
(Y2H) assay was conducted to identify candidate tar-
gets of StNRL-30. Several potential StNRL-30 interact-
ing proteins were identified (Table S1). StPRXIIF (Soltu.
DM.01G024400.1), which exhibits high similarity with
Arabidopsis PRXIIF (Fig. S12A), was selected as a can-
didate target for further investigation. AtPRXIIF is a
mitochondria-localized protein that plays a crucial role
in preventing oxidative damage and maintaining redox
homeostasis (Klupczyniska et al. 2022). To confirm the
interaction between StNRL-30 and StPRXIIF, co-IP
assays were performed. The results demonstrated that
red fluorescent protein (RFP)-StNRL-30 was immuno-
precipitated with StPRXIIF-GFP, while RFP-Stphot2
and the EV-RFP control were not immunoprecipitated

(See figure on next page.)
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(Fig. 5A and Fig. S12). LCA confirmed that the combina-
tion of StPRXIIF-nLUC with cLUC-StNRL-30 exhibited
strong LUC activity (Fig. 5B).

To examine the subcellular localization of StPRXIIF,
StPRXIIF-GFP was transiently co-expressed with the
mitochondrial marker COX4-mCherry (Xu et al. 2020)
in N. benthamiana leaves. The results demonstrated
that StPRXIIF-GFP co-localized with COX4-mCherry,
confirming the mitochondrial localization of StPRXIIF
(Fig. 5C). StPRXIIF-GFP showed no colocalization with
the PM marker CBL1n-OFP (Fig. S13A and B). Mem-
brane protein fractionation revealed that StNRL-30-GFP
was detected in the PM fraction (M), while StPRXIIF-
GFP was present in the cytoplasmic fraction (S) (Fig.
S13C). BiFC assays were conducted to further determine
the interaction site between StNRL-30 and StPRXIIF.
YEP fluorescence was detected in regions co-expressing
nYFP-StNRL-30 and cYFP-StPRXIIF. The YFP signal
showed strong overlap with the PM marker CBL1n and
was also observed in cytoplasmic aggregates (Fig. 5D and
Fig. S13D). Collectively, these observations established
that StNRL-30 interacts with StPRXIIF at both PM and
cytoplasmic aggregates.

Transient expression and VIGS were used to inves-
tigate the role of StPRXIIF in disease resistance in N.
benthamiana. Transient expression of StPRXIIF-GFP
led to significantly reduced lesions compared with the
EV-GEP control (Fig. 5E). The N. benthamiana ortholog
NbPRXIIF exhibits 93.7% identity with StPRXIIF (Fig.
S12A). TRV-NDBPRXIIF plants displayed stunted devel-
opmental phenotype (Fig. S14A). The transcription level
of NbPRXIIF decreased by 60—-80% in plants expressing
TRV-NbPRXIIF compared with the TRV-GFP control
(Fig. S14B). Upon inoculation with P infestans, leaves
from the TRV-NbPRXIIF N. benthamiana plants exhib-
ited enhanced P infestans colonization compared with
the TRV-GFP control (Fig. 5F). Thus, StPRXIIF func-
tions as a positive regulator of late blight resistance in N.
benthamiana.

Fig. 5 StNRL-30 associates with the positive immunoregulator StPRXIIF. A Co-IP assay demonstrating that StPRXIIF-GFP interacts with RFP-StNRL-30.
GFP-agarose beads were used for immunoprecipitating leaf extract proteins. Constructs were transiently expressed in N. benthamiana leaves
through agroinfiltration. Constructs expressed in N. benthamiana leaves are indicated by a plus sign (+). Protein size markers are indicated in kDa,
and protein loading was visualized by PS. * indicates target protein band. B LCA validating the interaction between StPRXIIF and StNRL-30. The
luminescence signal was detected and imaged at 48 hpa. C Confocal images revealing that StPRXIIF-GFP co-localized with a mitochondrial

marker COX4-mCherry in N. benthamiana cells. Images were captured at 48 hpa. D BiFC assay demonstrating that StPRXIIF interacts with StNRL-30
at the PM. cYFP-StPRXIIF, along with nYFP-StNRL-30, was transiently co-expressed with CBL1n-OFP in N. benthamiana leaves. Images were captured
at 48 hpa. E Representative images and box plots illustrating lesion diameters in N. benthamiana leaves at 5 dpi with P infestans isolate 88069.

