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The pathogen effector BcSSP2 suppresses
the NPC phase separation to facilitate
Botrytis cinerea infection

Jiaojiao Wang 1,2,7 , Dewei Wu2,3,7, Gaofeng Pei4,7, Yupei Wang2,7,
XiaokangLiu2, ShipingTian5,6, ZhanquanZhang5,6, XiaolinZhang2, PilongLi 4 ,
Daoxin Xie 2 & Xiaoyi Shan 2

Biomolecular phase separation-mediated immunity was recently uncovered as
an important strategy of plants and animals for their survival in the challenging
environment. Effectors are powerful weapons evolved by pathogens to over-
come host defense response for effective infection. However, plant pathogen
effectors were rarely identified to suppress the phase separation-mediated
host defense response. Here, we report a pathogen effector that disrupts
phase separation process in host cells to suppress host defense response and
facilitate pathogen infection. We identify a host-internalized effector protein
BcSSP2 from a disastrous pathogen Botrytis cinerea targets the central barrier
of plant nuclear pore complex (NPC). BcSSP2 disrupts the phase separation of
NUP62 and attenuates phase separation-dependent nuclear transport of
immune regulator MPK3 to suppress plant defense response for effective
pathogen infection. Intriguingly, BcSSP2 homologs are widely distributed
among necrotrophic ascomycetes and also interfere with NUP62 phase
separation, suggesting that disrupting plant NPCphase separationmight be an
evolutionarily conserved strategy evolved by these necrotrophic pathogens to
facilitate their infection.

Plants and animals have developed effective immune systems to pro-
tect them from a variety of aggressive pathogens for their survival in
nature1. These host immune systems were regulated by a multitude of
mechanisms including RNAi-based immunity2, resistance gene-
regulated immunity3 and autophagy-triggered immunity4. Phase
separation, a driving force for the formation of various membraneless
organelles, deeply involves in the health maintenance of mammals5–7,
including the innate immune signaling activated by the viral DNA-
induced phase separation of cGAS8–10, and severe neurodegenerative

diseases caused by abnormal phase separation of FUS, tau and TDP-
4311. In plants, phase separation of plant nuclear pore complex (NPC)
was uncovered to regulate diverse plant defense responses against
fungal and bacterial infection and insect attack12, phase separation of
NPR1, GBPL1/3, HEM1 and Toll/interleukin-1 receptor were found to
regulate plant resistance to bacterial infection13–16. These results sug-
gest that phase separation-mediated defense response has emerged as
a general mechanism to regulate plant defense against diverse biotic
stresses.
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To achieve successful infection, pathogens also have evolved
sophisticated mechanisms to fight against host defense response.
Secreting effector proteins is a powerful strategy to counter host
immune system, which is commonly adopted by almost all types of
pathogens including bacteria, fungi and viruses17–20. Enormous efforts
made by biologists worldwide have uncovered a huge amount of
pathogen effectors that suppress host defense response via different
mechanisms, including targeting host immune regulators to affect
their transcription, translation or posttranslational modifications21–24,
disturbing cellular organelles25, and binding with host small RNAs26.
However, effectors from plant pathogens have rarely been shown to
suppress the phase separation-mediated host defense response.

In this study, we reported the effector protein BcSSP2 from
Botrytis cinerea (B. cinerea), one of the most disastrous plant patho-
gens causing severe economic losses worldwide27,28, is secreted into
plant cells to target the central barrier of plant NPC, interfere with
phase separation of host NPC central barrier, and consequently sup-
press the phase separation-dependent nuclear transport of a key
immune regulatorMPK3, leading to attenuatedplant defense response
and thus facilitating pathogen infection.

Results
BcSSP2 is a putative effector from B. cinerea
B. cinerea is generally regarded as a necrotrophic pathogen which
usually secrets lytic enzymes, oxalic acid and phytotoxins to extra-
cellular spaces of host cells for infection27,28. It is so far unknown
whether B. cinerea delivers effector proteins into plant cells to disturb
host immunity for successful infection.We collected B. cinerea hyphae
from the in vitro culture or the infected Arabidopsis leaves to compare
the hyphal transcriptomic profiles. Among the genes upregulated in B.
cinerea infection process (Supplementary Data 1, 2), 15 genes were
shortlisted as effector candidates due to the typical effector features of
other well-studied pathogens such as RXLR motif and cysteine-rich
region in their encoding proteins (Fig. 1a; Supplementary Data 3)29.

Recent studies revealed that suppression of host immunity in
biotrophic stage is required for necrotrophic pathogens to establish
colonization30,31. As shown in Supplementary Fig. 1, B. cinerea takes a
considerable period to establish colonization and rot plant tissues.We
separately collected B. cinerea-infected Arabidopsis tissues from
“annular edge area” (where the plant cells remained alive and a limited
amount of B. cinerea hyphae were growing within apoplastic spaces)
and “central lesion area” (where the plant cells already died and a high
density of hyphae were growing) (Fig. 1b), which then were subjected
to quantitative real-time PCR (qRT-PCR) analysis of the 15 candidate
effector genes. Among them, BCIN_05g03680, which has been repor-
ted as B. cinerea small secreted protein 2 (BcSSP2)32,33, was induced in
the infection process and showed the most elevated expression at the
edge area (Fig. 1c, d, and Supplementary Fig. 1c), implying a possible
role for BcSSP2 in suppressing host defense response for B. cinerea
infection.

Prediction by SignalP server showed that the N-terminal region
(amino acid 1–20) of BcSSP2 has the typical characteristic of secretory
signal peptide (Supplementary Fig. 2a), which is essential for effector
secretion from pathogens34. Yeast secretion assay showed that inver-
tase fusedwith the BcSSP2N-terminal signal peptide could be secreted
to reduce colorless 2,3,5-triphenyltetrazolium chloride to red for-
mazan, confirming the secretory characteristic of the BcSSP2
N-terminal signal peptide (Fig. 1e and Supplementary Fig. 2b), con-
sistent with previous findings32. We further found that Alexa 546-
labeled BcSSP2, but not control protein, was located in plant cells
when incubated with Arabidopsis roots (Fig. 1f), suggesting that
BcSSP2 could be internalized by plant cells. Moreover, we used a split
GFP system for tracing translocation of pathogen effector in an
infection context35, in which tobacco leaves transiently expressing
GFP1-10 (engineeredGFP protein consists of strands 1–10with a specific

exclusion of strand 11) was incubated with B. cinerea strain containing
GFP11-tagged BcSSP2. Notably, GFP signals were accumulated in cyto-
plasm and nuclei of cells in the edge area of infected leaves (Fig. 1g),
validating secretion of BcSSP2 by B. cinerea into plant cells. Taken
together, these results indicate that BcSSP2 has typical effector fea-
tures and is translocated into living plant cells.

