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Abstract

Oomycete pathogens secrete hundreds of cytoplasmic RxLR effectors to modulate host immunity by targeting diverse
plant proteins. Revealing how effectors manipulate host proteins is pivotal to understanding infection processes and
to developing new strategies to control plant disease. Here we show that the Phytophthora infestans RxLR effector
Pi22798 interacts in the nucleus with a potato class Il knotted-like homeobox (KNOX) transcription factor, StKNOXS3.
Silencing the ortholog NbKNOX3 in Nicotiana benthamiana reduces host colonization by P. infestans, whereas tran-
sient and stable overexpression of StKNOX3 enhances infection. StKNOX3 forms a homodimer which is dependent
on its KNOX Il domain. The KNOX Il domain is also essential for Pi22798 interaction and for StKNOX3 to enhance P.
infestans colonization, indicating that StKNOX3 homodimerization contributes to susceptibility. However, critically,
the effector Pi22798 promotes StKNOX3 homodimerization, rather than heterodimerization to another KNOX tran-
scription factor StKNOX7. These results demonstrate that the oomycete effector Pi22798 increases pathogenicity by
promoting homodimerization specifically of StKNOX3 to enhance susceptibility.

Keywords: Class Il knotted-like homeobox (KNOX) transcription factor, effector, homodimerization, pathogenicity, plant
immunity, potato late blight.

Introduction

Plants are exposed to attack by a wide variety of pathogens. conserved pathogen/microbe-associated molecular patterns
In order to protect themselves, plants have evolved two lay- (P/MAMDPs) to activate the primary immune system, pattern-
ers of immunity (Jones and Dangl, 20006). Plants can recognize triggered immunity (PTI) (Dodds and Rathjen, 2010). The
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proteins that recognize P/MAMPs are named pattern recog-
nition receptors (PRRs) (Brunner et al., 2002; Zipfel et al.,
2004, 2006; Chinchilla ef al. 2006). However, pathogens secrete
small proteins called effectors that can act either inside (cyto-
plasmic) or outside (apoplastic) the host cell to suppress PTI.
A number of host proteins targeted by cytoplasmic effectors
from filamentous (fungal and oomycete) pathogens have been
identified, revealing the manipulation of diverse processes such
as protein regulation, signaling, metabolism, cellular trafficking,
transcription, and RNA processing (Wang et al., 2019a; He et
al.,2020).To overcome the action of effectors, a second layer of
the immune system is initiated. Some effectors are recognized
by conserved nucleotide-binding leucine-rich repeat (NLR)
proteins, directly or indirectly, resulting in effector-triggered
immunity (ETI) (Jones and Dangl, 2006; Dodds and Rathjen,
2010).

Late blight remains the most devastating disease of po-
tato, threatening its production and quality (Fry et al., 2015;
Kamoun et al., 2015). The late blight pathogen Phytophthora
infestans delivers multiple functional effectors into the plant
cell to manipulate immunity. Those delivered into the cell in-
clude RXLR effectors, so named as they contain a conserved
motif, Arg—X—Leu—Arg, where X is any amino acid (Haas ef
al., 2009; Win et al., 2012). After secretion from haustoria and
translocation into plant cells, effectors target one or more host
proteins to promote infection (Whisson ef al., 2016; S. Wang
et al., 2017, 2018). The first reported RxLR effector target in
potato is the ubiquitin E3 ligase CMPG1 (Bos et al., 2010).
The interacting effector Avr3a stabilizes CMPG1 to benefit
the pathogen. Since then, numerous P infestans effectors and
their targets have been identified, revealing a diversity of pro-
cesses that are manipulated. For example, effector Pi04089
interacts with RNA-binding protein StKRBP1 to promote
infection (Wang et al., 2015); Pi04314 targets PP1c isoforms
to enhance pathogen colonization through manipulating their
phosphatase activity (Boevink et al., 2016); Pi02860 interacts
with the E3 ligase SEINRL1 which degrades a positive immune
regulator StSWAP70 to suppress PT1 (Yang et al., 2016; He et
al.,2018); PexRD2 and Pi22926 target different mitogen-acti-
vated protein kinase (MAPK) pathway components and both
suppress the hypersensitive response (HR) induced by Cf4/
Avr4 (King et al.,2014; Ren et al.,2019); Pi03192 prevents the
immune-associated re-localization of two NAC transcription
factors (TFs; McLellan et al., 2013); and Pi20303 and Pi20300
stabilize the potato MAPK cascade signaling protein MKK1
to negatively regulate the plant PTI response (Du et al., 2021).
Many of these examples show that P infestans RXLR effectors
interfere with host immunity at different steps and in different
locations to promote virulence (Wang et al., 2019a; He et al.,
2020).

Plant-specific KNOTTED1-LIKE HOMEOBOX (KNOX)
genes belong to the Three Amino Acid Loop Extension
(TALE) homeodomain superfamily (Bertolino et al., 1995; Hay
and Tsiantis, 2010). KNOX genes are divided into two classes:

KNOX I and KNOX II, based on their sequence similarity,
expression pattern, and functions (Kerstetter et al., 1994). The
class I KNOX genes, which are evolutionarily close to the first
plant KNOX gene KNOTTED1 identified from maize (Voll-
brecht et al., 1991), are predominantly expressed in the shoot
apical meristem (SAM) and play critically important roles in
SAM development, diversity, and leaf morphology (Sinha et
al., 1993; Dockx et al., 1995; Long et al., 1996; Byrne et al.,
2002; Douglas et al., 2002; Belles-Boix et al., 2006; Ragni et
al., 2008; Shani ef al., 2009). The expression pattern of class II
KNOX genes is more uniform, being detected in almost all
plant tissues.

