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Summary

Oomycete pathogens secrete numerous effectors to manipulate host immunity. While
some effectors share a conserved structural fold, it remains unclear if any have
conserved host targets. Avr3a-like family effectors, which are related to Phytophthora
infestans effector PiAvr3a and widely distributed across diverse clades of
Phytophthora species, were employed to study this question.

By using yeast-two-hybrid, bimolecular fluorescence complementation, and
co-immunoprecipitation assays, we identified members of the plant cinnamyl alcohol
dehydrogenase 7 (CAD7) subfamily as targets of multiple Avr3a-like effectors from
Phytophthora pathogens.

The CAD7 subfamily has expanded in plant genomes but lost the lignin biosynthetic
activity of canonical CAD subfamilies. In turn, we identified CAD7s as negative
regulators of plant immunity that are induced by Phytophthora infection. Moreover,
AtCAD7 was stabilized by Avr3a-like effectors and involved in suppression of
pathogen-associated molecular pattern -triggered immunity, including callose
deposition, ROS burst, and WRKY33 expression.

Our results reveal CAD7 subfamily proteins as negative regulators of plant immunity
that are exploited by multiple Avr3a-like effectors to promote infection in different

host plants.
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Introduction

Oomycetes are eukaryotic microbes that resemble filamentous fungi in morphology and
physiology but belong to the kingdom Stramenopila (Tyler, 2001). Oomycetes include many
destructive plant pathogens (Kamoun et al., 2015), such as the notorious Phytophthora
infestans that caused the Irish potato famine (Haas et al., 2009), and the broad-host-range
pathogen Phytophthora capsici that can infect at least 71 species of cultivated plants and
weeds representing 27 families of plants, including tomato, pepper, cucurbits, and Nicotiana
species (Granke et al., 2012; Lamour et al., 2012).

Plants have evolved an innate immune system that contains at least two principal
overlapping layers of defense (Jones & Dangl, 2006). The first one is pattern-triggered
immunity (PTI), which relies on plasma membrane-localized pattern recognition receptors
(PRRs) to perceive apoplastic effectors (de Wit, 2016; Wang & Wang, 2018; Wang et al.,
2018) and microbe-associated molecular patterns (MAMPs; e.g. the lipid-binding elicitin
protein, INF1). The second layer of plant immunity relies on the nucleotide-binding domain
and leucine-rich repeat (NB-LRR)-type immune receptors to perceive pathogen effectors
within the plant cytoplasm. It is formerly known as gene-for-gene resistance and now termed
effector-triggered immunity (ETI) (Flor, 1971; Jones & Dangl, 2006; Boller & He, 2009).

One component of defense responses has been identified as cinnamyl alcohol
dehydrogenases (CADs) that contribute to structural lignification during development. In
addition, a number of them are strongly induced during infection and are involved in
localized lignification as a barrier against infection. In Arabidopsis, nine genes have been
annotated as encoding cinnamyl alcohol dehydrogenases (AtCAD1-9) (Costa et al., 2003).
Only AtCAD4 and AtCADS were confirmed as having significant activity against cinnamyl
aldehydes (Kim et al., 2004). Arabidopsis double mutants lacking AtCAD4 and AtCAD5

exhibit a limp floral stem with 40% reduction of lignin (Sibout et al., 2005) and also are more
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susceptible to infection (Tronchet et al., 2010). The close paralogs, AtCAD7 and AtCADS8
(previously called ELI3-1 and ELI3-2) were shown to be strongly induced by pathogens and
pathogen-derived elicitors (Kiedrowski et al., 1992). AtCAD8 (ELI3-2) was shown to be
preferentially active towards 2-methoxybenzaldehyde, with much weaker activity against
3-methoxybenzaldehyde, salicylaldehyde, benzaldehyde and cinnamaldehyde (Somssich et
al., 1996; Vega-Arreguin et al., 2014). A closely related potato CAD-like protein, DRD-1,
was also strongly induced by infection or wounding, and exhibited broad specificity towards
aromatic and aliphatic aldehydes with the lowest K towards 2-methoxybenzaldehyde,
salicylaldehyde and hexanal (Montesano et al., 2003). The preferred substrates of
AtCAD1-3, 6 and 9 have not been clearly identified (Kim et al., 2004). On the basis of
patterns of tissue-specific gene expression, AtCADL1, 6, 7, 8 and 9 were identified as perhaps
contributing in a minor way to developmental lignification, while AtCAD2 and AtCAD3 did
not appear to be associated with lignification (Kim et al., 2007).