BcSSP2 contributes to B. cinerea virulence
To verify the function of BcSSP2 in B. cinerea virulence, we generated
B. cinerea BcSSP2-knockoutmutant strains (termed as bcssp2-4, bcssp2-
10 and bcssp2-12) through homologous recombination (Supplemen-
tary Fig. 3), and subsequently assessed the virulence of these mutant
strains. Disease symptoms caused by the bcssp2 mutant strains on
Arabidopsis were significantly attenuated, as indicated by smaller
lesions comparedwithwild-type strain (B05.10) (~55%, 68%and63% for
bcssp2-4, bcssp2-10 and bcssp2-12, respectively) (Fig. 2a, b). To confirm
that the reduced virulence was specifically due to the loss of BcSSP2,
we generated two independent complementation strains (com-2 and
com-3) by reintroducing BcSSP2 gene into the bcssp2-10mutant. Real-
time PCR analysis confirmed the restored expression of BcSSP2 in both
complemented strains (Supplementary Fig. 4a), and both com-2 and
com-3 fully rescued the virulence phenotype, resulting in lesion sizes
comparable to the wild-type strain (Supplementary Fig. 4b–e). These
data collectively demonstrate that BcSSP2 is required for full virulence
of B. cinerea.

Since B. cinerea has a very broad host range, we further examined
the effect of BcSSP2 on B. cinerea virulence in other host plants
including lettuce, strawberry and rose. Similarly, the virulence of
BcSSP2 mutants is significantly declined in all tested plant species,
indicating a conserved role of BcSSP2 in facilitating B. cinerea infection
on diverse host plants (Fig. 2c, d).

We then generated transgenic Arabidopsis with estradiol-
inducible expression of BcSSP2 (iBcSSP2) (Supplementary Fig. 5) to
further verify the BcSSP2 function inB. cinereapathogenicity. Estradiol
treatment led to more severe disease symptoms in iBcSSP2 plants but
not in the controlwild-type (WT)plants uponbcssp2 strain infection, as
indicated by increased B. cinerea biomass (~2.1-fold) and plant disease
severity (~2.1-fold dead plants) (Fig. 2e, f), demonstrating that the
ectopic overexpression of BcSSP2 promotes plant susceptibility to B.
cinerea infection. These data further define BcSSP2 as an effector
secreted by B. cinerea into host cells to promote its virulence.

BcSSP2 interacts with NUP62 and partitions into NUP62
condensates
As BcSSP2 is translocated into plant cells, we wondered whether
BcSSP2 targets some protein(s) in plant cells to suppress host immu-
nity. To test this hypothesis, we screened potential BcSSP2 targets
from a panel of over a dozen plant proteins known to participate in
defense against B. cinerea, including coronatine insensitive 1, ethylene
insensitive 2, transcription factor WRKY33, and nucleoporins using
luciferase (LUC) complementation-imaging (LCI) assay. Intriguingly,
strong LUC activity was detected when BcSSP2 was co-expressed with
all the components of the center barrier of nuclear pore complex
(NUP62, NUP58, NUP54), but not with other nuclear pore components
such as NUP88 andNUP96 (Fig. 3a and Supplementary Fig. 6a, b). Such
interaction was verified by co-immunoprecipitation (Co-IP) assay in
tobacco leaves transiently co-expressing Flag-NUP62 and BcSSP2-GFP
(Fig. 3b), and by pull-down assay using purified GST-NUP62 and
BcSSP2-His proteins (Fig. 3c). Moreover, BcSSP2 could co-localize with
NUP62 in the nuclear envelop (Supplementary Fig. 6c). These results
collectively suggest that the effector BcSSP2 targets plant NPC central
barrier.

Furthermore, we identified the responsible domain of NUP62 for
its interaction with BcSSP2. We truncated NUP62 into a C-terminal
domain (CTD) harboring the coil-coil motif and an N-terminal domain
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(NTD) containing the FG-rich domain. In the pull-down assay, the NTD,
but not theCTD, ofNUP62 could efficiently pull downBcSSP2 (Fig. 3d),
indicating that NUP62 interacts with BcSSP2 via its NTD.

As the central barrier undergoes phase separation to form con-
densates in vitro through the NTD12, we investigated whether BcSSP2
partitions into NUP62 condensates. BcSSP2, but not the control

protein, could efficiently partition into NUP62 condensates when
incubated with NUP62 (Fig. 3e and Supplementary Fig. 7a, b). Mean-
while, BcSSP2 was unable to undergo phase separation alone (Sup-
plementary Fig. 7c). These results further verify the interaction
between BcSSP2 and NUP62, and suggest that BcSSP2 is able to
interact with NUP62 in its phase-separated conformation.
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reduces 2,3,5-triphenyltetrazolium chloride to red formazan, indicating invertase
secretion.Mg87 andAvr1b serve as the negative and positive controls, respectively.
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bar: 100 μm. BL bright light. g BcSSP2 is translocated into host cells in the infection
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BcSSP2 interferes with NUP62 phase separation
Since BcSSP2 interacts with the NTD of NUP62 (Fig. 3d) and NUP62
phase separation is crucial for host defense against B. cinerea12, we
wonderwhether BcSSP2 affects NUP62phase separation to facilitateB.

cinerea infection. To address this question, we first tested whether
BcSSP2 disturbs phase separation of NUP62 in vitro.We found that the
formation of NUP62 condensates was disturbed significantly when
incubated with BcSSP2 (Fig. 4a, b).
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Furthermore, we used atomic force microscopy (AFM) to char-
acterize the impact of BcSSP2 on the mechanical properties of NUP62
hydrogel which is formed through phase separation. The hydrogels
constituted of NUP62 alone, NUP62 with BcSSP2 or NUP62 with con-
trol protein, were prepared and subjected to AFM analysis. We mea-
sured the stiffness of the hydrogels at multiple points, which is
indicated by Young’s modulus. The stiffness of NUP62 + BcSSP2
hydrogel decreased dramatically (by about 67% in Median and 70% in
Mean of Young’s modulus) compared with that of NUP62 alone or
NUP62+control hydrogels (Fig. 4c, d), suggesting that BcSSP2 evi-
dently modifies the property of NUP62 hydrogels. Taken together,
these results demonstrate that BcSSP2 interferes with NUP62 phase
separation in vitro.