In Arabidopsis, the class II KNOX genes are divided into two
subclasses: KNAT7 and KNAT3/4/5 (Mukherjee et al., 2009).
Compared with class I KNOX genes, less is known about the
diverse functions of class II KINOX genes. In Arabidopsis and
rice, KNAT7 is involved in the regulation of secondary cell
wall development and cell growth through different protein
interactions and gene regulatory pathways (Brown et al., 2005;
Ehlting et al., 2005; Persson et al., 2005; Zhong et al., 2008;
Bhargava et al.,2013; Liu ef al., 2014; Huang et al.,2015; Liu and
Douglas, 2015; Wang et al., 2019b;Yu, 2019). In Medicago trun-
catula, KNAT3/4/5 encode four highly homologous proteins
with functional redundancy, which may regulate the develop-
ment of legume symbiotic nodules and control the boundary
and shape of nodule organs potentially through the MtEFD/
MtRR4 cytokinin-related regulatory module (Di Giacomo
et al., 2017). Meanwhile, MtKNOX3 can directly bind the
promoters of MtLOG1, MtLOG2, and MtITP3 to regulate
symbiotic nodule development (Azarakhsh et al., 2015, 2020).
In rice, KNAT3 interacts with another TALE TF—BLH1—
and participates in embryo sac development (Pagnussat et al.,
2007), lowering (Smaczniak et al., 2012), abscisic acid (ABA)-
induced seed germination, and early development (Hackbusch
et al.,2005; D.Kim et al., 2013). Recent studies have found that
KNAT3 can heterodimerize with KNAT7 to synergistically
regulate the biosynthesis of monoalcohols, thus promoting the
biosynthesis of the secondary cell wall (Qin et al., 2020; Wang
et al., 2020), while concurrently acting antagonistically with
KNAT?7 to inhibit the formation of secondary cell wall inter-
cellular fibers (Wang et al., 2020).

Our previous research identified a conserved P infestans
RxLR  effector Pi22798 that is induced early during in-
fection and promotes pathogen colonization. In addition,
Pi22798 contains a C-terminal nuclear localization signal
(NLS), and 1its virulence activity requires its nuclear locali-
zation (H.Wang et al., 2017). In this study, a potential target
of P122798 was identified by screening a potato—P infestans
interaction yeast two-hybrid (Y2H) library (Bos ef al., 2010).
The interacting protein, StKNOX3, the candidate ortholog
of KNAT?3 from Arabidopsis, belongs to the class II KNOX
TF family. Expression of StKNOX3 in Nicotiana benthamiana
enhanced infection, indicating that St(KNOX3 may act as a
negative regulator of defense against P infestans. SEKNOX3
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homodimerization is required to enhance pathogen coloni-
zation, and its KNOX II domain is essential for dimerization,
for Pi22798 interaction, and for it to promote susceptibility.
Finally, co-immunoprecipitation (Co-IP) and spilt-lucifer-
ase (LUC) assays demonstrate that Pi22798 promotes the
homodimerization of StKNOX3. Our results suggest that the

oomycete effector Pi22798 increases pathogenicity by pro-
moting homodimerization of the host TF StKNOX3.

Materials and methods

Plasmid constructs

Specific  primers with flanking attB sites for PITG_22798
(XP_002998395.1) and StKNOX3 (NP_001305543.1) were used to
amplify genes from P infestans DNA or potato cDNA by PCR. Primer
sequences are shown in Supplementary Table S1. After purification, the
PCR products were recombined into entry vector pDONR221 (Invit-
rogen, Carlsbad, CA, USA) through BP reaction. Then the entry clones
were recombined into destination vectors, which include pDEST32/22
(for Y2H assay; Invitrogen), pB7WGF2.0 [for N-terminal enhanced green
fluorescent protein (eGFP) fusion|, pPK7WGR2.0 [for N-terminal red
fluorescent protein (RFP) fusion],and PCL112/113 (for bimolecular fluo-
rescence complementation (BiFC)]. The deletion mutants of StKNOX3
were obtained by recombination of two separate parts and cloned as above.

For HA-tagged Pi22798, PiSFI3, and Pi04089, the effectors were ampli-
fied with gene-specific primers containing the Stul restriction site and
constructed into the pH7C-LIC7.0-3XHA vector. For both Myc- and
monomeric RFP (mRFP)-tagged S(KNOX3, mRFP and StKNOX3 were
amplified from pJCV55 vector and potato cDNA, respectively. Purified
PCR products were recombined into a single sequence using ClonExpress
II One Step Cloning Kit (Vazyme Biotech Co., Ltd, Nanjing, China). Then
the double-tagged StKINOX3 clones were obtained as above.

All the constructs used in this study are listed in Supplementary Table S1.

Agroinfiltration and P, infestans infection assay

Agrobacterium  tumefaciens GV3101-containing expression vectors were
cultured overnight in yeast extract and beef (YEB) medium, then cen-
trifuged and resuspended in MMA buffer (10 mM MES, 10 mM MgCl,,
and 200 mM acetosyringone). Before infiltration, the bacteria were
adjusted to the appropriate ODyq, (0.5 for western blot and Co-IP; 0.1
for infection assay; 0.001 for image capture).

Phytophthora infestans isolate 88069 was used to infect N. benthamiana
and potato. After growth in rye agar for 2-3 weeks, the sporangia were
collected from plates and suspended in the required ddH,O volume. The
final sporangial number was adjusted to ~100 pul™" and the inoculum was
stored at 4 °C for 2—4 h. Droplets of 10 ul were inoculated on N. ben-
thamiana or potato leaves 1 d after agro-infiltration. Lesion sizes were
measured 4-7 dpi (days post-inoculation).

