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A broad range of parasites rely on the functions of effector proteins
to subvert host immune response and facilitate disease develop-
ment. The notorious Phytophthora pathogens evolved effectors
with RNA silencing suppression activity to promote infection in
plant hosts. Here we report that the Phytophthora Suppressor of
RNA Silencing 1 (PSR1) can bind to an evolutionarily conserved
nuclear protein containing the aspartate–glutamate–alanine–histi-
dine-box RNA helicase domain in plants. This protein, designated
PSR1-Interacting Protein 1 (PINP1), regulates the accumulation of both
microRNAs and endogenous small interfering RNAs in Arabidopsis. A
null mutation of PINP1 causes embryonic lethality, and silencing
of PINP1 leads to developmental defects and hypersusceptibility
to Phytophthora infection. These phenotypes are reminiscent of
transgenic plants expressing PSR1, supporting PINP1 as a direct
virulence target of PSR1. We further demonstrate that the local-
ization of the Dicer-like 1 protein complex is impaired in the
nucleus of PINP1-silenced or PSR1-expressing cells, indicating
that PINP1 may facilitate small RNA processing by affecting the
assembly of dicing complexes. A similar function of PINP1 homol-
ogous genes in development and immunity was also observed in
Nicotiana benthamiana. These findings highlight PINP1 as a pre-
viously unidentified component of RNA silencing that regulates
distinct classes of small RNAs in plants. Importantly, Phytophthora
has evolved effectors to target PINP1 in order to promote infection.
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Although constantly challenged by microbial parasites in the
environment, plants can defend themselves from most of

the attacks through innate immune systems. A basal layer of
plant immunity relies on the recognition of conserved molecular
signatures called microbe-associated molecular patterns (1, 2).
This pattern-triggered immunity (PTI) leads to defense re-
sponses that can effectively defeat the vast majority of potential
pathogens. However, successful pathogens have evolved effector
proteins whose fundamental function is to subvert plant immu-
nity (3, 4). Many effectors are delivered into the host cells and
directly manipulate the functions of immune regulators (5, 6).
Research on effector targets has not only revealed essential
virulence strategies of the pathogens, but also helped identify
novel components of plant immunity.
The genus Phytophthora contains some of the most notorious

plant pathogens. For example, Phytophthora infestans is the
causative agent of potato late blight that was responsible for the
Great Irish Famine (7); Phytophthora ramorum is a major threat
of forestry by causing the sudden oak death (8); and Phytoph-
thora sojae is the second most destructive pathogen of soybean
(9). Phytophthora spp. establish intimate associations with host
plants through infection structures called haustoria, through
which effectors are secreted to the extrahaustorial space; the so-
called cytoplasmic effectors can then be taken up by plant cells
through a host-targeting motif (10). Each Phytophthora species is
predicted to encode >1,000 cytoplasmic effectors (11), and the
majority of them contained the consensus RxLR motif (11, 12).
This remarkably large effector repertoire reflects the high level
of complexity in the Phytophthora–plant arms race and demands

mechanistic analysis of effector functions to gain understanding
of Phytophthora pathogenesis.
Substantial efforts have been devoted to identifying virulence

targets of Phytophthora effectors, and a variety of plant processes
that can be disrupted during Phytophthora infection have been
revealed (13, 14). Using a functional screen, we recently identi-
fied two P. sojae RxLR effectors that can suppress the RNA-
silencing process in plants (15). RNA silencing is a key mecha-
nism of gene regulation in eukaryotes. Expression of these
Phytophthora Suppressors of RNA silencing (PSRs) or a viral
suppressor of RNA silencing in Nicotiana benthamiana signifi-
cantly enhanced the infection of P. infestans. These findings
demonstrate that RNA-silencing suppression is an important
virulence strategy of Phytophthora pathogens.
The central players of RNA silencing are small RNAs, which