To gain insights into the effect of BcSSP2 on NUP62 phase
separation in vivo, we inoculated B05.10 strain or bcssp2-12 mutant
strain onto tobacco leaves transiently expressing NUP62-GFP for con-
focal imaging. In the bcssp2-infected edge area, the total fluorescent
intensity of NUP62 condensates was significantly higher (~1.4-fold)
compared with that of B05.10-infected edge area (Fig. 4e, f) while the
overall protein level of NUP62 presented no significant difference
(Supplementary Fig. 8a). Consistently, estradiol-induced BcSSP2
reducedNUP62 condensates by 81% in tobacco expressingNUP62-GFP,

with no change of NUP62 total protein level (Fig. 4g, h, and Supple-
mentary Fig. 8b, c). These results collectively demonstrate that
BcSSP2 suppresses the phase separation of NUP62 in vivo.

Homologsof BcSSP2 in necrotrophic ascomycetes interferewith
NUP62 phase separation
Phylogenetic analysis showed that BcSSP2 homologs were widely dis-
tributed among ascomycetes and highly conserved in necrotrophic
ascomycetes (Supplementary Fig. 9a). Representative analysis of the
BcSSP2 homologs from S. sclerotiorum (a broad host range necro-
trophic pathogen that causes one of the most prevalent diseases in
oilseed rape) and Aspergillus flavus (an extremely common fungal
pathogen that produces carcinogenic aflatoxins in the infected crops)
showed that the SsSSP2 (S. sclerotiorum SSP2) and AfSSP2 (A. flavus
SSP2) were able to interact with NUP62 (Supplementary Fig. 9b),
indicating an evolutionarily conserved strategy adopted by various
necrotrophic ascomycetes to secret BcSSP2-like effectors that target
plant NPCs to facilitate pathogen infection.

Furthermore, wewondered if SsSSP2 and AfSSP2 suppress NUP62
phase separation. To test this hypothesis, NUP62-GFP together with
estradiol-inducible SsSSP2 (iSsSSP2) or estradiol-inducible AfSSP2
(iAfSSP2) were transiently co-expressed in tobacco leaves for NUP62
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puncta observation. The formation of NUP62 condensate decreased
evidently with estradiol-induced expression of SsSSP2 and AfSSP2,
respectively (Supplementary Fig. 10a, b). Meanwhile, the protein
abundance of NUP62 presented no significant difference without
(Mock) orwith estradiol provision (ES) (Supplementary Fig. 10c). Thus,
SsSSP2, as well as AfSSP2, could interfere with NUP62 phase separa-
tion, suggesting a conserved feature of necrotrophic BcSSP2-like
effectors for interfering with the phase separation of NPC central
barrier.

BcSSP2 attenuates the NUP62 phase separation-dependent
nuclear transport of MPK3
As phase separation of the NPC central barrier mediates selective
nucleocytoplasmic transport which is facilitated by the nuclear trans-
port receptor (NTR)12, we next investigated whether BcSSP2-mediated
perturbation on NUP62 phase separation affects the selective
nucleocytoplasmic transport. Firstly, we adopted in vitro hydrogel
transport assay to detect the influence of BcSSP2 on the transport
efficiency of NUP62 using the surface-redesignedGFPprotein (GFP8W,
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eight amino acids located inGFP surfaceweremutated to tryptophans)
to mimic the NTR-mediated selective transport36. The translocation
speed of MBP-GFP8W in NUP62 + BcSSP2 hydrogel decreased by
nearly half, compared with that of NUP62 or NUP62+control hydrogel
(Fig. 5a, b). Consistently, the translocation speed of MBP-GFP8W in
NUP62 hydrogel pre-incubated with BcSSP2 was obviously decreased
(Supplementary Fig. 11), suggesting that BcSSP2 attenuates the NUP62
phase separation-mediated MBP-GFP8W transport.

Since phase separation of the NPC central barrier mediates
nuclear import of defense-related cargo MPK312, we then tested
whether BcSSP2 suppresses MPK3 nuclear transport. The in vitro
assays showed that the partition of MPK3 (with Arabidopsis crude
extracts) in NUP62 hydrogel was significantly inhibited by BcSSP2
(Fig. 5c, d). As assayed in vivo, nuclear proportion of MPK3 in
plants infected by wild-type B. cinerea B05.10 was obviously lower
(by ~61.5%) in comparison with that infected by BcSSP2 knockout
strain bcssp2-12, though the overall amount of MPK3 kept
unchanged in plants infected by either B05.10 or bcssp2-12
(Fig. 5e, f). In line with nuclear attenuation of MPK3, the expres-
sion level of defense marker gene PDF1.2 was significantly
decreased (~50%) in B05.10-infected plants compared with that of
bcssp2-infected plants (Fig. 5g). These results suggest that BcSSP2
of B. cinerea B05.10 inhibits nuclear transport of MPK3 in plant
cells during pathogen infection.

Moreover, the ectopic expression of BcSSP2 in Arabidopsis plants
significantly suppressed MPK3 nuclear transport. Though the total
MPK3 protein level presented no discernible difference (Fig. 5h), the
nuclear accumulation of MPK3 was remarkably impaired by 67% in
estradiol-treated iBcSSP2 transgenic plants (Fig. 5i). Constantly, the
expression level of PDF1.2 was declined by 88% in estradiol-treated
iBcSSP2 transgenic plants (Fig. 5j).