PiAvr3a and its homologs in P. sojae (PsAvrlb, PsAvhl, PsAvh4 and PsAvh5) and P.
capsici (PcAvr3al to PcAvr3ald) are all Avr3a-like effectors (Shan et al., 2004; Armstrong
et al., 2005; Bos, 2007; Jiang et al., 2008) with a similar structure (Boutemy et al., 2011; Win
et al., 2012; Sun et al., 2013). PiAvr3a contributes to the virulence of P. infestans (Armstrong
et al., 2005; Bos et al., 2006; Bos et al., 2010). It can suppress two BAK1/SERK3-dependent
PTI responses, INF1-triggered cell death (ICD) and flg22-triggered immunity
(Chaparro-Garcia et al., 2011; Chaparro-Garcia et al., 2015). PiAvr3a“' and PiAvr3a™ are
two alleles of PiAvr3a. PiAvr3a“' can be recognized by potato resistance protein R3a while
PiAvr3a™ evades recognition (Armstrong et al., 2005). To date, two host targets of PiAvr3a
have been reported. One is a host E3 ubiquitin ligase CMPG1, which is required for ICD and
stabilized by PiAvr3a"' (Bos et al., 2010). The second is the plant GTPase Dynamin-related

protein 2 (DRP2), which is involved in immune receptor-mediated endocytosis and required
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for FLS2 internalization (Chaparro-Garcia et al., 2015). Recently we found that PcAvr3al2,
an Avr3a-like effector from P. capsici, could enhance Arabidopsis susceptibility to P. capsici
and specifically target the host peptidyl-prolyl cis-trans isomerase FKBP15-2 to suppress
endoplasmic reticulum-mediated plant immunity (Fan et al., 2018). While it indicates the
diversity of host proteins targeted by Avr3a-like effectors, it remains largely unknown
whether they also have common targets.

In this study, we found that Avr3a-like effectors are widely distributed across the genus
Phytophthora. We screened for host proteins targeted by multiple Phytophthora Avr3a-like
effectors, and found that related cinnamyl alcohol dehydrogenase-like proteins from
Arabidopsis thaliana (AtCAD7) and Nicotiana benthamiana (NbCADY7) interacted with
Avr3a-like effectors from P. capsici, P. infestans and P. sojae. Furthermore, we found
evidence that both AtCAD7 and NbCAD7 could act as negative regulators of plant innate
immunity, and that this activity doesn’t require the putative enzyme active site residues of

these proteins.

Materials and Methods
Strains and plant materials
Agrobacterium GV3101 was used for transient expression, stable transformation, and
virus-induced gene silencing (VIGS) experiments. Saccharomyces cerevisiae strains AH109
and Y187 were used for yeast transformation and mating. For inoculation in Arabidopsis,
oomycete pathogen P. capsici strain LT263 was used.