repress gene expression at transcriptional, posttranscriptional,
and translational levels. Small RNAs are important regulators
of plant immunity. Plants produce two major classes of small
RNAs—microRNA (miRNA) and small interfering RNA (siRNA).
miRNAs are encoded by endogenous MIR genes, whereas siRNAs
are derived from invading nucleic acids, such as viruses and trans-
genes, and from endogenous loci, such as repeats, transposable el-
ements, and genes (16). siRNAs play a key role in antiviral defense
(17), whereas specific miRNAs have been shown to regulate PTI
during bacterial, oomycete, and fungal infection (18). For example,
miR393 is induced in soybean roots by P. sojae and acts as a positive
regulator of soybean defense (19). Transgenic plants expressing
PSR1 or PSR2 in Arabidopsis thaliana exhibit decreased abundances
of small RNAs (15). In particular, PSR1 has a general impact on
the accumulation of both miRNAs and siRNAs; as a result,
PSR1-expressing Arabidopsis exhibits developmental defects,
including serrated leaves, dwarfism, and reduced seed production.
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However, the host target(s) of PSR1 and the mechanism by
which PSR1 suppresses small RNA accumulation in plants
remains unknown.
Here, we report that PSR1 directly interacts with a nuclear

protein containing the aspartate–glutamate–alanine–histidine
(DEAH)-box RNA helicase domain in Arabidopsis. Silencing of
this putative RNA helicase in Arabidopsis and N. benthamiana
renders defects in small RNA accumulation and hypersuscepti-
bility to Phytophthora. This study provides mechanistic insight
into the suppression of host immunity by a Phytophthora suppressor
of RNA silencing and highlights an evolutionarily conserved and
essential protein as a regulator of RNA silencing in plants.

Results
Identification of PSR1-Associating Proteins. To elucidate the mecha-
nism by which PSR1 suppresses RNA silencing in plants, we char-
acterized PSR1-associating proteins in Arabidopsis by yeast two-
hybrid screening using PSR1 without the N-terminal secretion signal
(1–20 aa) as the bait. Approximately 8 × 106 yeast clones were
screened in four independent experiments, and one protein
(At5g13010) was repetitively identified. This protein was desig-
nated PSR1-Interacting Protein 1 (PINP1) (Fig. 1A). Because
PSR1 is produced by the soybean pathogen P. sojae, we examined
the interaction of PSR1 with two PINP1 homologs of soybean
(Glycine max XP_003547002 and XP_003542053) and showed that
both of them interact with PSR1 in yeast (Fig. 1A).

PSR1 Interacts with PINP1 in Vitro and in Planta. To validate the
physical interaction of PSR1 with PINP1, we carried out in vitro
pull-down assays using glutathione S-transferase (GST)-tagged
PSR1 and maltose-binding protein (MBP)-HIS tagged PINP1
that were expressed in Escherichia coli. As shown in Fig. 1B, the
MBP–PINP1–HIS proteins were specifically enriched in GST–
PSR1-bound glutathione resins. We further examined the in-
teraction of PSR1 with PINP1 in planta. PINP1–YFP was tran-
siently expressed in N. benthamiana together with FLAG–PSR1

using Agro-infiltration. Total proteins were extracted from the
infiltrated leaves and incubated with anti-FLAG resins. PINP1–
YFP, but not YFP, was significantly enriched in the FLAG–

PSR1 precipitates (Fig. 1C). These results confirmed the in-
teraction of PSR1 with PINP1 in vitro and in plant cells.
PINP1 is homologous to MUT6 of Chlamydomonas reinhardtii,

which was shown to regulate the silencing of transgenes and
transposons (20). The MUT6 family proteins contain a conserved
DEAH-box RNA helicase domain and are predicted to locate in
the nucleus (21). When expressing PINP1–YFP in N. benthamiana
using Agro-infiltration, yellow fluorescence was exclusively observed
from the nuclei of epidermal cells (Fig. 1D). This localization of
PINP1 is consistent with the localization of PSR1, which is also
mainly in the nucleus (15). To further characterize the PSR1–
PINP1 protein complex in plant cells, we conducted the bimolecular
fluorescence complementation (BiFC) experiment. PSR1 and
PINP1 were fused to the N- or C-terminal half of YFP (nYFP or
cYFP, respectively) and coexpressed in N. benthamiana. Strong
fluorescence was observed exclusively from the nucleus (Fig. 1E),
suggesting that the PSR1–PINP1 complex is located in the nucleus.
PSR1 contains a putative nuclear localization signal (NLS).