Plant materials

Nicotiana benthamiana plants were grown in a growth chamber in 16 h
days at 22 °C, and potato (Solanum tuberosum) plants were grown in a
greenhouse under natural conditions; 3- to 4-week-old N. benthamiana
and 7- to 8-week-old potatoes were used for experiments.

Genetic modification of potato
Agrobacterium tumefaciens LBA4404-containing vector expressing Myc-
StKNOX3-mRFP was transformed into potato cultivar ‘Désirée’ by leaf

disc transtormation according to Zhan et al. (2019). The positive lines
were selected in Murashige and Skoog (MS) medium containing 100 mg
I"" kanamycin and confirmed by PCR using the promoter p35S and a
gene-specific reverse primer. Gene expression levels were analyzed by
quantitative reverse transcription—PCR (RT—qPCR) using both StAc-
tin and StTUB as reference genes (primers are shown in Supplementary
Table S1).

Genetic modification of N. benthamiana

Leaf discs were used for transformation utilizing A. tumefaciens containing
the overexpression vector GFP=StKNOX3. The transformation proce-
dures and seed collection were according to Wang et al. (2018).

Gene expression assay

For gene expression assay, the RNA was extracted using a total RNA pu-
rification kit (Aidlab Biotechnologies Co., Ltd, Beijing China) and revers
transcripted into cDNA. Quantitative real-time PCR (qQRT-PCR) was
performed using Evergreen Express 2XqPCR MasterMix (abm®, Applied
Biological Materials Inc., Guangzhou, China) on a Bio-Rad PCR ma-
chine. The PCR conditions are 95 °C for 3 min, followed by 40 cycles
(95 °C for 55,58 °C for 15 s). Data were analyzed by the 2742“T method
(Livak and Schmittgen, 2001), with expression normalized to the house-
keeping genes. Primers used in this study (Supplementary Table S1) were
designed at the Primer-BLAST of NCBI website, and primer quality was
tested by melting curve.

Virus-induced gene silencing (VIGS) in N. benthamiana

Approximately 300 bp fragments from the 3’-untranslated region (UTR)
of NbKNOX3 was constructed into pBinary Tobacco rattle virus (TRV2)
vectors (Fu et al., 2005) between the EcoRI and BamHI restriction sites
in the antisense orientation. Primer sequences are shown in Supplemen-
tary Table S1. A TRV2 vector expressing a fragment of GFP was used as
control. Agrobacterium tumefaciens GV3101 containing plasmids were incu-
bated in YEB medium overnight and resuspended in infiltration buffer.
The final ODyy, of each bacterium was adjusted to 0.3, then mixed with
the TRV vector in the same volume. Four-leaf stage N. benthamiana were
used for VIGS. Silencing efficiency was tested by gene-specific primers
using the N. benthamiana housekeeping gene Actin as a control because of
its abundance and consistency of Ct values among tissues and treatments.
The two largest leaves were fully infiltrated and the plants were grown in
22 °C under suitable humidity and used 2-3 weeks after virus infection
for infection assay.

Y2H assay

We used the ProQuest system (Invitrogen) for screening of the Y2H li-
brary.The potato yeast library and the screening methods are as previously
reported (Bos et al., 2010). Effector Pi22798 was cloned into the ‘bait’
vector pDest32 by the gateway cloning method.The targeted plasmid was
transtormed 1into yeast stain MAV203 according to the manual (Invitro-
gen, PQ10001-01 and PQ10002-01). The positive clones were selected
in medium lacking histidine (SD-Leu-Trp-His) and confirmed by re-
growth in SD-Leu-Trp-His medium and gain of f-galactosidase (X-gal)
activity.

Western blot and immunoprecipitation

Agrobacteria containing the relevant plastids were co-expressed in N.
benthamiana leaves. Two days after infiltration, the leaf tissues were sam-
pled and frozen in liquid nitrogen. For western blot, samples were milled
and mixed with 200 pl of protein extraction buffer { GTEN buffer [10%
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(v/v) glycerol, 25 mM Tris—=HCl (pH 7.5), 1 mM EDTA, 150 mM NaCl|
with 10 mM DTT, protease inhibitor cocktail (Roche Life Science),
1 mM phenylmethyl sulfonylfluoride (PMSF), and 0.2% NP-40}. After
a 30 min incubation in ice, the samples were centrifuged at 4 °C for
10 min and supernatants were removed and mixed with 2X SDS sample
buffer, and boiled at 95 °C for 10 min. Proteins were separated on 8—12%
SDS-PAGE gels and transferred to polyvinylidene fluoride (PVDF)
membranes. After incubation with primary antibody [anti-GFP and anti-
Myc from Sungene (Tianjin Sungene Biotech Co., Ltd) and anti-HA and
secondary antibody from MBL (MBL Beijing Biotech Co., Ltd, Beijing,
China)], the membranes were visualized using chemiluminescent ECL
(Servicebio, Wuhan, China).

For GFP-tagged Co-IP, the samples were milled and mixed with 500
pl of protein extraction bufter. The extraction supernatants were sepa-
rated into two parts. A 50 pl aliquot of the supernatant was added to 2X
SDS sample bufter and boiled at 95 °C for 10 min, and the rest was added
to 20 pl of GFP-Trap_M beads (MBL) or GFP agarose beads (AlpaLife),

incubated at 4 °C for 2 h. Beads were washed with 500 pl of wash buffer
(GTEN with protease inhibitor cocktail and 1 mM PMSF) three times
and resuspended in 2X SDS sample buffer. Samples were then processed
by western blot as above.