For Arabidopsis transformation, wild-type Col-0 was used. Agrobacterium-mediated
transformation was performed as previously described (Zhang et al., 2006). All plants were

grown at 23 °C under a 13-hour light/11-hour dark cycle.
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Plasmid construction

For over-expression, the entire ORFs of AtCADs were amplified by PCR and cloned into
pART27 (Gleave, 1992) with Kpn I and Cla I. For BiFC, the new GATEWAY vectors (Gehl
et al., 2009) were used. For yeast-two-hybrid assays (Y2H), all effectors (without signal
peptide) were amplified by PCR and cloned into pGBKT7 while AtCAD family members
were cloned into pGADT7. To generate VIGS constructs, a 300-bp fragment of NoCAD7 was
amplified from N. benthamiana cDNA and cloned into the binary vector pTRV2, while
TRV2::GFP was constructed as a control. All constructs were sequenced at GenScript

(Nanjing, China). All primers used for plasmid constructions are listed in Table S1.

Yeast-two-hybrid assay

To screen for the effector targets, a cONA library was prepared with the infected Arabidopsis
leaves using P. parasitica strain Pp016 at 2 days post infiltration. Y2H screening was
performed using the Matchmaker™ Gal4 Two-Hybrid System 3 (Clontech) as described in

the manual.

Bimolecular fluorescence complementation assay (BiFC)

BiFC was performed using protocols described previously (Gehl et al., 2009). We used the
binary vectors pDEST-°“VYNE, pDEST-VYNE(R)®Y, pDEST-°**VYCE, and
pDEST-VYCE(R)®". These vectors were transiently expressed in N. benthamiana and the

florescence was observed 3 days after agroinfiltration.

This article is protected by copyright. All rights reserved.



Co-immunoprecipitation assay (Co-1P)

The proteins of N. benthamiana leaves expressing Co-IP constructs were extracted at 3 days
post agro-infiltration, using lysis buffer (25 mM Tris-HCI pH 7.5; 150 mM NaCl; 1 mM
EDTA,; 0.5% NP-40) plus 2% W/V polyvinylpolypyrrolidone (PVPP), 1 mM dithiothreitol
(DTT), and a protease inhibitor cocktail (Biotool). The total protein was incubated at 4 °C for
3 h with GFP-Trap_A beads (Chromotek, Germany). The beads were then washed with
dilution buffer (10 mM Tris-HCI pH 7.5, 150 mM NaCl, and 0.5 mM EDTA). The
resuspended GFP-Trap_A beads were boiled for 10 min at 95°C to dissociate the

immunocomplexes.

Western blotting

To detect BIFC proteins, the samples were extracted using lysis buffer (50 mM Tris-HCI pH
7.5, 150 mM NaCl, 1 mM EDTA, 1% TritonX-100, 1% sodium deoxycholate, 5 mM sodium
fluoride, and 1 mM sodium orthovanadate), plus 2% W/V PVPP, 5 mM DTT, and a protease
inhibitor cocktail. For stabilization experiments, the samples were extracted using lysis buffer
(25 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, and 0.5% NP-40) plus 2% W/V
PVPP, 1 mM DTT, and a protease inhibitor cocktail. SDS-PAGE (SDS—polyacrylamide gel
electrophoresis) was performed with proteins. Antibodies (anti-HA, anti-Myc, anti-FLAG,
anti-mCherry, anti-GFP, goat anti-mouse and anti-rabbit) were used according to manual

description.

Transient expression analysis
Agrobacterium transient expression assay was carried out on 4-6-week-old N. benthamiana.
The agroinfiltration medium consisted of 10 mM MgCl;, 10 mM MES, and 150 mM

acetosyringone. Agrobacterium strain GV3101 with a final ODgg values of 0.2 to 0.4 in
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agroinfiltration medium was used. Transient expression assays in Arabidopsis protoplasts

were performed as described (Yoo et al., 2007).

gRT-PCR analysis

For all RT-PCR analysis, cDNA was synthesized with PrimeScript™ RT reagent Kit with
gDNA Eraser (TaKaRa, China), and PCR reactions were performed with FastStart Universal
SYBR Green Master according to the manufacturer’s instructions (Roche, USA). AtUBC9
was used as a reference gene in Arabidopsis for normalization. NbEF1o was used as a
reference gene in N. benthamiana for normalization. All primers used for qRT-PCR are listed

in Table S1.