Previous results showed that a PSR1 mutant (PSR1M) with the
putative NLS mutated lost the nuclear localization as well as
the RNA silencing suppression activity in N. benthamiana (15).
Consistent with this prior finding, PSR1M no longer interacts
with PINP1 in plant cells (Fig. 1 C and E). On the contrary,
another mutant of PSR1, PSR1A, which lacks the host-targeting
motif RxLR, can still associate with PINP1 (Fig. 1 C and E). This
result is expected because the RxLR motif is believed to con-
tribute to effector entry and therefore should be dispensable
after the effectors enter the host cell. We also examined the
interaction of PINP1 with PSR1 fused to a nuclear export signal
(NES) or mutated “nes.” A coimmunoprecipitation experiment
showed that the interaction of PSR1–NES with PINP1 was
abolished (Fig. S1). Together, these results strongly suggest that

Fig. 1. PSR1 interacts with a plant nuclear protein PINP1. (A) PSR1 interacts with PINP1 in yeast. Yeast strain AH109 was transformed with the bait plasmid
pGBKT7 (BD) carrying PSR1 together with the prey plasmid pGADT7 (AD) carrying PINP1, GmPINP1a, or GmPINP1b. Transformants were selected on minimal
medium lacking adenine, tryptophan, histidine, and leucine (SD-4). (B) PSR1 and PINP1 interact in vitro. GST–PSR1 and MBP–PINP1–HIS were expressed in
E. coli. Coprecipitation of PINP1 with PSR1 was examined by Western blotting before (input) and after affinity purification (pull-down) using glutathione
agarose beads. (C) PSR1 and PINP1 interact in planta. Total proteins were extracted from N. benthamiana leaves expressing PINP1–YFP and FLAG–PSR1. The
immune complexes were pulled down by using anti-FLAG agarose gel, and the coprecipitation of PINP1 was detected by Western blotting. (D) PINP1 is
exclusively located in the nucleus. PINP1–YFP was expressed in N. benthamiana through Agro-infiltration. Fluorescence was detected from epidermal cells in
the infiltrated tissues by confocal microscopy at 48 h postinoculation (hpi). (E) Bimolecular fluorescence complementation analysis showing PSR1/PINP1 in-
teraction in the nuclei of plant cells. PSR1–nYFP and PINP1–cYFP were coexpressed in N. benthamiana through Agro-infiltration. Fluorescence was detected by
confocal microscopy at 48 hpi. DAPI was used to stain the nuclei. These experiments were repeated three times with similar results.
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PSR1 associates with PINP1 in plant nuclei and that the nuclear
localization of PSR1 is required for this interaction.

PINP1 Affects Small RNA Accumulation. Expression of PSR1 in
Arabidopsis resulted in an across-the-board reduction of small
RNAs, including miRNAs and siRNAs (15). We therefore ex-
amined whether PINP1 also plays a role in the accumulation of
small RNAs. We were unable to obtain homozygous lines of three
T-DNA insertion mutants available for the PINP1 locus, indicating
that loss-of-function mutation of PINP1 might be embryonic lethal
(Table S1). Therefore, we generated PINP1-silenced lines of
Arabidopsis using artificial miRNAs (amiRNAs).
Expressing an amiRNA in Arabidopsis eco. Col-0 allowed us to

obtain >30 transgenic lines from independent transformation
events. In general, these transgenic plants exhibit severe de-
velopmental defects, including serrated leaves, dwarfism, late
flowering, and reduced seed production (Fig. 2A). The severity
of the developmental defects of individual lines is mostly cor-
related to the silencing efficiencies of PINP1, indicating that
these phenotypes are likely caused by the reduced expression of
PINP1 (Fig. 2B). Remarkably, these phenotypes are reminiscent
of PSR1-expressing plants (15) and similar to miRNA biogenesis
mutants. Indeed, all of the miRNAs that we examined showed
reduced accumulation in PINP1-silenced lines (Fig. 2C and Fig.
S2A), suggesting that PINP1 affects miRNA levels in Arabidopsis.
In addition to miRNAs, we found that the abundances of

representative endogenous siRNAs, including trans-acting siRNAs
(ta-siRNAs) and heterochromatic siRNAs, were reduced in the
PINP1-silenced lines (Fig. 2C and Fig. S2A). Corresponding to
the decreased small RNA levels, transcripts of a few miRNA and
siRNA target genes accumulated to higher levels in PINP1-
silenced plants (Fig. S2B), confirming that PINP1 has a general role
in regulating small RNA levels in Arabidopsis. These results are also
consistent with the previously demonstrated function of PSR1 (15).
We further determined the specific step(s) during miRNA