Split luciferase complementation assay

The spilt-LUC vector pCAMBIA-1300 was used for construction of
carriers between the EcRI and BamHI restriction sites, and nLUC/
cLUC are the empty vectors. Primer sequences are shown in Supple-
mentary Table S1. Two days after infiltration, the infiltrated sites were
sprayed with 100 mM p-luciferin and kept in the dark for 15 min. The
fluorescence was detected and analyzed using bioluminescence imaging
with indiGO software. The stability of spilt-LUC constructs was detected
by western blot using anti-luciferase antibody (Sigma, Cat. No. L0159).

Live cell imaging

Two-day-infiltrated leaves of N. benthamiana expressing the targeted pro-
teins were prepared for imaging in a Leica LCS confocal microscope.
GFP fluorescence was excited with 488 nm from an argon laser and its
emissions were detected between 500 nm and 530 nm. RFP fluores-
cence was excited with 561 nm and its emissions were collected between
600 nm and 630 nm. Sprite yellow fluorescent protein (YFP) was excited
using 514 nm from an argon laser with emissions detected from 530 nm
to 575 nm. Images were collected from leaf cells expressing relatively low
levels of the protein fusions to minimize possible artifacts of ectopic pro-
tein expression. Images were quantified using the Image] and Leica LCS
software packages as required.

Results

Pi22798 interacts with the potato homeodomain
transcription factor KNOX3

To identify candidate targets of P infestans eftector Pi22798
in its host, potato, a Y2H library made from P infestans-
infected potato leaves (Bos et al., 2010) was screened with
a GAL4-binding domain—Pi22798 fusion construct (bait).
After two rounds of independent screening, two yeast colo-
nies were recovered from selection plates containing GAL4
activation domain (prey) fusion sequences corresponding to
potato transcript PGSC0003DMT400078989 (annotated
as homeobox protein knotted-1-like LET12). This gene

encodes a protein containing a homeobox domain and is
a reciprocal best blast hit of the Arabidopsis thaliana KNOX
II clade member AtKINAT3 (AT5G25220.1). It is here-
after called StKNOX3 (KNOTTED-LIKE HOMEOBOX
3). StKNOX3 shares high identity with homeobox pro-
teins possessing conserved KNOX I, KNOX II, ELK, and
homeobox domains (Biirglin, 1997) (Supplementary Fig.
S1A). A phylogenetic tree based on a trimmed alignment of
StKINOX3 with eight homeobox proteins from Arabidopsis
shows that StKNOX3 groups with the class II KNOX TFs
(Supplementary Fig. S1B).

To confirm the interaction between Pi22798 and StKNOX3,a
pairwise Y2H assay was performed with a full-length StKNOX3
prey clone against a Pi22798 bait clone, using either an empty
bait, or Pinfestans eftectors PiSFI3 (Pi06087) and Pi04314, which
have similar nuclear localizations in planta (Boevink et al., 2016;
He et al.,2019), as controls. The nuclear-localized potato RINA-
binding protein StKH17 was also included as a non-interacting
control (McLellan ef al., 2020). Only the yeast containing both
Pi22798 and StKNOX3 grew on the selection plates (-HIS) and
activated the B-galactosidase (X-gal) reporter gene (Fig. 1A).To
confirm that Pi22798 can interact with StKNOX3 in planta,
Co-IP was performed by transiently co-expressing StKNOX3—
GFP with HA-Pi22798 in N. benthamiana using agroinfiltration.
HA-PiSFI3 and HA-Pi04314 were used as effector controls.
All proteins were detected in the input fractions, but only the
HA-Pi22798 was co-immunoprecipitated in the presence of
StKNOX3-GFP (Fig. 1B) following immunoprecipitation with
GFP-TRAP-M beads. A reciprocal Co-IP assay demonstrated
that the Myc-StKNOX3-mRFP can be co-immunoprecipi-
tated by GFP-Pi22798 (Supplementary Fig. S2). These results
demonstrate that Pi22798 specifically interacts with StKNOX3
in yeast and in planta.

Pi22798 and StKNOX3 interaction occurs in the
nucleoplasm

To determine where the interaction between Pi22798 and
StKNOX3 occurs, vectors with RFP tags were transiently
expressed in N. benthamiana with the nuclear marker gene
GFP-StH2B (MH669357.1). Confocal images showed that
StKNOX3-RFP localized in the nucleoplasm only (Fig. 2A;
Supplementary Fig. S3A), whereas RFP—P122798 localized in the
nucleoplasm and the nucleolus (Fig. 2B). Pi22798 and StKNOX3
showed different subnuclear localizations when expressed in-
dependently. When StKNOX3—-GFP was co-expressed with
RFP-Pi22798 in N. benthamiana, they co-localized in the nu-
cleoplasm, with RFP-Pi22798 showing reduced nucleolar fluo-
rescence, consistent with St(KNOX3—GFP co-localization (Fig.
2C; Supplementary Fig. S3C). In contrast, when another tagged
P infestans effector, RFP—P104314, which strongly accumulates
in the nucleoplasm and nucleolus (Boevink et al., 2016), was
co-expressed with StKNOX3—GFP, the nucleolar fluorescence
signal of RFP-Pi04314 was unchanged (Fig. 2D). Western blots
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Fig. 1. Pi22798 interacts with StKNOX3 both in yeast and in planta. (A)
Pi22798 interacts with StKNOX3 in yeast. Yeast co-expressing pDest22-
StKNOX3 with pDest32-Pi22798 grew on selection medium SD/-Trp/-
Leu/-His and yielded B-galactosidase (X-Gal) activity, but did not when
co-expressed with the control. (B) Pi22798 interacts with StKNOX3 in
vivo. Co-IP was performed on protein extracts from agroinfiltrated /.
benthamiana leaves using GFP-Trap. Co-IP assays confirmed that the
StKNOX3-GFP specifically associated with the HA-Pi22798, not with the
controls HA-PiISFI3 or HA-Pi04314. The expression of constructions in
leaves is indicated by a ‘+’. Protein size markers are indicated in kDa, and
protein loading is indicated by Ponceau stain (PS).

were performed to show the stability of the fusion proteins
(Supplementary Fig. S3B, D).