VIGS analysis

VIGS was performed using a previously described method (Liu et al., 2002). For NbCAD7
silencing, a 300-bp fragment of NbCAD7 was designed using the SGN VIGS tool
(Fernandez-Pozo et al., 2015) to ensure both efficiency and specificity of silencing. The
NbCAD7 fragment was cloned into TRV2 and a TRV2 vector containing a GFP fragment
was used as a control. To choose the proper leaves for the following analysis, PDS-silenced
plants were used to monitor the silencing effect. Infiltration of agrobacterium cultures
containing TRV1 and TRV2 was performed on the lower leaves of 6-leaf stage N.
benthamiana. The agroinfiltration medium of TRV1 and TRV2 were mixed in 1:1 ratio and a
final concentration of ODgyo = 0.3 was used. The VIGS plants were used for further analysis

3-5 weeks after infiltration.
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Inoculation analysis

For Arabidopsis inoculation, about 800-1200 zoospores prepared from P. capsici strain
LT263 were used to infect the 4-week-old leaves. For N. benthamiana inoculation, 0.3 cm?
mycelium plugs cut from the P. capsici strain LT263 cultures, or about 800 zoospores
prepared from P. infestans strain Pc21336 (lab strain isolated in China, virulent on R3 plant)

were used to infect the VIGS plants.

Confocal microscopy

Imaging was conducted on an Olympus FV1000 confocal microscope using HCX APO L
10x/0.4, 20x/0.75, and 40x/0.95 water-dipping lenses. GFP and YFP were excited at 488 nm
and detected at 500-540 nm. For mCherry observation, fluorescence was excited at 559 nm

and detected at 580-630 nm.

Histochemical analysis
Two-month-old Arabidopsis stems were used for histochemical analysis. The basal part of
the stem was sectioned by hand and then stained. Wiesner and Maule reactions were

performed according to standard protocols (Sibout et al., 2005).

Callose deposition and ROS burst analyses
Four-week-old Arabidopsis leaves treated with 1 pM flg22 were used for all analyses. Both
callose deposition and ROS burst were assayed as previously described (Luna et al., 2011,

Sang & Macho, 2017).
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Sequence and phylogenetic analysis

To identify the Avr3a-like sequences in oomycetes (Dataset S1), PiAvr3a, PsAvrlb, PSAvh5,
PcAvr3a4, PcAvr3all, and PcAvr3al2 were used to search the oomycete genomes via
tBLASTn with an e-value cut-off of e-20. To identify the CAD homologs in plants (Dataset
S2), AtCAD1-9 were used to search the plant proteins via blastp with an e-value cut-off of
e-25. The protein sequences were aligned with M-Coffee (Wallace et al., 2006) (Avr3a-like)
or ClustalW2 (Larkin et al., 2007) (CAD), and the phylogenetic relationships were inferred
by PhyML (Guindon et al., 2010). The trees were visualized by FigTree

(http://tree.bio.ed.ac.uk/software/figtree).

Results

Avr3a-like proteins are distributed widely across the genus Phytophthora

To gain a comprehensive view of the distribution of Avr3a-like proteins in oomycetes, we
used the sequences of the effectors PiAvr3a (Armstrong et al., 2005; Bos et al., 2006; Bos et
al., 2010), PsAvrlb (Shan et al., 2004; Dou et al., 2008), PsAvh5 (Sun et al., 2013),
PcAvr3a4 (Yaeno et al., 2011), PcAvr3all (Boutemy et al., 2011) and PcAvr3al2 (Fan et
al., 2018) to search oomycete genomes available in GenBank using tBLASTn with an
E-value cutoff of e-20. One to 14 sequence matches were observed in the genomes of 10
surveyed species representing clades 1, 2, 4, 7, 8, and 10 (Kroon et al., 2012) in
Phytophthora (Fig. 1a). No sequence matches with an E-value better than e-20 were observed
outside the genus Phytophthora, including downy mildews, Phytopythium and Pythium
species. A phylogenetic tree of the Avr3a-like protein sequences (Fig. 1b) revealed two broad
sub-families, one containing PsAvh5, and the other containing PiAvr3a, PsAvrlb, and the
three P. capsici proteins used as queries. The Avh5 subfamily contained members from all