Dots represent individual data points, and horizontal lines indicate the median. F Leaves from TRV-NbPRXIIF virus-induced gene silencing (VIGS)
plants were infected with P infestans. A reduction in lesion sizes was observed in TRV-NbPRXIIF VIGS plants compared with TRV-GFP plants at 6 dpi.
Student’s t-test was used for statistical analysis (**, p < 0.01; three independent repeats with precise n numbers indicated). G and H RNA isolation
and gRT-PCR results showing the expression levels of alternative oxidase (AOX) genes (G) and hormone-related marker genes (H) after flg22
treatment. NbEFTa was used as the internal control. Results are presented as the mean + standard error of the mean (SEM) of four repeats (three
leaves from different plants were collected together as one repeat). Student’s t-test was used for statistical analysis (**, p < 0.01; n = 4)
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AOX (alternative oxidase), a mitochondrial stress
marker, reduces damage caused by excessive mROS and
initiates plant defense responses (Navrot et al. 2007;
Wang et al. 2022). The effect of StPRXIIF on the tran-
script levels of AOX genes in N. benthamiana after
flg22 treatment was examined. The expression levels of
NbAOXI1a and NPAOXI1b were elevated in leaves tran-
siently expressing StPRXIIF-GFP, compared with leaves
expressing EV-GFP control (Fig. 5G). Analysis of path-
ogen-associated molecular pattern-triggered immunity
(PTI) responses and the salicylic acid (SA) and jasmonic
acid (JA) signaling pathways revealed that the SA marker
genes NbPRI and NbPR2 were upregulated, while the JA
marker genes NbPR3, NbPR4, and NbPDF1.2 were down-
regulated in leaves transiently expressing StPRXIIF-GFP
(Fig. 5H). No differences were observed in the transcript
levels of PTI marker genes NbACRE31, NbWRKYS, or
NbPti5 (Fig. S14C). Therefore, StPRXIIF enhances plant
immunity by upregulating AOX gene expression and acti-
vating SA signaling pathways, while suppressing JA sign-
aling pathways.

StNRL-30 mediates StPRXIIF degradation

The BTB domain containing StNRL-30 functions as a
putative ubiquitin E3 ligase, suggesting that StPRXIIF
is a substrate for StNRL-30. To test this hypothesis, the
StPRXIIF protein levels were examined in N. benthami-
ana when co-expressed with StNRL-30 and with or with-
out treatment of the 26S proteasome inhibitor MG132.
The immunoblot analysis revealed that StPRXIIF-GFP
abundance significantly decreased in the presence of HA-
StNRL-30, compared with the HA-GUS control (Fig. 6A
and Fig. S15A). However, MG132 treatment largely pre-
vented StPRXIIF degradation.

Because phots typically function upstream of the NRL
family proteins and Stphot2 interacts with StNRL-30
(Fig. 2), the effect of Stphot2 on StPRXIIF protein abun-
dance was investigated. StPRXIIF-GFP was co-expressed
with several combinations: EV-RFP + HA-GUS; REFP-
Stphot2 + HA-StNRL-30; RFP-Stphot2 + HA-GUS;
EV-RFP + HA-StNRL-30. StPRXIIF-GFP abundance
decreased when co-expressed with HA-StNRL-30 + EV-
RFP, compared with the control HA-GUS + EV-RFP.
Similarly, co-expression with RFP-Stphot2 + HA-GUS
reduced StPRXIIF-GFP abundance. Moreover, StPRX-
IIF-GFP abundance significantly decreased when co-
expressed with HA-StNRL-30 + RFP-Stphot2 (Fig. 6B
and Fig. S15B). These findings indicate that StNRL-30, in
conjunction with Stphot2, mediates proteasome-depend-
ent StPRXIIF degradation.

The kinase activity of phots is essential for phot-medi-
ated physiological responses (Inoue et al. 2008, 2011).
An examination was conducted to assess the effect of the
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Stphot2P”*"™N mutant on StPRXIIF degradation. StPRX-
IIF-GFP was co-expressed with several combinations:
EV-RFP + HA-GUS; RFP-Stphot2 + HA-StNRL-30;
REP-Stphot2P7%N 4 HA-StNRL-30; EV-RFP + HA-
StNRL-30. The StPRXIIF-GFP protein level decreased
when co-expressed with EV-RFP + HA-StNRL-30, and
the combination RFP-Stphot2 + HA-StNRL-30 induced
a significant reduction in the StPRXIIF-GFP protein
level. However, RFP-Stphot2P7®*N 4+ HA-StNRL-30 did
not substantially reduce StPRXIIF-GFP abundance com-
pared with RFP-Stphot2 + HA-StNRL-30 (Fig. 6C and
Fig. S15C).

To investigate whether StNRL-30 influences StPRXIIF-
mediated resistance to P. infestans, StPRXIIF-GFP was
transiently co-expressed with RFP-StNRL-30 or EV-RFP
in N. benthamiana leaves. The results demonstrated that
StNRL-30 suppressed the positive function of StPRX-
IIF, as evidenced by significantly increased lesion diam-
eters in the presence of RFP-StNRL-30 compared with
the EV-RFP control (Fig. 6D). In addition, when HA-
StNRL-30 was transiently co-expressed with StPRXIIF-
GFP or EV-RFD, the results indicated that the expression
of StPRXIIF-GFP counteracted HA-StNRL-30-mediated
susceptibility to P infestans compared with the EV-GEP
control (Fig. 6E). These findings reveal that StNRL-30
suppresses resistance triggered by StPRXIIF.