To confirm that Pi22798 and StKINOX3 interact in the nu-
cleoplasm, a BiFC assay was conducted. The YFP N-terminal
fragment (YN) was fused to Pi22798 and the YFP C-terminal
fragment (YC) was fused to StKNOX3. Co-expressing YN—
Pi22798 and YC-StKNOX3 resulted in YFP fluorescence
restricted to the nucleoplasm, while little fluorescence was
detected when co-expressing YC-StKNOX3 with YN empty
vector (EV) or with YN-Pi04314 (Fig. 2E). The numbers of
yellow fluorescent nuclei were quantified in replicate leaf areas in
whichYN-Pi22798 and Y C-StKNOX3 were co-expressed, and
compared with co-expression of YN-EV with YC-StKNOX3

(Fig. 2E). The results verify that Pi22798 and StKNOX3 interac-
tion occurs in the nucleoplasm.

StKINOX3 contributes to plant susceptibility

To investigate the possible role of StKINOX3 in the host—
P infestans interaction, we first tested its expression pattern
during P infestans infection using StKINOX3 gene-specific
primers. The RT—qPCR results revealed that SIKNOX3 tran-
script abundance was not altered during P infestans infection
(Supplementary Fig. S4A, B).

To further confirm the function of StKNOX3 against the
pathogen, P infestans strain 88069 was inoculated onto half-leaves
expressing either St(KNOX3—GFP or GFP as a control. Disease
lesion diameters were measured 6—7 dpi. The results showed that
transient expression of StKNOX3—GFP enhances the coloniza-
tion of P infestans to a significant level compared with the GFP
control (Fig. 3A).VIGS was employed to knock down the expres-
sion of NbKNOX3 (the ortholog of SIKNOX3 in N. benthami-
ana, see Supplementary Fig. STA). The 3’-UTR was selected and
cloned into the TRV2 vector to produce TRV2-3'NbKINOX3
(Supplementary Fig. S5A). The silencing efficiency was measured
by gqRT-PCR and the transcript abundance of the target gene in
TRV2-3'NbKNOX3 was reduced by 60-80% (Supplementary
Fig. S5B). There were no obvious changes in phenotype between
the silenced plants and control plants (Supplementary Fig. S5C).
After 3 weeks, the TRV2-3'NbKNOX3 plants and TRV2-GFP
control plants were inoculated with P infestans strain 88069, and
lesion diameters were measured. The results showed that silencing
NbKNOX3 reduced the colonization of the pathogen consider-
ably compared with control plants (Fig. 3B).

To further confirm the negative effect of StKNOX3 upon
disease resistance, stable transgenic N. benthamiana and potato
lines were generated expressing the constructs GFP—StKNOX3
and Myc-StKNOX3—mR FP, respectively (Supplementary Figs
S6, S7). Both transgenic plants displayed different growth and
morphology compared with wild-type plants (Supplemen-
tary Figs S6D, S7D, E). They grew more slowly and the mature
plants displayed thicker and darker green leaves. Four-week-
old N. benthamiana leaves or 6-week-old potato leaves were
used for P infestans inoculation and the lesion diameters were
measured. The transgenic N. benthamiana and potato lines sus-
tained significantly larger disease lesions compared with the
wild type (Fig. 3C, D). These results reveal that expressing
StKNOX3 within host cells is beneficial to P infestans coloni-
zation. All the above results indicate that StKINOX3 acts as a
susceptibility (S) factor, in that it promotes and is required for
efficient late blight disease development.