species except P. kernoviae, while the PiAvr3a-PsAvrlb subfamily was missing
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representatives from P. brassicae, P. ramorum, and P. cinnamomi. Large species-specific
gene family expansions have occurred in P. capsici (10 members), P. megakarya (6
members) and P. palmivora (5 members), while smaller expansions (2-4 members) have
occurred in P. infestans, P. sojae, and P. kernoviae. All the Avr3a-like genes in P. capsici,
except PcAvr3al6, PcAvr3al7 and PcAvr3al8, organized in a single 187 kb cluster within
the PacBio assembly of LT263 (Fig. S1), indicating that they may arise from tandem
duplication events.

We used qRT-PCR to assay the transcript levels of PcAvr3al, PcAvr3a3, PcAvr3a5,
PcAvr3a6, PcAvr3all, PcAvr3al2, and PcAvr3al4 relative to PcActin-like genes during leaf
infection of its host plants Arabidopsis and N. benthamiana. (Fig. S2). The results revealed
that PcAvr3al4 exhibited the highest transcript levels during early infection of Arabidopsis
leaves (up to 100% of PcActin levels at 3-6 hpi), while PcAvr3a3 showed the highest
transcript levels during early infection of N. benthamiana leaves, up to 350% of PcActin at 3
hpi. PcAvr3a5 exhibited moderate transcript levels during Arabidopsis infection (up to 10%
of PcActin over 3-12 hpi) while PcAvr3al, PcAvr3a5, PcAvr3al2 and PcAvr3al4 exhibited
moderate transcript levels during N. benthamiana infection (up to 80% of PcActin over 3-24
hpi). Transcripts of PcAvr3a6 and PcAvr3all could barely be detected during infection of

either plant.

Multiple Phytophthora Avr3a-like effectors interact with AtCAD7

Considering the structural conservation and partial sequence conservation of Avr3a-like
effectors in Phytophthora spp. (Fig. 1, S3) we examined if there were host proteins targeted
by multiple Avr3a family members. We screened a cDNA library prepared from
Phytophthora parasitica-infected Arabidopsis leaves with PiAvr3a<' and PsAvrlb using a

yeast two-hybrid (Y2H) assay. Our analysis (Fig. 2a) revealed that both PiAvr3a“' and
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PsAvrlb interacted with AtCAD7. We thus hypothesized that AtCAD7 might be targeted by
other Avr3a-like effectors. To test this hypothesis, we examined the interactions of AtCAD7
with several other Avr3a-like effectors, including PiAvr3a™, PcAvr3al, and PcAvr3al2
(PcAvr3al2a) by pairwise Y2H. Consistently, all these effectors interacted with AtCAD7 in
the Y2H assay while the non-Avr3a-like RXLR effector PITG_23129 from P. infestans did
not (Fig. 2a).

To retest the interactions in plant cells, we employed bimolecular fluorescence
complementation (BiFC) assays. The effectors (PsAvrlb, PiAvr3a®, PiAvr3a™, PcAvr3al,
PcAvr3al2, and the control PITG_23129) were fused with the N-terminal fragment of YFP
(YFPM) and AtCAD7 was fused with the C-terminal fragment of YFP (YFPC). All these YFP
fragment-fused proteins were successfully expressed as verified by western blotting (Fig. S4).
Confocal microscopic observations revealed that the Avr3a-like effectors fused to YFP" and
AtCAD7 fused to YFP® complemented to produce YFP fluorescence in N. benthamiana (Fig
2b), while the control PITG_23129 did not (Fig. 2b). These results suggested that AtCAD7
could bind to the Avr3a-like effectors in planta.