BL promotes StPRXIIF degradation and re-localizes

the StNRL-30-StPRXIIF complex from the PM

to the chloroplasts

To examine whether BL triggers StPRXIIF degradation,
StPRXIIF-GFP and EV-GFP were transiently expressed
in N. benthamiana under BL and WL conditions, respec-
tively. StPRXIIF-GFP protein abundance decreased
under BL compared with WL conditions, while EV-GFP
abundance remained unchanged (Fig. 7A and Fig. S16A),
indicating BL induces StPRXIIF degradation.

BL triggers NPH3 release from the PM into the cyto-
plasmic condensate, a process considered fundamental
for its normal function (Reuter et al. 2021; Sullivan et al.
2021; Waksman et al. 2023). StNRL-30 initially localized
predominantly to the PM, but substantially re-localized
to the chloroplasts upon BL (6 min 488 nm laser) treat-
ment (Fig. 7B). StPRXIIF-GFP did not re-localize to the
chloroplasts upon BL irradiation (Fig. S16B). BiFC assay
was conducted to investigate whether BL triggers the re-
localization of the StNRL-30-StPRXIIF complex. Con-
focal microscopy revealed that the StNRL-30-StPRXIIF
complex transferred from the PM to the chloroplasts
after BL (6 min 488 nm laser) excitation (Fig. 7C and
Fig. S16C). Some of the complex was also observed in
the cytoplasm (Fig. S16C). These findings demonstrate
that BL triggers the re-localization of StNRL-30 and
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the StNRL-30-StPRXIIF complex from the PM to the
chloroplasts.

To examine whether the re-localization of StPRX-
IIF to the chloroplasts affects its ability to suppress P
infestans colonization in N. benthamiana leaves, a chlo-
roplast transit peptide (cTP)-fusion mutant cTP-StPRX-
IIF-GFP was generated. Confocal microscopy revealed
that ¢TP-StPRXIIF-GFP was exclusively localized to the
chloroplasts (Fig. 7D and Fig. S17A). Immunoblotting
confirmed that cTP-StPRXIIF-GFP was stably expressed
in N. benthamiana (Fig. S17B). Transient expression
of cTP-StPRXIIF-GFP in N. benthamiana resulted in
larger late blight lesions compared with expression of
StPRXIIF-GFP (Fig. 7E), indicating that the chloroplast-
localized StPRXIIF lost its suppressive function against
P. infestans. ROS serves as a key immune signal of chlo-
roplasts. To investigate whether chloroplast-localized
StPRXIIF interferes with chloroplast ROS (cROS) accu-
mulation, cTP-StPRXIIF-mCherry, StPRXIIF-mCherry,
and Flag-mCherry were transiently expressed in N.
benthamiana leaves, after which ROS accumulation was
monitored using a fluorescent indicator, 2'7’-dichlorodi-
hydrofluorescein diacetate (DCF-DA). The cROS signal
was reduced in cells expressing ¢cTP-StPRXIIF-mCherry
compared with cells expressing StPRXIIF-mCherry or
the control Flag-mCherry (Fig. 7F), indicating that cROS
production was disrupted when StPRXIIF was translo-
cated to the chloroplasts. Immunoblotting confirmed
that cTP-StPRXIIF-mCherry, StPRXIIF-mCherry, and
Flag-mCherry were stably expressed in N. benthamiana
(Fig. S17C). Collectively, these results suggest that BL and
StNRL-30 induce re-localization and StPRXIIF degrada-
tion, thereby subverting its positive regulatory effects in
plant immunity.

Discussion

Both Stphotl and Stphot2 negatively regulate late blight
resistance, and Stphotl suppresses the ICD immune
response through a NRL protein StNRL1, while Stphot2
does not (Naqvi et al. 2022), suggesting Stphotl and

(See figure on next page.)
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Stphot2 enhance plant susceptibility through distinct
mechanisms. This study reveals that Stphot2 interacted
with another NRL protein StNRL-30, which also func-
tions as a susceptibility factor. Consistent with Stphot2,
StNRL-30 did not suppress the ICD immune response
(Fig. 2). Thus, Stphot2 and StNRL-30 may suppress alter-
native immune responses in N. benthamiana, such as cell
death elicited by various microbe-associated molecular
patterns or different RESISTANCE (R)/AVIRULENCE
(AVR) combinations. Plant chloroplasts and stomata
serve as crucial immune organelles coordinating plant
defense responses and are frequently targeted by patho-
gens (Caplan et al. 2015; Hou et al. 2024; Liu et al. 2024).
Notably, phot2 regulates BL-induced chloroplast move-
ment and stomatal opening in Arabidopsis. Further
investigation is warranted to determine whether Stphot2
regulates chloroplast movement and thereby interferes
with immune signal activation, whether Stphot2 pro-
motes stomatal opening contributing to P. infestans colo-
nization, and whether StNRL-30 regulates physiological
processes controlled by Stphot2 during infection.