biogenesis that involves PINP1. Mature miRNAs are processed
from primary miRNA (pri-miRNA) precursors, which are tran-
scripts of the MIR genes, by the RNase III-like enzyme known as
Dicer-like 1 (DCL1) (16). Quantitative RT-PCR (qRT-PCR)
showed that the abundances of pri-miRNAs were either un-
affected or slightly higher in PINP1-silenced plants (Fig. S3A).
On the contrary, the pri-miRNA levels were significantly re-
duced in another Arabidopsis mutant, not2a-1 2b-1 (Fig. S3A),
which is known to have reduced transcription of MIR genes (22).
This result suggests that PINP1 is not required for MIR gene
transcription or the stability of pri-miRNAs, but may facilitate the
processing of pri-miRNAs to produce mature miRNAs. Consistent

with this hypothesis, the abundances of precursor miRNAs
(pre-miRNAs), the processing products of pri-miRNAs and pre-
cursors of mature miRNAs, were significantly reduced in PINP1-
silenced plants (Fig. S3B). These results are consistent with the
activity of PSR1, which also affects the levels of mature miRNAs
and pre-miRNAs, but has no effect on pri-miRNAs (15).

PINP1-Silenced Plants Are Hypersusceptible to Phytophthora capsici.
PSR1 promotes the infection of P. infestans when expressed in
N. benthamiana (15). We therefore investigated the role of
PINP1 in plant defense during Phytophthora infection. For this
purpose, we used a pathosystem with Arabidopsis as the host and
the Phytophthora capsici isolate LT263 as the pathogen (23, 24).
A drastic enhancement of susceptibility was observed from
PINP1-silenced plants (Fig. 3A). A similar hypersusceptibility
phenotype was also observed in PSR1-expressing plants (Fig.
3A). Under our experimental conditions, ∼60–85% of the in-
oculated leaves in these plants showed severe water-soaked le-
sions at 3 d postinoculation (dpi), representing a disease index
of 3 (Fig. 3B). In contrast, <10% of the inoculated leaves from
wild-type plants exhibited severe disease symptoms in this cate-
gory, and >50% of the inoculated leaves did not show visible
symptoms. These results demonstrate that silencing of PINP1
significantly affects the resistance of Arabidopsis to P. capsici.
Although we could not exclude the possibility that the compro-
mised development of PINP1-silenced plants may contribute
to the hypersusceptibility phenotype, our experiments strongly
suggest a positive role of PINP1 in regulating Arabidopsis
defense. We also examined the susceptibility of PINP1-over-
expressing plants, but did not observe significant changes com-
pared with wild-type plants (Fig. 3).

PINP1 Facilitates the Subnuclear Localization of pri-miRNA Processing
Complex. Because silencing of PINP1 in Arabidopsis results in
reduced miRNA accumulation without interfering with the pri-
miRNA levels, we suspected that PINP1 may affect the accu-
mulation and/or function of DCL1, which is responsible for the
processing of pri-miRNAs to produce pre-miRNAs and then
mature miRNAs (16, 25). qRT-PCR showed similar abundances
of dcl1 transcripts in wild-type and PINP1-silenced plants (Fig.
S4A); Western blotting confirmed that DCL1 protein levels were
unchanged or slightly enhanced in PINP1-silenced plants (Fig.
S4B). These results demonstrate that the decreased miRNA
accumulation in PINP1-silenced plants is not due to reduced
DCL1 levels, suggesting that PINP1 may assist the function of
the DCL1 complex. To test this possibility, we examined the
impact of PINP1 on the localization of DCL1. DCL1 is exclusively

Fig. 2. PINP1 plays a role in small RNA accumulation in Arabidopsis. (A) Silencing of PINP1 leads to developmental defects. Photos of wild-type (Col-0) and
three independent PINP1-silenced lines (PINP1i-7, PINP1i-10, and PINP1i-28) were taken after 4 wk (Left) and 8 wk (Right) of growth. (B) Transcript abundances
of PINP1 in the silenced lines compared with wild-type (Col-0) were determined by qRT-PCR. AtUBQ10 was used as the internal standard. Values are means ±
SDs (as error bars) from three independent replicates. Letters represent differences with statistical significance (P < 0.01) as determined by Duncan’s multiple
test. (C) Northern blots showing endogenous small RNA abundances in PINP1-silenced plants and the PSR1 transgenic line PSR1-19. Results from four rep-
resentative miRNAs, two ta-siRNAs (ASRP255 and ASRP1151), and two heterochromatic siRNAs (Si1003 and AtSN1) are presented. U6 serves as the loading
control. Numbers below each blot indicate relative abundances of the small RNA. Data from additional miRNAs and siRNAs are shown in Fig. S2A. These
experiments were repeated twice with similar results.
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located in the nucleus. Although a small percentage of the DCL1
proteins are diffusely distributed throughout the nucleoplasm, the
majority are enriched in round nuclear speckles called dicing
bodies, or D bodies (26). Because pri-miRNAs are recruited to
D bodies, it is proposed that the maintenance of these defined
nuclear speckles is important for the assembly, and hence the
function, of pri-miRNA processing complex (26).
We analyzed the number of DCL1-containing nuclear speckles