Taken together, our results in Figs. 1–5 suggest that BcSSP2,
secreted by B. cinerea into host cells, targets the NPC central barrier,
interfereswith its phase separation and consequently attenuates phase
separation-dependent nucleocytoplasmic transport of MPK3, to sup-
press plant defense response for effective pathogen infection (Fig. 6).

Discussion
Pathogens and their hosts are inevitably involved in endless arms race,
while effector proteins act as the key weapons in pathogens’
arsenal3,17–20. Previous studies uncovered various strategies used by
pathogen effectors to combat host defense response, such as altering
the expression of host genes21,22, suppressing the host small RNA-based
gene silencing26,31, and interfering the degradation of host proteins24.
The phase separation of effector protein has recently emerged as a
novel strategy for pathogens to interfere with host defense response37.
In this study, we identify an effector from a plant pathogen that, rather
than undergoing phase separation itself, suppresses host phase
separation-mediated defense processes to promote infection. These
findings highlight phase separation as a new and critical battleground
in pathogen-host interactions.

NPC serves as the sole exchange channel between nucleus and
cytoplasm38,39, and plays important roles in diverse biological
processes40–44. We previously showed that the integrity of NPC central
barrier is required for plant defense and that the NPC central barrier
undergoes phase separation to facilitate the active transport of car-
goes essential for plant defense12. In the current study, we further
report a pathogen effector, BcSSP2, that targets plant NPCs. BcSSP2
binds to FG-nucleoporins of the central barrier and interferes with
their phase separation to disrupt nucleocytoplasmic transport of
important immune regulators, includingMPK3, to inhibit host defense
for effective pathogen infection. In addition to MPK3, the nucleocy-
toplasmic transport of other immune components involved in resis-
tance to B. cinerea may also be affected, a possibility that warrants
further investigation. These data support the notion that phase
separation of NPC central barrier is crucial for plant defense as
demonstrated in our previous work12, and further uncover that some
pathogens encode specific effectors that can interfere with phase
separation of host NPCs to promote infection.

B. cinerea is one of the most devastating plant pathogens, which
has a broad host range27, and causes huge economic losses worldwide.
Direct killing host cells with the secreted lytic enzymes, oxalic acid and
phytotoxinswere thought to be themajor infection strategies adopted
by B. cinerea28. Recent studies revealed that B. cinerea secrets small
RNAs into plant cells to suppress RNAi-based plant defense response
for successful infection31. Here, we found thatB. cinerea secrets BcSSP2
to attenuate phase separation of plant NPC to suppress host defense
response for effective pathogen invasion. Previous studies have shown
that the phase separation of NUP62 is mediated by weak, multivalent
hydrophobic interactions among its N-terminal FG repeat domains12.
Consistently, our results demonstrate that BcSSP2 interacts with the
N-terminal region of NUP62 (Fig. 3d), suggesting that BcSSP2 may
disrupt NUP62 phase separation by interferingwith FG-FG interactions
of NUP62. Elucidating the precise mechanism by which BcSSP2 inter-
feres with NUP62 condensate formation will pave the way for engi-
neering the nuclear pore complex to enhance plant resistance against
B. cinerea.

Interestingly, previous studies have revealed that prolonged
ectopic expression of BcSSP2 or infiltration of a physiological relevant
concentration of purified BcSSP2 proteins in plant tissues could cause
chlorosis and slow development of cell death (visible around 15 days
after agroinfiltration/treatment)32,33, which differs from typical CDIPs
(cell death inducing proteins) that induce instant cell death (within
5days). Itwashypothesized thatBcSSP2proteinmight not causedirect
damage to the plant cell but affect some unknown pathways that
eventually lead to cell death32. Considering the crucial function of NPC
in plant cell physiology, our work provides a possible mechanistic
explanation (e.g., through inhibiting plant NPC function) for the pre-
viously reported slow phytotoxicity of BcSSP2. However, it is also
plausible that BcSSP2 may target other components beyond NPC to
induce slow plant cell death, as pathogen effectors are known to
promote infection with multiple mechanisms19.

Fig. 4 | BcSSP2 interferes with NUP62 phase separation. a, b BcSSP2 interferes
with NUP62 condensates formation. The representative photos (a) and relative
fluorescent intensity (b) of 2μM NUP62 incubated with BcSSP2, control protein
(TrxA-His) or equal volume buffer are shown. 40 μMBcSSP2 or control protein was
used. Data are mean ± SD (n = 8 for buffer, and n = 9 for control and BcSSP2). Sta-
tistical significance was determined by two-sided Student’s t test. Scale bar: 5μm.
c, d BcSSP2 modifies stiffness of NUP62 hydrogel. 1mM NUP62 without (NUP62
alone) or with 0.1mM BcSSP2 (NUP62 + BcSSP2), or with 0.1mM TrxA-His
(NUP62 + control, TrxA-His served as a control) were subjected to hydrogel for-
mation, respectively. The stiffness of hydrogels was determined by AFM and indi-
cated as Young’s moduli. Medians (d) obtained from GaussAmp simulation and
means (c) are shown. Data are mean ± SD (n = 83 for NUP62, n = 89 for NUP62 +
control, n = 112 for NUP62 +BcSSP2). Statistical significance was determined by