Phots directly phosphorylate NPH3 and RPT2 at the
conserved C-terminal consensus sequences (RxSDS),
which function as 14-3-3 protein-binding motifs (Reu-
ter et al. 2021; Sullivan et al. 2021; Waksman et al. 2023).
Both phosphorylation of Ser residues in the RxS®S motif
and 14-3-3 binding are essential for NPH3 and RPT2
biological functions. This study revealed that StNRL-30
contains the conserved RxS®S motif at the C-terminus
(Fig. S8), and both Stphot2 and StNRL-30 interacted with
St14-3-3 (Fig. S10). Mutation of potential phosphoryla-
tion sites in the RxS®S motif of StNRL-30 diminished
its interaction with Stphot2 and St14-3-3, significantly
reducing its capacity to enhance P infestans coloniza-
tion in N. benthamiana (Fig. 4 and Fig. S10C). In addi-
tion, the interaction between Stphot2 and StNRL-30
weakened when the Stphot2 kinase domain was mutated
(Fig. 4). AlphaFold3 predictions indicate that Ser627 and
Ser629 of StNRL-30 serve as interaction sites with 14-3-3
protein, with Ser627 functioning as the phosphorylation

Fig. 7 Blue light (BL) re-localizes the StNRL-30-StPRXIIF complex and promotes StPRXIIF turnover. A Immunoblot analysis demonstrating

that StPRXIIF-GFP abundance decreased after BL treatment. Agroinfiltrated N. benthamiana plants were grown under BL or white light (WL)
conditions. * indicates target protein band. Bar graph illustrates the relative StPRXIIF-GFP abundance from three biological replicates (each
containing four leaves). Student’s t-test was used for statistical analysis (**, p < 0.01; n = 3). B Confocal images demonstrate the localization

of RFP-StNRL-30 under BL. Freshly injected plants were maintained under constant light for 30 h, then transferred to darkness for 18 h (dark
adaptation). After initial scanning (before BL), samples were exposed to 488 nm excitation for 6 min (after BL). C Confocal images reveal

the localization of nYFP-StNRL-30 and cYFP-StPRXIIF under BL. D Subcellular localization of cTP-StPRXIIF-GFP in N. benthamiana. Confocal
images were acquired at 48 hpa. E Representative leaf images and box plots indicating lesion diameters in N. benthamiana leaves infiltrated
with cTP-StPRXIIF-GFP or StPRXIIF-GFP at 5 dpi. Dots represent individual data points, and horizontal lines indicate the median. Student's t-test

was used for statistical analysis (**, p < 0.01; n = 52). F Expression of StPRXIIF-GFP in chloroplasts suppresses ROS accumulation activated by flg22.
At 48 hpa, leaves were infiltrated with DCF, placed in darkness for 30 min, treated with flg22 to activate ROS burst, and observed 10 min later. DCF
(green fluorescence) indicates ROS signal. Arrows indicate paths used for generating the fluorescence intensity profiles. Plots on the right show
the intensity of green fluorescence and chlorophyll emission fluorescence
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site (Fig. S11). These observations support the hypoth-
esis that phosphorylation and subsequent 14-3-3 binding
on the C-terminal RxS®S motif of NRL proteins consti-
tute conserved regulation mechanisms exerted by phots.
Future research will investigate whether Stphot2 directly
phosphorylates StNRL-30 at the C-terminal RxS®S
motif, and whether BL and Stphot2 kinase activity are
fundamental for StNRL-30 activation.

BTB domain-containing proteins function as substrate-
specific adapters of CULLIN3 (CUL3)-based E3 ubiquitin
ligase complexes (CRL3s) to recruit target proteins (Gen-
schik et al. 2013; Krek 2003; Willems et al. 2004). Arabi-
dopsis NPH3 acts as a substrate adapter in the CRL3N'H3
complex, targeting photl for ubiquitination (Roberts
et al. 2011). AtSR1IP1 (also known as AtNCHI1) func-
tions as a substrate adapter in the CRL3 complex, medi-
ating degradation and ubiquitination of the CaM-binding
transcription factor AtSR1 by the 26S proteasome system
(Zhang et al. 2014). This study demonstrates that StNRL-
30 forms a homodimer, requiring conserved pocket
residues in the BTB domain. StNRL-30V'%, a conserved
pocket residue mutant, failed to enhance P infestans
infection (Fig. 4). StNRL-30 interacted with StPRXIIF
(Fig. 5) and promoted its degradation (Fig. 6). However,
the precise mechanism by which StNRL-30 mediates
StPRXIIF degradation remains unclear. StNRL-30 poten-
tially forms a ubiquitin E3 ligase complex with CUL3 to
recruit StPRXIIF for ubiquitination and subsequent deg-
radation by the 26S proteasome system. Further investi-
gation will determine whether StNRL-30 interacts with
CUL3, and whether the observed connection between
StNRL-30 and StPRXIIF depends on the BTB domain or
CUL3.