in wild-type and PINP1-silenced cells of Arabidopsis roots. In
wild-type plants, >90% of a total of 264 cells harbor two or fewer
D bodies in the nucleus and only <7% of the cells harbor three

or more D bodies (Fig. 4A). Interestingly, silencing of PINP1 led
to an increase on the number of DCL1-containing speckles in the
nucleus. Analysis of 216 PINP1-silenced cells showed that >14%
of the cells contain three or more D bodies in the nucleus. A similar
observation was also made in PSR1-expressing cells (Fig. 4A).
To further confirm that PINP1 affects the assembly of D

bodies, we examined the subnuclear localization of HYL1, a
double-stranded RNA-binding protein that functions and local-
izes together with DCL1 to process miRNAs (16, 27). Similar to
what was observed in DCL1-containing nuclear speckles, a sig-
nificantly higher percentage of PINP1-silenced (22.7%) and
PSR1-expressing cells (38.4%) harbor three or more HYL1-
containing nuclear speckles, compared with only 12% in wild-
type cells (Fig. 4B). These results suggest that PINP1 is required
for the correct subnuclear localization of the dicing complex for
miRNA processing.
Mislocalization of DCL1 to D bodies impaired its activity. A

mutated DCL1, DCL1-9, which is truncated in the C-terminal 73
amino acids, fails to localize to D bodies (26), and Arabidopsis
plants carrying this mutated allele exhibit severe defects in
miRNA biogenesis (25). Consistent with a role of DCL1 in anti-
Phytophthora defense, dcl1-9 is hypersusceptible to P. capsici
strain LT263 (Fig. 4C). Furthermore, dcl1-7, containing an amino
acid substitution (P415S) within the DECH-box RNA helicase
domain and an impaired function in miRNA processing (25), also
showed enhanced susceptibility (Fig. 4C). These results suggest that
PINP1 contributes to plant immunity, likely through its role in af-
fecting the assembly of DCL1-containing pri-miRNA processing
complexes in the nucleus.

Silencing of PINP1 Homologs in N. benthamiana Enhanced the
Susceptibility to P. infestans and Affected miRNA Accumulation.
PINP1 is an evolutionarily conserved protein with homologs
found from the genomes of both dicots and monocots (Fig. S5).
We next investigated PINP1 homologs in N. benthamiana using
Virus-Induced Gene Silencing (VIGS) to determine whether
they perform a similar function on small RNA biogenesis and
immunity as in Arabidopsis. Sequence analysis revealed two po-
tential PINP1 homologous genes in the N. benthamiana, desig-
nated NbPINP1a and NbPINP1b (Fig. S5). Both homologs
contain the conserved motifs that are characteristic for DEAH-
box RNA helicases, similar to MUT6 in Chlamydomonas and
PINP1 in Arabidopsis (Fig. S6).
Two DNA fragments designed to target both NbPINP1a and

NbPINP1b were cloned into the tobacco rattle virus (TRV)-based
VIGS vector to knock down their expression in N. benthamiana.
Each VIGS construct successfully silenced both genes with a higher

Fig. 3. Silencing of PINP1 leads to hypersusceptibility of Arabidopsis to
P. capsici strain LT263. Adult leaves of 4-wk-old wild-type plants (Col-0),
4-wk-old PINP1-overexpressing plants (PINP1-23), 5.5-wk-old PSR1-express-
ing plants (PSR1-19), and 7-wk-old PINP1-silenced plants were detached
and inoculated with zoospore suspension of P. capsici strain LT263 (1 × 105

zoospores per mL). Disease symptoms were monitored at 3 d postinoculation
(dpi), and the disease severity index (DSI) of each leaf was determined. Forty
leaves from 15–20 plants were inoculated and analyzed in each line. Note
that 4-wk-old PSR1-expressing or PINP1-silenced plants were too small for
inoculation. (A) Photos of inoculated leaves (Left) and microscope pictures of
Phytophthora hyphae extension (Right) in the leaves at 3 dpi. Trypan blue was
used to stain the hyphae for visualization. (Scale bars: 250 μm.) (B) Quantitative
analysis of disease severity. **P < 0.01 (as determined by theWilcoxon rank-sum
test). This experiment was repeated three times with similar results.