two-sided Student’s t test. e, f Infection by B05.10 suppresses NUP62 condensates
formation comparedwith infection by bcssp2-12 in vivo. Tobacco leaves expressing
NUP62-GFP for 24hwere subsequently infectedwith bcssp2-12 or B05.10 strains for
24h, and the edge area of the infected leaves was subjected for confocal imaging
(e) and relative fluorescent intensity analysis (f). Data are mean ± SD (n = 22). Sta-
tistical significance was determined by two-sided Student’s t test. Scale bar: 10μm.
g, h Ectopic expression of BcSSP2 suppresses NUP62 condensates formation.
NUP62-GFP and iBcSSP2 were co-expressed in tobacco leaves. Estradiol (ES) or
DMSO (Mock) was applied 6 h before confocal imaging (g) and relative fluorescent
intensity analysis (h). Data are mean± SD (n = 9). Statistical significance was
determined by two-sided Student’s t test. Scale bar: 10μm. Source data are pro-
vided as a Source Data file.
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Fig. 5 | BcSSP2 suppresses NUP62 phase separation-mediated selective
nucleocytoplasmic transport. a,bBcSSP2 inhibitsMBP-GFP8W translocation into
NUP62 hydrogel. Time-lapse photos were taken since MBP-GFP8W was supplied.
The representative photos (a) and the translocation speeds (b) of MBP-GFP8W in
NUP62, NUP62+control and NUP62 + BcSSP2 hydrogels are shown. Data are
mean ± SD (n = 23 for NUP62, n = 24 for NUP62+control, n = 25 for NUP62 +
BcSSP2,). Scale bar: 100μm. c, d BcSSP2 inhibits MPK3 translocation. Time-lapse
photos were taken since GFP-MPK3 was supplied. Representative photos (c) and
relative fluorescent intensity (d) of GFP-MPK3 in NUP62+control or NUP62 +
BcSSP2 hydrogels with WT Arabidopsis (Col-3) crude extracts are shown (n = 3).
Dotted circles mark the hydrogel edge. Scale bars: 500μm. e–j BcSSP2 suppresses
nuclear accumulation ofMPK3. For (e–g) WT Arabidopsis plants infected by B05.10
or bcssp2-12 at 36 hpi were subjected to analysis of total MPK3 proteins (e), nuclear
MPK3 proteins (f) and PDF1.2 transcripts (g). For (h–j), the iBcSSP2 plants were

treated with estradiol (ES) or DMSO (Mock), and then inoculated with bcssp2-12
knockout strain for 36 h and subjected to analysis of total MPK3 proteins (h),
nuclear MPK3 proteins (i) and PDF1.2 transcripts (j). The protein levels of MPK3
were quantified based on the relative intensity of protein bands while the max
intensity was normalized to 1 (e, f, h and right panel of i). The bands of MPK3 in (f)
and (i) are presented with a short or long exposure time. Data are mean ± SE (n = 4
in (e, f, h) and n = 5 in (i), or mean ± SD (n = 3 in (g, j)). PEPC (phosphoenolpyruvate
carboxylase), LSU (large subunit of rubisco protein) and H3 (Histone H3) serve as
loading controls. MPK3 and PEPC were run on the same gel with themembrane cut
for different antibodies; LSU was stained after exposure in (e and h). MPK3 and H3
were runon the samegelwith themembrane cut for different antibodies in (f and i).
Statistical significance was determined by two-sided Student’s t test. Source data
are provided as a Source Data file.
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As BcSSP2 homologs are widely distributed among ascomycetes
(Supplementary Fig. 9a), an evolutionarily conserved strategy might
be evolved by these necrotrophic pathogens to facilitate their colo-
nization and infection. It would be exciting to explore whether tar-
geting the NPC central barrier is a general mechanism evolved by
necrotrophic pathogens to suppress the NPC phase separation-
mediated host defense response for their effective invasion.

Methods
Plants
Arabidopsis thaliana ecotype Col-0 was used as wild-type (WT) con-
trol. To generate the transgenic plant iBcSSP2, BcSSP2 CDS region was
cloned into pER8, whose expression was driven by an estradiol-
inducible promoter, and then transformed into WT plants using the
Agrobacterium-mediated floral dipmethod. Seeds were sterilized with
bleach buffer (20% [v/v] bleach, 0.1% [v/v] triton-100), washed with
sterile water, and chilled at 4 °C in dark for 3 days. After vernalization,
seeds were plated on MS medium (Murashige and Skoog medium,
Sigma-Aldrich), and then cultured in a growth room (22 °C with a 16 h/
8 h light/dark photoperiod, long day, LD). 8-day-old seedlings were
transplanted into soil and grown under the same condition. For
pathogen inoculation, plants were grown in soil for 3 to 4 weeks at
22 °C with a 10 h/14 h light/dark photoperiod (short day, SD).

Nicotianabenthamiana (N. benthamiana) seedlingswere grownat
22 °C with a 16 h/8 h light/dark photoperiod.

Botrytis cinerea
The wild-type Botrytis cinerea (B. cinerea) strain B05.10 was previously
described45. PDA medium (Potato Dextrose Agar medium, BD) was
used to cultivate B. cinerea at 22 °C.

B. cinerea inoculation
Conidiospores were collected from B. cinerea plates and diluted to
1 × 106 conidiospores/mL in PDBmedium (Potato Dextrose Broth, BD).
For drop-inoculation assay, 5 µL conidiospores were dripped on the
central of detached leaves, and the inoculated leaves were kept in high
humidity for 48 h and photographed for lesion size measurement. For
spray-inoculation assay, the transgenic plants iBcSSP2 and WT plants
were transplanted into MSmedium supplemented with 1μM estradiol
or mock (0.002% DMSO) for 24 h, and then sprayed evenly with B.
cinerea conidiospores. The inoculated seedlings were kept in high

humidity for 36 h. The disease severity was classified into four grades:
healthy (H, green), light symptoms (L, pale green), severe symptoms
(S, yellow), or completely dead (D, red). For B. cinerea biomass
detection, quantitative real-time PCR (qRT-PCR) was applied with pri-
mers for B. cinerea-specific ITS gene and Actin of the responding hosts
(Arabidopsis, lettuce, strawberry and rose) served as internal control
(Supplementary Data 4).

Construction of B. cinerea mutants and complementation
strains
To generate B. cinerea knockout mutants, ~600bp upstream and
downstream flanking sequences of BcSSP2 were cloned into pLOB7
which carrying a hygromycin B resistance cassette as a selectable
marker. The resulting plasmids were introduced into B. cinerea pro-
toplasts prepared by enzymatic digestion of youngmycelia with lysing
enzymes. Protoplast transformation was performed using poly-
ethylene glycol (PEG)-mediated transfoamation46. Transformants were
selected with hygromycin and confirmed by PCR amplification. Pri-
mers are listed in Supplementary Data 4.