Plant PRXs participate in numerous redox regula-
tory pathways in eukaryotes and influence cellular signal
transduction (Liebthal et al. 2018). However, PRXs’ role
in pathogen response remains largely unexplored. This
study revealed that StPRXIIF positively regulated late
blight resistance in N. benthamiana (Fig. 5). StPRXIIF
overexpression enhanced the expression of mitochon-
drial AOX genes. In poplar plants, elevated AOX levels
enhance resistance against Marssonina brunnea (Liao
et al. 2020). AOX also participates in hormone signaling
pathways. High SA concentration enhances plant resist-
ance and upregulates AOXIa expression (Nie et al. 2015).
Exogenous JA and ethylene treatment enhanced the
mitochondrial AOX pathway, inducing poplar resistance
to M. brunnea (Liao et al. 2020). In this study, we found
that StPRXIIF overexpression upregulated SA pathway
marker genes while downregulating JA pathway genes
(Fig. 5), suggesting that StPRXIIF-triggered resistance is
related to hormone signaling pathways. Future research
will explore whether StPRXIIF-induced changes in AOX
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expression associate with hormone signaling pathways.
Mitochondrial retrograde signaling facilitates commu-
nication from the mitochondria to the nucleus, alter-
ing nuclear gene expression (Wang et al. 2022). Notably,
AOX serves as a marker gene for mitochondrial retro-
grade signaling activation (Ng et al. 2013). Future studies
will elucidate whether StPRXIIF transmits immune sig-
nals to the nucleus by mitochondrial retrograde signaling
to activate defense-related genes.

BL induces the re-localization of NPH3 from the PM
into cytosolic aggregates, accompanied by changes in
NPH3 phosphorylation status (Reuter et al. 2021; Sul-
livan et al. 2021). Recently, NRL5 has been reported to
be a trafficking-associated GTPase, co-localizing with
RABElc GTPases and vesicle-associated membrane
protein 721 (Upadhyay-Tiwari et al. 2024; Verslues and
Upadhyay-Tiwari 2024). In this study, StNRL-30 was
found to localize in the PM during initial 488 nm scan-
ning (which excites GFP and activates phots), before
translocating from the PM to chloroplasts after 6 min of
488 nm excitation (Fig. 7). Furthermore, BL irradiation
induced substantial re-localization of the StNRL-30-
StPRXIIF complex from the PM to chloroplasts (Fig. 7).
BL not only triggered StPRXIIF degradation but also
induced the re-localization of the StNRL-30-StPRXIIF
complex (Fig. 7). StNRL-30-mediated 26S proteasome
degradation of StPRXIIF may occur during this cytoplas-
mic re-localization process.

Chloroplasts serve as crucial mediators in activat-
ing defensive responses during plant—pathogen inter-
actions (Littlejohn et al. 2021). The re-localization of
defense-related proteins commonly occurs during such
interactions. For instance, Arabidopsis calcium pro-
tein kinase 16 relocates from the PM to chloroplasts
upon flg22 treatment to enhance chloroplast-mediated
defenses (Medina-Puche et al. 2020). The C4 protein
from tomato yellow leaf curl virus alters its localization
from the PM to chloroplasts upon defense activation and
suppresses chloroplast-mediated defenses (Rosas-Diaz
et al. 2018; Medina-Puche et al. 2020). Glycerate kinase
(GLYK) produces two distinct transcripts in response
to light changes, with full-length StGLYK'" and shorter
StGLYK®" accumulating in chloroplasts and the cyto-
plasm, respectively (Gao et al. 2020). GLYK functions as
a positive immunoregulator in a full length-dependent
manner. This study demonstrates that chloroplast tran-
sit peptide (cTP) in ¢TP-StPRXIIF undermines its role
as a positive immunoregulator in chloroplasts (Fig. 7).
cROS plays an essential role in establishing plant immu-
nity (Littlejohn et al. 2021). The results indicated that the
presence of cTP-StPRXIIF suppressed ROS production in
chloroplasts (Fig. 7). Thus, the re-localization of StPRX-
IIF to chloroplasts potentially reduces cROS and alters
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the chloroplast redox state, thereby affecting immune
signaling.