Fig. 4. Subnuclear localizations of DCL1 and HYL1 are altered in PINP1-silenced plants. (A and B) Localizations of DCL1–YFP (A) and HYL1–YFP (B) were ex-
amined in root cells from the meristematic zone of wild-type (Col-0) seedlings or seedlings expressing amiRPINP1 (PINP1i) or PSR1 by confocal microscopy. (Scale
bars: 2.5 μm.) Percentage distributions of cells harboring different numbers of subnuclear speckles were analyzed by the Kolmogorov–Smirnov test. The distri-
bution in wild-type cells is significantly different (P < 0.001) from those in PINP1-silenced and PSR1-expressing cells. N represents the total number of cells analyzed
in each line. (C) Arabidopsismutants dcl1-7 (in Col-0 background) and dcl1-9 [in Landsberg erecta (Ler) background] are hypersusceptible to P. capsici strain LT263.
Forty detached leaves of 4-wk-old wild-type plants (Col-0 and Ler) and 6-wk-old dcl1 mutants were inoculated with zoospore suspension (1 × 105 zoospores per
mL) and analyzed for DSI at 3 dpi. **P < 0.01 (as determined by the Wilcoxon rank-sum test). This experiment was repeated twice with similar results.
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silencing efficiency obtained from the construct NbPINP1i-2
(Fig. S7). Similar to Arabidopsis, silencing of NbPINP1a/b also
led to developmental defects, including downward curling at the
edges, dwarfism, and late flowering (Fig. 5A). This phenotype is
more severe in plants expressing NbPINP1i-2, consistent with the
lower expression of NbPINP1a/b genes (Fig. S7). Furthermore, as
PINP1 was found to be required for small RNA accumulation in
Arabidopsis, the abundances of miRNA159 and miRNA393 in
the NbPINP1a/b-silenced N. benthamiana leaves were also greatly
reduced (Fig. 5B). Importantly, when inoculated by P. infestans
isolate 1306, NbPINP1a/b-silenced leaves allowed enhanced in-
fection and showed more severe disease symptoms (Fig. 5 C andD).
Together, these experiments demonstrate that PINP1 is a conserved
component of small RNA biogenesis and immunity in plants.

Discussion
Although Phytophthora spp. are responsible for many devastating
diseases of crops and forestry trees, our understanding of the
molecular basis of Phytophthora pathogenicity is limited. In-
fection of plants by Phytophthora entails complex defense/coun-
terdefense cross-talk, which is reflected by the hundreds to
thousands of effector proteins that are predicted from each
Phytophthora genome. The majority of Phytophthora effectors
have a conserved N-terminal RxLR motif. Effectors with a similar
host-targeting signal are also found in parasitic fungi and protozoa,
indicating an evolutionarily conserved means of eukaryotic patho-
gens to deliver virulence proteins into host cells (12). To date, the
functions of the vast majority of eukaryotic pathogen effectors
remain unknown.
RNA silencing is a universal gene regulation mechanism in

eukaryotes and serves as an important defense mechanism against
pathogen infection. Therefore, it is not surprising that viruses,
bacteria, and Phytophthora have all evolved effectors to suppress
this process (28). The newest members of RNA-silencing

suppressors, and the only ones identified so far from eukaryotic
pathogens, are PSRs produced by Phytophthora (15, 24). PSR1
has a general impact on both miRNAs and siRNAs in plants and
significantly enhances Phytophthora infection. Our experiments
revealed that PSR1 physically associates with PINP1, an evolu-
tionarily conserved nuclear protein containing an RNA helicase
domain. Silencing of PINP1 leads to the same defects in de-
velopment and immunity as observed in Arabidopsis transgenic
plants expressing PSR1, suggesting that PINP1 is likely a direct
virulence target of PSR1. Previous experiments showed that the
nuclear localization of PSR1 is required for its biological func-
tion; this requirement is consistent with the exclusive nuclear
localization of PINP1. Importantly, mutation in the putative NLS
or fusion to an NES abolished the association of PSR1 with
PINP1 in plant cells. These results suggest that the interaction
with PINP1 is likely responsible for PSR1-mediated suppression
of small RNA accumulation and plant immunity.
PINP1 belongs to the MUT6 family of proteins, which contains