StKNOX3 forms a homodimer which is essential for it
to promote susceptibility

It has been reported that KNOX TFs can interact with other
KINOX family members to form heterodimers, or they can directly
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Fig. 2. Pi22798 interacts with StKNOX3 in the nucleoplasm. (A) RFP-fused StKNOX3 is expressed together with GFP-StH2B (histone 2B protein) and
the RFP fluorescence mainly appears in the nucleoplasm. (B) The confocal images show that RFP-Pi22798 accumulates strongly in the nucleoplasm and
the nucleolus when co-expressed with GFP-StH2B. (C) Co-expressing StKNOX3-GFP and RFP-Pi22798 shows a reduction in nucleolar fluorescence
intensity for Pi22798. (D) Co-expressing StKNOX3-GFP and RFP-Pi04314 did not alter Pi04314 nucleolar intensity. Scale bar is 5 um. Plots of the
profiles indicated by the arrows in (A-D) show GFP fluorescence (green line) and mRFP signal (red line). (E) BiFC assay shows the YFP fluorescence
between YN-Pi22798 and YC-StKNOX3 occurs in the nucleus. The inset image is a nucleus at higher magnification, indicating that the interaction is in
the nucleoplasm specifically. Scale bar is 100 um. The graph on the right shows the number of yellow fluorescent nuclei observed in the optical field for
YN-Pi22798 and YC-StKNOX3 co-expression events, compared with co-expression with YN-EV. Error bars represent mean fluorescent nuclei number
+SD from 3-4 different optical fields.
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Fig. 3. StKNOX3 is an ‘S’ factor. (A) Graph quantifying lesion diameter in the presence or absence of StKNOX3-GFP transient expression. The image
is a typical leaf showing that StKNOX3 enhances the colonization by R infestans (Student’s t-test; ****P<0.0001; three biological repeats). The data are
represented as a box—whisker plot. The middle line of the boxplot represents the value of the median in the analyzed data. The upper and lower line of
the boxplot represents the quartiles of each half, respectively. The lower extreme and upper extremes are the highest and lowest values in the analyzed
data. The distribution of data is shown as small points or triangles. (B) Silencing NbKNOX3 in N. benthamiana reduced colonization by the pathogen.
Representative leaf images revealing colonization are shown above the graph. Graph showing that the lesion diameter in TRV2-3'KNOX3 plants is
significantly reduced compared with TRV2-GFP control (Student’s t-test; ****P<0.0001; three biological repeats). The data are represented as a box—
whisker plot. (C) Graph shows a significant increase of lesion diameter in transgenic lines overexpressing GFP-StKNOX3 compared with wild-type plants.
The representative leaves indicate more pathogen colonization on transgenic plants compared with the control plants (one-way ANOVA; ****P<0.0001;
three biological repeats). The data are represented as a box—whisker plot. WT, wild type; #5 and #8, StKNOX3 transgenic N. benthamiana lines. (D)
Graph shows a significant increase of lesion diameter in transgenic potato lines overexpressing Myc-StKNOX3-mRFP compared with wild-type plants.
The representative leaves indicate more pathogen colonization on transgenic plants compared with the control plants (one-way ANOVA; ****P<0.0001;

three biological repeats). The data are represented as a box—whisker plot.

associate via the KNOX II domain to form homodimers (Li ef al.,
2011; Shu et al., 2015). In Arabidopsis, KNAT3 was found to form
homodimers and it could also heterodimerize with another class I
KINOX protein KNAT7 (Qin ef al.,2020;Wang et al.,2020). In rice,
deletion of the KNOX II domain of OSH15 prevented it form-
ing homodimers (Nagasaki ef al.,2001). StKNOX3 contains a con-
served KNOX II domain as predicted (Supplementary Fig. STA).

To investigate the possible function of StKNOX3 homo-/het-
erodimers, a KINOX II domain deletion mutant St(KNOX34KNOX
""and a construct expressing the domain only, KNOX II,,,, were
made, and pairwise Y2H assays indicated that full-length StKNOX3
interacts with itself and StKNOX7 via binding to the KNOX I
domain (KNOX Il,,,) directly, whereas neither interacted with
the deletion mutant S(KNOX3* NI (Fig 4A; Supplementary
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Fig. S8A). To confirm this result in planta, Co-IP was used fol-
lowing co-expression of StKNOX3-GFP, SEKNOX3AKNOXIL_GED
or KNOX 1I,,;,~GFP with Myc-StKNOX3-mRFP or Myc-
StKNOX7-mRFP in N. benthamiana. GFP-StKH17 was used as a
control. All proteins were detected in the input fractions. Using GFP
agarose beads, Myc-StKINOX3-mRFP and Myc-StKINOX7—
mRFP could only be co-immunoprecipitated in the presence of
StKNOX3-GFP and KNOX II,,,,,~GFP (Fig. 4B; Supplementary
Fig. S8B). StKNOX3* NX I_GFP or GFP-StKH17 do not as-
sociate with Myc-StKNOX3—mRFP or Myc-StKNOX7-mRFP
(Fig. 4B; Supplementary Fig. S8B). These results demonstrate that
StKNOX3 can form both homodimers and heterodimers, for
which the KNOX II domain is essential and sufficient, as predicted.

As StKNOX3 enhances Rinfestans infection, we tested whether
the KNOX II domain deletion mutant altered its contribution
to plant susceptibility. Myc-StKNOX3*¥NX I Myc-StKNOX3,
and control Myc-EV constructs were transiently expressed in N.

A -Leu-Trp

StKNOX3+StKNOX3

-Leu-Trp-His

StKNOX3+StKNOX34KNOXI

X-gal

benthamiana leaves. After 1 d, the infiltrated sites were inoculated
with zoospores of P infestans strain 88069. Lesion diameters were
measured, and the results showed that the Myc-StRINOX 34N
" deletion mutant lacked the ability to enhance colonization of
N. benthamiana by P infestans, as it showed no significant dif-
ference in lesion diameter compared with that of the Myc-EV
control (Fig. 4C, D). Western blot assay confirmed their protein
stabilities (Supplementary Fig. S9). This indicates that dimeriza-
tion of StKNOX3 is crucial for it to act as an S factor.

The KNOX Il domain is essential for StKNOX3
interaction with Pi22798 and the effector promotes
homodimerization of StKNOX3