For complementation, the coding sequence of BcSSP2 were
amplified from B05.10 cDNA and cloned into the pNAN-OGG vector,
where itwas placed under the control of the fungal Polic promoter and
linked to nourseothricin resistance. The resulting plasmid was ampli-
fied, and the PCR products were used to transform the bcssp2-10
mutant strain. The transformants were initially selected on
nourseothricin-containing plates and subsequently verified by PCR-
based genotyping. All primer pairs are listed in Supplementary Data 4.

BcSSP2 signal peptides validation
Functional validation of BcSSP2 predicted signal peptides was con-
ducted using the yeast secretion system47. The coding sequence of
BcSSP2 signal peptide (1-20Aa, SP) was cloned into pSUC2 vector to
generate pSUC2-BcSSP2SP, in which the SP of BcSSP2 was fused with
truncated SUC2 invertase lacking its original SP. pSUC2-BcSSP2SP,
pSUC2-Mg87 and pSUC2-Avr1b48 were transformed into yeast strain
YTK12 (SUC2-minus), respectively. The transformants were selected
by CMD-W plates (0.67% [v/v] yeast nitrogen base without amino
acids, 2% [v/v] sucrose, 0.1% [v/v] glucose, 0.075% [v/v] tryptophan
dropout supplement, and 2% [v/v] agar). The selected transformants
were then coated on YPRAA plates (1% [v/v] yeast extract, 2% [v/v]
peptone, 2% [v/v] raffinose, 2 µg/L Antimycin A and 2% [v/v] agar),

B. cinerea

BcSSp2

NUP62 
condensate

Cargo Traffic 
Complex

(MPK3+NTR) WT 

bcssp2 strain infectionB05.10 strain infection

WT 

Cytoplasm

Nucleoplasm

bcssp2 strain infection

ES-iBcSSP2

Fig. 6 | A simplifiedmodel forBcSSP2action.UponB. cinerea infection,WTplants
accumulate immune regulator MPK3, which is transported from cytoplasm into
nucleus via NPC central barrier phase separation to activate expression of down-
stream genes essential for plant resistance. To combat plant immunity, B. cinerea
(B05.10 wild-type strain) accumulates BcSSP2 and secrets it into the plant cells of
the edge area to target plant NPC central barrier (NUP62, NUP58 and NUP54),
disrupt their phase separation (NUP62 is representatively indicated), and attenuate
NTR-aided nuclear transport of MPK3, thereby suppressing plant defense

responses for effective pathogen infection (as indicated by an infected plant) (first
panel). When infected by the bcssp2mutant, the NPC phase separation-mediated
defense response of WT plants is not suppressed due to the absence of BcSSP2,
which allows efficient nuclear transport of MPK3 essential for plant defense (a
healthy plant) (second panel). However, NPC phase separation-mediated plant
defense responses are suppressed by the ectopically expressedBcSSP2 in estradiol-
treated iBcSSP2 transgenic plants (ES-iBcSSP2), which leads to attenuated plant
defense and severe disease symptoms (a susceptible plant) (third panel).
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only strains with secreting SUC2 invertase could consume raffinose
and grow well.

Invertase secretion was also confirmed with 2,3,5-triphenylte-
trazolium chloride (TTC) assay since invertase could reduce colorless
TTC to red-colored 2,3,5-triphenylformazan. Transformants cultured
in liquid medium were collected. After washing, the transformants
were resuspended in sterile water. Subsequently, 0.1% [v/v] TTC was
added into the transformants suspension, and the mixture was incu-
bated at 35 °C for 30min. The resulting mixture was transferred into
cuvettes for photographing.

Effector internalization assay
For the root incubation assay, about 1 cmroot tipsweredetached from
plate-grown Arabidopsis Col-0 seedlings and incubated with 50μM
Alexa 546-labeled effector BcSSP2 or TrxA-His (negative control). After
incubation for 12–16 h at 23 °C, the roots werewashed 4 times withMS
medium before confocal imaging49.

For theGFP strand assay35, BcSSP2or signal peptideof BcSSP2 (SP,
negative control) were tagged with the 11th strand of GFP and trans-
formed into Botrytis cinerea strain B05.10 to generate the transgenic
stain BcSSP2-GFP11 or SP-GFP11. Tobacco expressing GFP1-10 (strands
1–10) for 24 hwere infectedwith the transgenic stain BcSSP2-GFP11 and
SP-GFP11. The edge area of the infected leaves (24 hpi)was subjected to
confocal imaging.

N. benthamiana transient expression
Freshly cultured Agrobacterium was collected and resuspended in
infiltration buffer (10mMMES, 10mMMgCl2, 0.2mM acetosyringone)
and kept in dark for 3 h. Leaves of 4-week-old N. benthamiana plants
were infiltratedwith indicated combinations of Agrobacterium strains.
Plants were maintained at 22 °C for 36 h before LCI and subcellular
localization assay, respectively. In the assay to detect BcSSP2, SsSSP2
andAfSSP2 effect onNUP62phase separation, discs ofN. benthamiana
detached leaves were soaked in 10μMestradiol ormock buffer (0.02%
[v/v] DMSO) for 6 h to induce BcSSP2, SsSSP2 and AfSSP2 expression
before confocal imaging.

Co-IP assay
Total proteins were extracted from 5 to 10 gN. benthamiana leaves co-
expressing indicated protein combinations with extraction buffer
(50mMTris·HCl, pH 7.5, 150mMNaCl, 0.5% [v/v] TritonX-100, 0.5% [v/
v] Nonidet P-40, 10μM MG132, 0.1mM PMSF, Roche inhibitor cock-
tail). After centrifugation at 16,000× g, 4 °C for 10min to remove the
debris, 20μL of pre-washed anti-GFP magnetic agarose beads (GFP-
TrapMA, Chromo Tek) were added to the supernatants. The mixture
was incubated for 4 hours at 4 °C. The beads were then washed with
extractionbuffer for 5 times, and the precipitated proteinswere eluted
by boiling with SDS loading buffer for 5min. The final samples were
analyzed by Western Blot. The concentrated total proteins before
adding anti-GFP beads were also detected for indicating the amount of
the total input proteins. For Western blotting, anti-Flag (Abmart,
M20008, 2000-fold dilution) and Mouse monoclonal anti-GFP
(Abmart, M20004, 2000-fold dilution) were used.