the DEAH-box RNA helicase domain (21). In Chlamydomonas,
MUT6 is required for silencing of transgenes and transposons,
and is involved in RNA turnover (20). By characterizing the
PINP1-silenced lines of Arabidopsis, we discovered that PINP1
affects the accumulation of small RNAs. Although we could not
exclude a role of PINP1 on miRNA stability, it seems likely that
PINP1 mainly affects the biogenesis of miRNAs. Interestingly,
the subnuclear localization of the miRNA processing complex
containing DCL1 and HYL1 was altered in the nucleus of
PINP1-silenced cells, suggesting that PINP1 may play a role in
the assembly of dicing bodies. A similar phenotype was also
observed in the not2 mutant of Arabidopsis. NOT2s associate
with DCL1 and promote the recruitment of DCL1 to the D
bodies (22). Although silencing of PINP1 leads to a similar
change in the subnuclear localization of D bodies as the not2
mutant, PINP1 does not affect the abundance of pri-miRNAs
as NOT2s do (Fig. S3A; ref. 22). Therefore, PINP1 functions
in the miRNA biogenesis pathway on step(s) downstream of
NOT2s. This finding is consistent with the observation that
pre-miRNA levels were reduced in PINP1-silenced plants.
PINP1 homologs are produced by a broad range of dicots and

monocots. Silencing of the PINP1 homologs results in similar
developmental defects, decreased small RNA levels, and en-
hanced susceptibility to P. infestans in N. benthamiana, suggest-
ing that the PINP1 family of proteins is a conserved component
of RNA silencing and regulator of immunity in plants. These
results assign previously unidentified functions to this conserved
protein family in plants. Consistent with the hypothesis that
PINP1 positively regulates plant defense through promoting
miRNA processing, dcl1 mutants of Arabidopsis exhibit en-
hanced susceptibility to P. capsici. dcl1-9 is also more susceptible
to bacterial infection (29), suggesting that DCL1 is required for
plant defense against a broad range of pathogens. Interestingly,
the levels of enhanced susceptibility observed in dcl1 mutants
were not to the same extent compared with the PINP1-silenced
plants or the PSR1-expressing plants. This result could be due to
the fact that PINP1 also affects the accumulation of endogenous
ta-siRNAs and heterochromatic siRNAs, which depend on the
activity of DCL4 and DCL3 respectively (16). Indeed, endoge-
nous siRNAs have been reported to regulate defense responses
(30–33). Therefore, PINP1 may facilitate the functions of mul-
tiple DCLs or common DCL cofactor(s) that are responsible for
both miRNA and siRNA biogenesis. Further investigations will
provide molecular details on how PINP1 contributes to the as-
sembly of dicing complexes to promote small RNA processing.
RNA helicases are key regulators of RNA metabolism and

silencing. In animals, the DEAD-box RNA helicase DDX17
binds to the stem-loop structure of pri-miRNAs and facilitates
their processing (34). The SDE3 family of DEAG-box RNA
helicases associates with ARGONAUTs, the major effector
proteins of posttranscriptional RNA silencing, and promotes the
production of secondary siRNAs in plants and animals (35).
Both DDX17 and SDE3 are also required for antiviral immunity

Fig. 5. PINP1 homologs in N. benthamiana contribute to small RNA bio-
genesis and immunity. (A) Silencing of NbPINP1a/b leads to developmental
defects. Pictures of N. benthamiana plants expressing the empty TRV vector
(EV) or the gene-silencing construct NbPINP1i-1 or NbPINP1i-2 were taken at
21 d after Agro-infiltration. (B) Northern blotting showing reduced abun-
dances of miR159 and miR393 in NbPINP1a/b-silenced leaves. U6 serves as
the loading control. Numbers below each blot indicate relative abundances
of the miRNA. (C ) NbPINP1a/b-silenced plants are hypersusceptible to
P. infestans isolate 1306. NbPINP1a/b-silenced leaves were inoculated
with 30 μL of zoospores suspension (4 × 104 zoospores per mL), and
disease symptoms (Upper) were examined at 5 dpi. (C, Lower) Trypan blue
staining was used to visualize lesions. (D) Sizes of lesions caused by P. infestans
infection. Values are means ± SD. Letters represent differences with statistical
significance (P < 0.01) as determined by Duncan’s multiple range test. These
experiments were repeated three times with similar results.
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(34, 35). Here, we show that PINP1 is a predicted DEAH-box
RNA helicase that acts as a general regulator of distinct classes of
small RNAs in plants. Importantly, a Phytophthora RNA-silencing
suppressor, PSR1, directly targets PINP1 to interfere with the
accumulation of small RNAs. The function of PINP1 in RNA
silencing was not previously identified in plants. Using PSR1 as a
molecular probe, we are able to define the essential role of this
conserved protein family in RNA silencing and immunity. This
study also highlights the identification of a novel class of effector
targets and sheds mechanistic insight into the pathogenesis of the
notorious Phytophthora diseases.