To investigate whether the KNOX II domain is required for the
Pi22798-StKINOX3 interaction, a pairwise Y2H assay was per-
formed. The results show that neither the S(KNOX3*N* ! pyytane
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Fig. 4. StKNOX3 forms a homodimer through the KNOX Il domain, which is essential for its function. (A) StKNOX3 interacts with itself in yeast and
requires the KNOX Il domain. Yeast co-expressing StKNOX3 with itself or KNOX ll,,, grow on SD-Leu-Trp-His medium and activated the B-galactosidase
(8-gal), whereas those co-expressing StKNOX3 with its deletion mutant StKNOX32N*! dlid not. (B) Co-IP from leaf extracts using GFP agarose beads
confirmed that full-length Myc-StKNOX3-mRFP could be immunoprecipitated by StKNOX3-GFP and KNOX ll,,,~GFP, but not by deletion mutant GFP-
StKNOXB2NOXT or the control GFP-StKH17. The expression of constructs in leaves is indicated by a ‘+’. Protein size markers are indicated in kDa, and
protein loading is indicated by Ponceau stain (PS). (C) Representative leaf images showing the infection on N. benthamiana. (D) Graph showing that

the Myc-StKNOX32NOX I mytant lost the ability to enhance the proliferation of pathogen compared with StKNOX3 (one-way ANOVA; ns, no significant
difference; ****P<0.0001; three biological repeats). The data are represented as a box-whisker plot.
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nor the KNOX II,,,;, domain alone interacted with Pi22798 in yeast
(Fig. 5A). To confirm these results in planta, two Co-IP assays were
performed. As shown in Fig. 5B and C, P122798 was only co-immu-
noprecipitated with S(KNOX3, but not with the SIRNOX3KNO* 1t
or KNOX II,,,;, mutant, or the control StKH17.These results dem-
onstrate that the KINOX II domain is essential but not sufficient for
StKINOX3 to interact with Pi22798.

‘We have shown that the ability of St(KNOX3 to form dimers is
required for it to enhance susceptibility to P infestans (Fig. 4C, D).
In addition, the KNOX II domain is required for the interaction
with Pi22798 (Fig. 5). We thus tested whether Pi22798 affects the
dimerization of StKINOX3.A Co-IP assay was conducted in which
StKNOX3—GFP was co-expressed with Myc-StKNOX3-mR FP
in the presence or absence of HA-Pi22798. Myc-StKINOX3—
mRFP was co-immunoprecipitated by StKNOX3—GFP, not by
the control GFP—fB-glucuronidase (GUS) (Fig. 6A). In addition,
HA-Pi22798 was also co-immunoprecipitated by StKINOX3—
GFP. Critically, more Myc-StKINOX3—mRFP protein was pulled
down by StKNOX3-GFP in the presence than in the absence
of HA-P122798, whereas all proteins were present in the relevant
input fractions in similar amounts (Fig. 6A). An additional two
experimental Co-IP repeats are in accordance with this result
(Supplementary Fig. S10). Moreover, we observed that another P
infestans eftfector PiSFI3 does not promote StKNOX3 dimeriza-
tion (Supplementary Fig. S10B). In addition, the split-LUC assay
was also used to confirm the conclusion. Repeated results showed
that Pi22798, but not PiSFI3, significantly enhances the interac-
tion of StKINOX3 with itself, reflected by stronger fluorescence
intensity when StKNOX3-—nLUC and cLUC-StKNOX3 were
co-expressed with Pi22798. StKNOX3—nLUC with cLUC-
StKH17 or nLUC with cLUC-StKINOX3 were used as negative
control (Fig. 6B, C; Supplementary Fig. S11).The protein stability
of the split-LUC constructs was detected using western blot (Sup-
plementary Fig. S12). These results demonstrate that the effector
Pi22798 promotes homodimerization of StKNOX3.

As StKNOX3 also forms a heterodimer with StKNOX7,
which also requires the KNOX II domain, we investigated
whether Pi22798 alters their heterodimerization. To test this hy-
pothesis, Co-IPs from leaf extracts co-expressing StKNOX7—
GFP and Myc-StKNOX3—mRFP in the presence of different
concentrations of HA-Pi22798 were conducted. However, even
with increased concentration of HA-Pi22798, the amount of
Myc-StKNOX3—mRFP  immunoprecipited by StKNOX7-
GFP showed no obvious difference (Supplementary Fig. S13),
suggesting that the effector Pi22798 did not affect the het-
erodimerization of StKNOX3 and StKNOX?7. This provides
independent evidence supporting the hypothesis that Pi22798
promotes homodimerization of StKNOX3 rather than het-
erodimerization of StKNOX3 and StKNOX?7 in planta.

Discussion

The nucleus is a pivotal site for the plant to activate innate
immunity to prevent diverse pathogen attacks. Accordingly,
oomycete pathogens have evolved effectors which are deliv-

ered to the plant nucleus to manipulate immunity and enhance
infection. In a previous study, the nuclear effector Pi22798 was
revealed to be up-regulated during early stages of infection
of potato by P infestans, and transient expression of Pi22798
contributes to the infection of P infestans in N. benthamiana
leaves (H. Wang et al., 2017). It has been shown that the nu-
clear localization is essential for Pi22798 to fulfill its virulence
function, implying that its targets may be located in the host
nucleus (H.Wang ef al., 2017). Here, we identified a homeobox
TE StKNOX3, as a likely target (Fig. 1). Co-localization of
fluorescently tagged Pi22798 and StKNOX3, and BiFC, in-
dicate that the interaction occurs in the nucleoplasm (Fig. 2)
as anticipated. We show that transient and stable expression of
StKNOX3 in N. benthamiana enhanced P infestans leat coloni-
zation, whereas silencing NoKNOX3 in N. benthamiana leaves
dramatically reduced P infestans colonization, consistent with it
playing a role as a susceptibility (S) factor, in that it is required
for full disease development (Fig. 3).