In vitro pull-down assay
Purified GST-NUP62, GST-NUP62-NTD, GST-NUP62-CTD and GST
proteins were used as baits to incubate with 50 µL pre-washed Glu-
tathione Sepharose 4B affinity chromatography (GST beads, GE
Healthcare). 20 µg purified BcSSP2-His and TrxA-His proteins (purified
from pET32a as control) were incubatedwith GST-NUP62, GST-NUP62-
NTD, GST-NUP62-CTD or GST at 4 °C for 1 h in reaction buffer (20mM
Tris·HCl, pH 7.5, 500mMNaCl, 10% [v/v] glycerol and 0.1% [v/v] Triton-
X 100), respectively. After extensive washing with reaction buffer, the
complexes were released from GST beads by boiling with SDS loading
buffer for 5min.

BcSSP2-His and control proteins were detected by Western blot
using Anti-His antibody (Anti-His Mouse mAb, Abmart), and GST-
NUP62, GST-NUP62-NTD, GST-NUP62-CTD or GST was showed by
Ponceau S staining of the polyvinylidene difluoride membranes.

Protein labeling
The purified proteins were labeled by Alexa Fluor 488 carboxylic acid
(ThermoFisher) or Alexa Fluor 546 carboxylic acid (ThermoFisher) at
room temperature for 1 h. Then, the free dye was removed by illustra™
Microspin G-50 Columns (GEHealthcare). Tominimalize the impact of
Alexa dye, less than 1% total proteins were labeled to perform parti-
tioning experiments in our study.

Protein condensate assays
Protein condensate assay was performed in the buffer containing
20mMHEPES, pH7.4, 150mMNaCl, 10% [v/v] glycerol, 5mMDTT. For
MBP-fused proteins, additional TEV protease (themolar concentration
of TEV was 1% of MBP-tagged proteins) was added to the system to
cleave MBP-tag during the condensate assembly50,51. For detecting the
effect of BcSSP2 on NUP62 phase separation, 2μM NUP62 protein
(NUP62 is cleaved from MBP-NUP62 and labeled with Alexa 546) was
mixed with 40μM dye-free BcSSP2 (BcSSP2-His) or control (TrxA-His)
protein. For detecting the colocalization of MBP-GFP8W with NUP62
condensate, MBP-GFP8W and MBP-GFP were added to the NUP62
condensate pool. All the experiments were performed on 384-low-
binding multi-well 0.17mm microscopy plates (Cellvis, P384-1.5H-N).
The images were captured by a Laser Scanning Confocal Microscopy
(Nikon A1R HD25). NIS-Element AR5.2 software was used to analyze
the data.

Hydrogel’s preparation
Hydrogels were prepared according to previously described
procedure36,52 with some modifications. Purified MBP-NUP62 was
precipitated by 4M (NH4)2SO4 solution and subjected to resuspension
in the 0.1% [v/v] trifluoroacetic acid (TFA) to final concentration about
1mM. 1 µL protein mixture was dripped on glass bottom dishes (Cell-
vis) and were allowed for 2 days to complete gelation. For MBP-
NUP62 + BcSSP2 or MBP-NUP62+control hydrogels, MBP-NUP62
incubated with BcSSP2 or control protein in 4 °C for 1 h before pre-
cipitating with (NH4)2SO4. The final concentration was 1mM for MBP-
NUP62 and 0.1mM for BcSSP2 and control protein.

AFM assay
The AFM experiment was performed on the home-built atomic force
microscope (AFM)53. Prior to each measurement, in situ spring con-
stant and sensitivity of the probewas calibrated in PBS solution. Probe
was moved vertically on the top of hydrogels dipping in PBS solution.
The force generated by the downward-moving probe was measured.
The signal curve of the tip deflection was recorded. The slope value κ
(pN/nm) of the approaches curve was analyzed, adjusted with spring
constant and sensitivity of the probe. And the Young’smodulus E (kPa)
was calculated. The histograms of the Young’s modulus were fitted
with Gauss distribution with the model of GaussAmp in OriginPro
9.1 software.

Translocation assay
For assays in the translocation experiments of MBP-GFP8W, MBP-
GFP8W (to final concentration of 4 μM) were added into hydro-
gels of NUP62, NUP62 + BcSSP2 and NUP62 + control. For the
translocation experiments of GFP-MPK3, 10 μL target proteins
solutions (4 μM GFP-MPK3, 4 μM MBP-GFP, 4 μM GFP-MPK3 along
with 10 μg/μL Col-3 plant crude, 4 μM GFP-MPK3 along with
10 μg/μL Col-3 plant crude) were added to cover the hydrogels.
For assays in Supplementary Fig. 10, MBP-NUP62 hydrogels
were pre-incubated with 8 μM dye-free BcSSP2, control protein
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(TrxA-His) or protein storage buffer for 1 h before adding MBP-
GFP8W (to final concentration of 4 μM).

After samples loading, images were captured immediately using
the Laser Scanning Confocal Microscopy (Nikon A1R HD25). Since
sample loading and instrument commissioning (including location
marking and samples focusing) are time-consuming, it is hard to cap-
ture the first frame within 10min. Translocation speed was analyzed
with NIS-Elements AR. We focused on the bottom of the hydrogel
solutions and measured the inside fluorescence of the hydrogels
(within dotted circles as shown in the Figure). Half of the mean fluor-
escence intensity outside the hydrogel was set as the cutoff in the
translocation speed assays.

Protein purification
The recombinant vectors (see as Supplementary Data 5) of MBP-
NUP62-His, MBP-GFP-His, MBP-GFP8W-His, GFP-MPK3-his, TrxA-His,
GST-NUP62, GST-NUP62-NTD and GST-NUP62-CTD were trans-
formed into Escherichia coli BL21 (DE3), respectively. The cells were
cultured in LB broth (25 μg/mL ampicillin) at 37 °C until they reached
at the logarithmic phase (OD600 = 0.8). The expression of proteins
was induced by 0.5mM IPTG at 16 °C for 16 h. Then, the cells were
harvested through centrifugation at 4000 × g for 30min, and
resuspended in lysis buffer (40mM Tris·HCl, pH 8.0, 500mM NaCl,
10% [v/v] glycerol), and lysed by ultrasonication before centrifuga-
tion (16000 × g, 30min at 4 °C). The target proteins were purified
through Ni-NTA Agarose (Thermo Fisher Scientific) for MBP-NUP62-
His, MBP-GFP-His, MBP-GFP8W-His, GFP-MPK3-His and TrxA-His,
proteins and Glutathione Sepharose 4B affinity chromatography
(GE Healthcare) for GST-NUP62, GST-NUP62-NTD and GST-NUP62-
CTD. Finally, Gel-filtration chromatography (SD200, Superdex200
Increase 10/300, GE Healthcare) was performed for further pur-
ification with the buffer: 20mM HEPES, pH 7.4, 500mM NaCl, 10%
[v/v] glycerol.