Materials and Methods
Plant Growth Conditions. Arabidopsis was grown at 23 °C with a 10/14 light/
dark regime. N. benthamiana was grown at 22 °C with a 16/8 light/dark
regime. Arabidopsis seedlings for D-body observation were grown on
Murashige and Skoog agar containing 3% (wt/vol) sucrose.

Phytophthora Growth Conditions. Phytophthora strains used in this study are
listed in Table S2. P. capsici isolate LT263 was grown on 10% (vol/vol) V8
medium at 25 °C in the dark. P. infestans isolate 1306 was grown on rye
sucrose agar plates.

Protein Pull-Down Assays. For in vitro pull-down, GST–PSR1 andMBP–PINP1–HIS
were expressed in E. coli strain BL21 (DE3). Coprecipitation of PINP1 with PSR1
was examined byWestern blotting before (input) and after affinity purification
(pull-down) using glutathione agarose beads (Pierce). Anti-GST and -HIS anti-
bodies were purchased from Santa Cruz Biotechnology. For in planta pull-
down, 3× FLAG–PSR1 and PINP1–YFP were coexpressed in N. benthamiana by
Agro-infiltration. Total proteins were extracted using an IP buffer [10% (vol/vol)
glycerol, 25 mM Tris, pH 7.5, 1 mM EDTA, 150 mMNaCl, 10 mMDTT, 2% (wt/vol)
PVPP, 1× protease inhibitor mixture (Roche), 1 mM PMSF, and 0.15%
Nonidet P-40], and then incubated with anti-FLAG affinity gel (Sigma-Aldrich)
at 4 °C. Coprecipitation of PINP1 with PSR1 was detected by using an anti-GFP
antibody (Clontech).

Gene Silencing in Arabidopsis and N. benthamiana. amiRNAs were designed
to silence PINP1 in Arabidopsis by using the WMD online tool (wmd3.
weigelworld.org). The amiRNA was cloned into the vector pRS300 (36),
and the complete silencing cassette was then cloned into pEG100 (37) for
Arabidopsis transformation. The PINP1 homologous genes, NbPINP1a and
NbPINP1b, were silenced by the TRV system as described (38) by using
antisense fragments, NbPINP1i-1 and NbPINP1i-2.

Visualization of DCL1- and HYL1-Containing Nuclear Bodies. Subcellular local-
ization of DCL1 and HYL1 were determined by following the procedure
described in refs. 22 and 26. pUBQ10–PSR1 and pUBQ10–amiRPINP1 were
introduced into Arabidopsis eco. Col-0 expressing p35S–DCL1–YFP or p35S–
HYL1–YFP (22). Transgenic seedlings were grown on MS medium, and the
number of DCL1- and HYL1-containing speckles in root cells was evaluated
by using a Leica SP5 Laser Confocal Microscope.

qRT-PCR. Primers used to amplify pri-miRNAs, pre-miRNAs, and small RNA-
target genes are listed in Table S3.

Phytophthora Infection Assays. NbPINP1a/b-silenced leaves were detached
3 wk after the expression of the VIGS constructs and inoculated with
30 μL of zoospores suspension (4 × 104 zoospores per mL) of P. infestans
isolate 1306 as described in ref. 15. Disease symptoms and lesion sizes
were examined at 5 dpi. Adult leaves of Arabidopsis were detached and
inoculated with P. capsici isolate LT263 by using 10 μL of zoospores sus-
pension (1 × 105 zoospores per mL) as described in refs. 23 and 24. Dis-
ease severity was evaluated at 3 dpi using a disease index based on
hyphae extension (24).
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