Both StPRXIIF translocation and degradation con-
tribute to compromising late blight resistance. The
chloroplast re-localization of StPRXIIF directed by cTP
increased susceptibility and reduced cROS accumulation
(Fig. 7). BL promotes both StPRXIIF degradation and re-
localization (Fig. 7). Under natural light conditions, while
StPRXIIF re-localization rarely occurs, StNRL-30-me-
diated StPRXIIF degradation persists. Given StPRXIIF’s
crucial role in mitochondria, its degradation likely occurs
during cytoplasmic translocation, playing a primary role
in compromising late blight resistance.

A proposed model suggests the following mechanism
(Fig. 8). BL perception triggers Stphot2 autophospho-
rylation, which directly activates NRL family members,
potentially regulating various physiological responses
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including phototropism, chloroplast movement, stomatal
opening, and leaf expansion (Christie 2007; Christie et al.
2018). Simultaneously, auto-phosphorylated Stphot2
directly phosphorylates and activates StNRL-30, leading
to StPRXIIF recruitment and subsequent degradation
by the 26S proteasome system. In addition, BL induces
the re-localization of the StNRL-30-StPRXIIF complex
to chloroplasts, disrupting StPRXIIF’s positive role in
immunity regulation.

This research elucidates how the BL receptor Stphot2
regulates late blight resistance through downstream NRL
proteins. The study provides evidence connecting BL
signaling with plant immunity, advancing understanding
of the interaction between BL perception through pho-
toreceptors and plant immunity, while suggesting new
approaches for enhancing disease resistance through
light spectrum management.

Plasma membrane

Mltochondrla ¢

26S
PR3 PR1
PR4 PR2
PDF1.2 AOXs
-V Y
Nucleus

Fig. 8 Proposed model of Stphot2 collaborating with StNRL-30 to negatively regulate immunity. Upon BL excitation, Stphot2 undergoes
rapid auto-phosphorylation and subsequently activates downstream NRL proteins, including StNRL-30, through phosphorylation. Certain
NRLs may participate in chloroplast avoidance and accumulation processes (Christie 2007). StNRL-30 potentially functions as a substrate

adapter of the Cullin-RING ligase complex (Roberts et al. 2011

), recruiting StPRXIIF for degradation in the cytoplasm. In addition, BL initiates

the re-localization of the StNRL-30-StPRXIIF complex from the PM to the chloroplasts. StPRXIIF maintains redox homeostasis in mitochondria
and the hormone signaling pathway, contributing positively to plant resistance. The degradation and re-localization of StPRXIIF diminish its positive

role in plant immunity
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Materials and methods

Plant materials and growth conditions

Potato (Solanum tuberosum L.) plants were cultivated
in a glasshouse under natural environmental conditions.
Leaves from six- to eight-week-old potato plants were
used for P infestans infection assays. N. benthamiana
plants were grown in a growth chamber at 22 °C under 16
h/8 h (light/dark) photoperiod with 70% relative humid-
ity. Three- to four-week-old N. benthamiana plants were
used for transient expression assays.

Plasmid constructs

Stphot2, Stphotl, Stphot2P7**™N, StNRL-30, StNRL-30*,
StNRL-30N?, and StNRLI were inserted into pH7lic-
NGFP (N-terminal GFP tag) and pH7lic-NHA (N-ter-
minal 3 X HA tag). Stphot2, Stphot2P75*N, and StNRL-30
were inserted into pK7WGR2 (N-terminal RFP tag).
StPRXIIF was inserted into pH7lic-CGFP (C-terminal
GFP tag) and pH7lic-CHA (C-terminal 3 X HA tag).
Specific fragments from Stphot2, Stphotl, and StNRL-30
(Table S2) were inserted into pHELLSGATES to generate
RNAI constructs. For VIGS assay, specific fragments from
Nbphot2, Nbphotl, NbNRL-30, and NbPRXIIF (Table S2)
were inserted into TRV2. For split LCA, Stphot2 and
StPRXIIF were inserted into pCAMBIA1300-nLUC with
a 3 X HA or GFP tag, while StNRLs and NRL-30 mutants
were inserted into pCAMBIA1300-cLUC with a 3 x HA
or GFP tag. For split-YFP constructs, Stphot2, SENRL-30,
Stphotl, and StPRXIIF were inserted into the N-terminal
of YFP (nYFP) with a 3 X Myc tag and C terminal cYFP
with a 3 X HA tag. All constructs were generated using
the ClonExpress® II One Step Cloning Kit (Cat no. C112-
02; Vazyme, Nanjing, China). For Y2H assay, the coding
sequence of SEINRL-30 was inserted into pDONR221 with
gene-specific primers modified to contain the Gateway®
attB recombination sites. It was recombined with
pDEST32 (prey vector) to generate pDEST32-StNRL-30
with LR clonase (Cat no. 2273391; Invitrogen, Carlsbad,
CA, USA). All vectors are listed in Table S3. All primers
used in this study are listed in Table S4.