The BcSSP2-His recombinant plasmid (pFastBac-BcSSP2-His) was
transformed into DH10Bac competent cells to produce recombinant
baculovirus of BcSSP2-His Bacmid. Subsequently, BcSSP2-His protein
was expressed within Sf9 insect cells (Gibco) which were infected by
recombinant baculovirus of BcSSP2-His Bacmid. After cultured at 28 °C
in Sf-900™ II SFM medium for 48 h, the cells were collected and re-
suspended in the TBS buffer: 20mM Tris·HCl, pH 8.0, 150mM NaCl.
Cell lysis was centrifuged at 16000× g for 30min to remove cell debris
after sonication. The proteins in the supernatant were purified by Ni-
NTA Agarose (Thermo Fisher Scientific) and followed by gel-filtration
chromatography (SD200, Superdex200 Increase 10/300, GE Health-
care) for further purification with the HEPES buffer: 20mM HEPES,
pH7.4, 150mM NaCl.

Each purification step was identified by SDS-PAGE, only the high-
quality proteins were concentrated and frozen in liquid nitrogen and
stored at −80 °C in storage buffer.

Subcellular fraction assay
Seedlings were harvested and ground to a fine powder in liquid
nitrogen. 0.5 g powder was suspended in 3mL precooled extraction
buffer (10mM Tris·HCl, pH 7.4, 10mM MgCl2, 10mM NaCl, 10mM β-
mercaptoethanol, 10% [v/v] glycerol and Roche protease inhibitor
cocktail). The homogenate was filtered through double layers of
Miracloth twice. The filtrate was spun at 1500 × g, 4 °C for 5min to
pellet the nuclei. The supernatant was then centrifuged at 10,000× g,
4 °C for 10min and the new supernatant was collected as the cyto-
plasmic fraction. The pellets werewashed 7 timeswith 2mLofwashing
buffer consisting of 10mMTris, pH 7.5, 10mMMgCl2, 10mMNaCl, 1M
hexylene glycol, 0.5% [v/v] Triton X-100, 10mM β-mercaptoethanol
and Roche protease inhibitor cocktail. The final pellets were resus-
pended in 200 μL 8M urea and sonicated. The homogenate was

centrifuged at 16,000 × g for 10min and 4 °C to remove debris and
collected as the nuclear fraction. For Western blotting, the following
primary antibodies were used: rabbit polyclonal anti-AtMPK3 (Sigma-
Aldrich, M8318; 1000-fold dilution), rabbit polyclonal anti-PEP Car-
boxylase (Abcam, ab34793; 10000-folddilution), and rabbitpolyclonal
anti-Histone H3 (Sigma-Aldrich, H0164; 10000-fold dilution).

Confocal imaging of plant materials
Detached roots and leaf discs were fixed in microslides filling with
liquid MS medium. The fluorescence signal was detected on a Nikon
A1R HD25 with the galvano scanner. For puncta quantification, the 3D
model was used. All the layers with signals were scanned and 30 layers
(0.5 μm/layer) with the strongest signals were selected for analysis.
Analysis of puncta number and intensity was performed by the soft-
ware of NIS-Element AR5.2 and the presented images were processed
with deconvolution.

In the assay to detect BcSSP2, SsSSP2 and AfSSP2 effect onNUP62
phase separation, discs of tobacco detached leaves were soaked in
10μM estradiol or mock buffer (0.02% [v/v] DMSO) for 6 h to induce
BcSSP2, SsSSP2 and AfSSP2 expression and then washed 4 times with
MS medium before sample loading. In the assay with pathogen infec-
tion, tobacco leaves expressingNUP62-GFP for 24hwere subsequently
infected with bcssp2-12 or B05.10 strains for 24 h, and the edge area of
the infected leaves was subjected for confocal imaging and relative
fluorescent intensity analysis.

RNA seq analysis
For transcriptome analysis of B. cinerea genes during infection, total
RNAs were extracted from Arabidopsis (Col-0) leaves after inoculation
with B. cinerea for 24 h, or from B. cinerea hypha grown on PDA
medium (control group). Qualified RNAs were sent to BGI for RNA-seq
by BGISEQ-500 platform. The clean reads were mapped to B. cinerea
genome using HISAT2 and differently expressed genes were filtered
out by DESeq2. The cut-offs for fold-change and FDR were set at 2 and
0.05, respectively. The whole sequencing data were deposited in the
NCBI database (GSE217021; token: cpcdiukqfrydrct).

Phylogenetic analysis of BcSSP2
For constructing the phylogenetic tree for BcSSP2, the protein
sequence of BcSSP2 (XP_001559885.1) was blasted against the NCBI
Reference protein database via BlastP. Among the 85 protein sequen-
ces that showed significant alignments (E-value < 0.05) with BcSSP2,
the best-aligned sequences from each species were selected for the
phylogenetic tree construction. The phylogenetic tree was con-
structed by MEGA-X using the maximum likelihood method (Whelan
and Goldman model) with the default parameters.

Statistics and reproducibility
No statistical method was used to predetermine sample size. No data
were excluded from the analyses. The experiments were not rando-
mized. The Investigators were not blinded to allocation during
experiments and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The RNA-seq data generated in this study have been deposited in the
NCBI GEO under accession numbers GSE217021. The processed RNA-
seqdata are available at SupplementaryData. All other data supporting
the findings of this study are available in themain text, Supplementary
Information or Source Data files. Source data are provided with
this paper.
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