Pi22798 accumulates in the nucleoplasm when co-expressed
with StKNOX3 (Fig. 2). Some pathogen effectors re-localize
their targets, which is important for their virulence activity. For
example, Phytophthora sojae PsAvh52 re-localizes GmTAP1 into
the nucleus, leading to histone acetylation during early infec-
tion (Li ef al., 2018).The P infestans effector Pi04314 interacts
with three PP1c isoforms, causing their re-localization from
the nucleolus to the nucleoplasm (Boevink et al., 2016). More-
over, P infestans effector Pi03192 prevents elicitor-triggered
re-localization of two potato NAC transcript factors, SEINTP1
and StNTP2, from the endoplasmic reticulum (ER) into the
nucleus, thus preventing their transcriptional activity (McLel-
lan et al., 2013). The P sojae effector PsAvh262 interacts with
and stabilizes BiPs at the ER, leading to suppression of ER
stress-mediated immunity (Jing et al., 2016). Here we display
a situation in which the effector Pi22798 accumulates at the
site of its interacting host target, StKINOX3, perhaps indicating
that this effector promotes transcriptional regulation caused by
StKNOX3, especially as the latter positively contributes to sus-
ceptibility (Fig. 3).

It has been reported that pathogen effectors can modulate
nuclear functions by interacting with host TFs. For example,
a CRN effector from Phytophthora capsici binds to a TCP TE,
SITCP14-2, to diminish its chromatin affinity, thus enhanc-
ing susceptibility (Stam et al., 2021). A Xanthomonas type 111
secretion effector XopD desumoylates the tomato ethylene-
responsive TF SIERF4 to repress ethylene production which
is required for anti-Xcv immunity (J.G. Kim ef al., 2013).
GSRE1 from Puccinia striiformis f. sp. tritici interacts with a
reactive oxygen species-related TE TaLOL2, whose nuclear
localization was disrupted when co-expressed with the ef-
fector, thus suppressing the cell death induced by TaLOL2
and promoting susceptibility (Qi et al., 2019). Oomycete ef-
fector HaRxXLL470 enhances pathogenicity by interacting
with a bZIP TF AtHY5 to suppress its transcriptional activa-
tion of defense-related genes (Chen ef al.,2021). In this study,
the target of Pi22798 belongs to the KNOX TF family. This
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Fig. 5. Pi22798 interacts with StKNOX3 through binding the KNOX Il domain indirectly. (A) Yeast containing Pi22798 and full-length StKNOX3 grew

on SD-Leu-Trp-His medium and had B-galactosidase (X-gal) activity, whereas those co-expressing Pi22798 with the deletion mutant StKNOX3ANOX !
KNOX llry, or empty vector did not. (B) Co-IP from leaf extracts using the GFP trap confirmed that GFP-Pi22798 co-immunoprecipitated only with wild-
type Myc-StKNOX3-RFP. (C) Co-IP from leaf extracts using the GFP trap confirmed that HA-Pi22798 co-immunoprecipitated only with StKNOX3-GFP,
not with KNOX ll,,,~GFP. The expression of constructs in leaves is indicated by a ‘+’. Protein size markers are indicated in kDa, and protein loading is
indicated by Ponceau stain (PS). The target bands were marked by *’.
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(C) Quantitative statistics of fluorescence intensity of interaction between cLUC-StKNOX3 and StKNOX3-nLUC. The fluorescence intensity of StKNOX3-
nLUC and cLUC-StKNOX3 was normalized to 1 and error bars indicate the mean +SEM (n=7). Asterisks indicate the difference in fluorescence intensity
in the presence of HA-Pi22798 or HA-PISFI3 (****P<0.0001). Statistical analysis was carried out using ANOVA with pairwise comparisons performed with

a Holm-Sidak test.

family of proteins contain four conserved domains which
perform different functions. The KNOX I domain plays a
role in suppressing transcriptional auto-activation, whereas
the KNOX II domain is required for homo-/heterodimer-
ization (Nagasaki et al., 2001; Shu ef al., 2015). Using Y2H,
Co-IP, and split-LUC, we found that the KNOX II domain
is essential for StKNOX3 to form homo-/heterodimers
and that this is also essential for it to promote susceptibility
and interact with Pi22798. Moreover, our results show that
Pi22798 promotes homodimerization of StKNOX3, but
not its heterodimerization to StKNOX?7, implying that the
effector uses this strategy to manipulate host transcription.
Interestingly, a recent observation showed that an RXLR ef-
fector, PsAvh241, inhibits plant ETI by preventing the dimer-
ization of the positive immune regulator, GmNDR1 (Yang
et al., 2021). Promoting or preventing dimerization of host
proteins is thus a strategy for manipulating host susceptibility.

To date, most KNOX protein studies have focused on their
roles in plant growth and development, including leaf mor-
phology, germination, and early seedling development (Voll-
brecht et al., 1991; Shani et al., 2009;Yu et al., 2021). However,
the functions of class II KNOX TFs and their regulated genes
have not been well established. The Gene Ontology (GO)
analysis of the knat3 mutant in Arabidopsis showed that the
up-regulated differentially expressed genes (DEGs) are mainly
involved in lipid catabolic processes, xyloglucan metabolic pro-
cesses, wax biosynthetic processes, and cell wall organization,
while the down-regulated DEGs participate in responses to
phytohormone, and abiotic and biotic stimulants (Qin ef al.,
2020). KNAT3 was shown to heterodimerize with KNAT7
to regulate monolignol biosynthesis and secondary cell wall
biosynthesis in Arabidopsis (Qin et al., 2020; Wang et al.,
2020), which could impact plant immunity. Our data also in-
dicated the StKNOX3 forms a heterodimer with StKNOX7
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in planta (Supplementary Fig. S8). However, critically, the ef-
fector Pi22798 promotes StNOX3 homodimerization, rather
than heterodimerization to StKNOX?7. It is plausible that
StKNOX3 also plays a role in the development of the plant cell
wall in potato. To further investigate the function of Pi22798
in manipulating plant defense, future studies are required to
determine the targeted genes of StKNOX3 homodimers, and
how these genes enhance susceptibility.
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