Agrobacterium-mediated transient expression assays
Agrobacterium tumefaciens strain GV3101 containing
the corresponding constructs were cultured overnight in
yeast extract broth with appropriate antibiotics at 28 °C.
Agrobacterium cells were centrifuged and resuspended in
MMA buffer (10 mM MES, 10 mM MgCl,, and 200 mM
acetosyringone; pH = 5.6), and adjusted to the required
ODg, value prior to infiltration into N. benthamiana
leaves (0.5 for Western blot, LCA, cell death assay; 0.05—
0.1 for confocal imaging; 0.1 for P infestans infection
assay; and 0.3 for BiFC assay).
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TRV-based VIGS in N. benthamiana

VIGS constructs were generated by cloning an approxi-
mately 300-bp PCR fragment of the target genes for
silencing. A tobacco rattle virus (TRV) construct express-
ing GFP served as a control. Agrobacterium strains con-
taining the TRV1 construct were resuspended in MMA
buffer at a final concentration of OD, = 0.4, with TRV2
constructs at a final concentration of ODgyy, = 0.5. The
two largest leaves of four-leaf-stage N. benthamiana
plants were fully infiltrated with the Agrobacterium mix-
ture. The treated plants were used for assays 2—3 weeks
later.

Potato transformation

OE constructs (35S::GFP-Stphot2, 35S::GFP-StNRL-30,
and 35S::GFP-Stphotl) and RNAIi constructs (Stphot2-
Ri, SENRL-30-Ri, and StphotI-Ri) were introduced into
A. tumefaciens strain GV3101. Subsequently, they were
transformed into potato variety ‘E-potato 3’ (‘E3’) as
described previously (Guo et al. 2022).

Confocal microscopy

For subcellular localization observation, confocal
images of leaf cells expressing the protein fusions at 48
h post-agroinfiltration (hpa) were captured using a con-
focal laser scanning microscope (Leica SP8, Wetzlar, Ger-
many). A wavelength of 488 nm was used for GFP, YFP,
or DCF excitation, and the emission signal of the wave-
length (496-533 nm) was obtained for the GFP, YFP, or
DCF channel. A wavelength of 552 nm was used for RFP,
mCherry, or OFP, and the emission signal of the wave-
length (568—610 nm) was obtained for the RFP, mCherry,
or OFP channel. Chloroplast autofluorescence was cap-
tured between 650 and 690 nm in emission and 630 nm
in excitation.

P. infestans inoculation assay

P infestans isolates 88069 and HB09-14-2 were cul-
tured in Rye-Suc-Agar medium at 19 °C for two weeks
under dark conditions. The sporangia were collected
from medium plates and suspended in double distilled
water, stored at 4 °C for 2-8 h, and used for inocula-
tion. For N. benthamiana leaf inoculation, the sporangia
concentration of isolate 88069 was adjusted to 15,000
sporangiamL™'. For potato leaf inoculation, the spo-
rangia concentration of isolate HB09-14-2 was adjusted
to 12,000 sporangia-mL~'. Subsequently, 10-uL droplets
were inoculated onto the abaxial surface of detached
leaves of N. benthamiana or potato. Lesion diameters
were measured at 5-7 days post-inoculation.
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Trypan blue staining assay

For trypan blue staining, the detached leaves were
immersed in 1 mg-mL™" trypan blue buffer at room tem-
perature overnight, then cleared with 95% ethanol, and
boiled until complete decolorization.

Membrane protein fractionation

PM proteins of N. benthamiana leaves were extracted
using the Minute™ Plasma Membrane Protein Isolation
Kit (Cat no. SM-005; Invent Biotechnologies, Beijing,
China).

cROS detection

2" 7’-dichlorodihydrofluorescein (DCEF-DA) was used
to measure ROS production levels in chloroplasts. DCF
oxidation generates green fluorescence in chloroplasts.
Following 48-h transient expression of cTP-StPRXIIF-
mCherry, StPRXIIF-mCherry, and Flag-mCherry in N.
benthamiana, the leaves underwent infiltration with
10 uM DCEF and exposure to darkness for 30 min. Sub-
sequently, these leaves received treatment with 10 pM
flg22. A confocal microscope measured fluorescence
intensity as described by Qi et al. (2024).

Split LCA

The corresponding combination of cLUC/nLUC con-
structs were co-expressed in N. benthamiana. nLUC-EV
(Myc-nLUC) and cLUC-EV (cLUC-HA or cLUC-GFP)
served as control vectors containing initiation and stop
codons. Two days after infiltration, 15 mM of LUC sub-
strate luciferin was applied to the detached leaves. Flu-
orescence detection occurred 10 min after luciferin
treatment, with images captured using the NightShade
LB 985 In Vivo Plant Imaging System (Germany).

BiFC assay

The corresponding combination of nYFP/cYFP con-
structs were co-expressed in N. benthamiana leaves. At
48 hpa, fluorescence signals were observed and images
were captured using a confocal laser scanning micro-
scope (Leica SP8).

Western blot analysis

Leaf samples were collected 48 hpa, and proteins were
extracted using GTEN [10% (v/v) glycerol, 25 mM
Tris-HCI (pH 7.5), 1 mM EDTA, 150 mM NaCl] buffer
with 10 mM dithiothreitol (DTT), 1 X protease inhibitor
cocktail (Roche), 1 mM phenylmethyl sulphonyl fluoride
(PMSF), and 0.2% Nonidet P-40 (NP40). The samples
were mixed with 2 X sodium dodecyl sulfate (SDS) sam-
ple buffer (100 mM Tris-HCI, 4% SDS, 20% glycerol, 0.2%
bromophenol blue, 200 mM DTT) and heated at 95 °C
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for 10 min. Samples underwent separation on 10% SDS-
PAGE gels and were transferred onto polyvinylidene fluo-
ride membranes for confirmation by Ponceau staining
(PS). Membranes were blocked in 5% milk in 1 X phos-
phate-buffered saline (with 0.1% Tween) with shaking for
1-2 h at room temperature, then incubated with corre-
sponding antibodies (polyclonal anti-GFP and anti-HA;
Bioyears, Wuhan, China) at 1:4,000. Anti-mouse poly-
clonal HRP-conjugated antibody (Immunoway, RS0001)
was applied at 1:4,000 as a secondary antibody for GFP
and HA. Protein sizes were indicated by 180 kDa Pre-
stained Protein Marker (Cat no. 20350; Yeasen, Shang-
hai, China). The immunoblots were visualized using the
ChemiDoc XRS+ Gel Imaging System (Bio-Rad, Hercu-
les, CA, USA) after treatment with chemiluminescent
reagents (Servicebio, Wuhan, China).

Co-IP assay

Leaf samples were collected 48 hpa, and proteins were
extracted using GTEN buffer with 10 mM DTT, 1 X pro-
tease inhibitor cocktail, 1 mM PMSF, and 0.2% NP40.
Twenty microliters of prewashed anti-GFP or anti-HA
agarose beads (Cat no. KITSM1301, KTSM1306; Alpal-
ifeBio, Shenzhen, China) were added to 400 pL pro-
tein extracts and incubated for 2 h at 4 °C on a rocking
platform at low speed. Following incubation, the beads
underwent four washes with 800-uL wash buffer (GTEN
buffer with 1 mM PMSF and 1 X protease inhibitor cock-
tail) and were heated at 95 °C for 10 min in 2 X SDS load-
ing buffer supplemented with 200 mM DTT.

RNA isolation and qRT-PCR

Total RNA was extracted using the Plant Total RNA Kit
(Cat no. ZP405-1; Zomanbio, Beijing, China) following
the manufacturer’s protocol. RNA (2 pg) was used for
first-strand cDNA synthesis using the All-In-One 5 X RT
MasterMix Kit (Cat no. G592; Applied Biological Mate-
rials, Richmond, BC, Canada) according to the manu-
facturer’s specifications. qRT-PCR was performed using
EvaGreen 2 X qPCR MasterMix (Cat no. G891; Applied
Biological Materials) on an ABI7300 PCR machine
(Applied Biosystems, Foster, CA, USA). Gene expression
levels were determined using the 2724¢T method (Livak
and Schmittgen 2001) or comparative Ct method (Ciko$
et al. 2007). qRT-PCR primers are listed in Table S4.

Y2H assay

Y2H screening with pDEST32-StNRL-30 was performed
in Saccharomyces cerevisiae strain MaV203 as described
(McLellan et al. 2013) using the Invitrogen ProQuest
system.
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Statistical analyses

Statistical analyses were performed using one-way analy-
sis of variance or Student’s t-test and pairwise or multiple
comparisons with GraphPad Prism 8.0 software. All val-
ues and error bars represent mean * standard error of the
mean of three or more replicates. Quantitative analysis of
proteins was performed using Image] software.

Abbreviations

BL Blue light

WL White light

NRL NPH3/RPT2-like

Phots Phototropins

SA Salicylic acid

JA Jasmonic acid

ICD INF1 induced cell death

AOX Alternative oxidase

PRXs Peroxiredoxins

LCA Luciferase complementation assay
Co-IP Co-immunoprecipitation

gRT-PCR  Quantitative real-time PCR

Y2H Yeast-two-hybrid

BiFC Bimolecular fluorescence complementation
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