We next extended the examination of Avr3a family proteins to PcAvr3a3, PcAvr3a5,
PcAvr3a6, PcAvr3all, and PcAvr3al4, using Y2H and BiFC assays (Fig. 3a-b). Both the
Y2H and BIFC assays indicated interactions of AtCAD7 with PcAvr3a3, PcAvr3a5 and
PcAvr3a6. However, PcAvr3all and PcAvr3al4d showed weak or inconsistent evidence,
respectively, for interactions with AtCAD?7.

We then used Co-IP assays to further validate the interactions of the PcAvr3a-like
proteins with AtCAD7. Myc-tagged AtCAD7 was co-expressed in N. benthamiana with GFP
fusions of each of the PcAvr3a-like proteins, then the effector proteins were recovered onto
GFP-Trap A beads, and the presence of AtCAD7 was determined by western blotting with

anti-Myc antibodies. The results (Fig. 3c) confirmed strong interactions of AtCAD7 with
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PcAvr3al, PcAvr3a6, and PcAvr3al2. PcAvr3all showed no interaction while PcAvr3a3,

PcAvr3a5 and PcAvr3al4d showed weaker interactions.

The CAD7 sub-family is expanded in plant genomes

Since N. benthamiana is a host for P. capsici and also for P. infestans, we were interested to
determine whether CAD7 proteins from N. benthamiana could be bound by Avr3a-like
effectors from these two pathogens. We first conducted a genome-wide analysis to determine
the distribution of CAD7 homologs in the genomes of N. benthamiana and other plant
species. As expected (Boerjan et al., 2003), we found that CAD family proteins were
conserved from moss to higher land plants. The proteins were distributed into 5 clades (Fig.
S5). The Arabidopsis CADs fell into four of the clades, with AtCAD4 and 5 together,
AtCAD?2, 3 and 9 together, AtCADG, 7 and 8 together, and AtCAD1 alone.

Interestingly, we observed that the CAD7 subfamily, containing AtCADG, 7 and 8, was
expanded in several plant genomes (Fig. S5). The CAD7 sub-family has 8 members in rice, 4
in maize, 8 in poplar, 3 in Arabidopsis, 7 in soybean, 15 in N. benthamiana, 9 in potato, 7 in
tomato, and 4 in pepper. In contrast, in the N. benthamiana genome, non-CAD7 clades
comprised only 6 members in total. Multiple co-orthologs of AtCAD7 and 8 were encoded in
N. benthamiana (marked with blue dots in Fig. S5). These co-orthologs grouped into six
sub-clades (7cl to 7¢6). Using bidirectional-best BLAST searches and OrthoMCL (L. et al.,
2003), we identified NbCAD7 (Niben101Scf02907g06016.1) in clade 7cl as the closest
ortholog of AtCAD7 and 8.

Since AtCAD7 and AtCADS8 were reported to be induced by bacterial and by fungal
elicitors (Schmelzer et al., 1989; Kiedrowski et al., 1992; Trezzini et al., 1993), we tested
whether transcript levels of AtCAD7, AtCADS8 and also AtCAD6 were elevated during

oomycete infection. Using gRT-PCR, we observed that AtCADG6 levels were increased just
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under four-fold at 12 h post inoculation, AtCAD7 transcripts were elevated over four-fold by
24 h post infection, and AtCADS transcripts were elevated over five-fold by 60 h post
inoculation (Fig. S6a-c). These observations were reinforced by using transgenic Arabidopsis
plants carrying the beta-glucuronidase gene (GUS) driven by the promoters of AtCADG6, 7 and
8 (Fig. S6d-f). Thus transcripts of all three Arabidopsis genes in the CAD7 clade appeared to
be moderately increased by P. capsici infection.

Since AtCADG6 and AtCADS transcript levels were elevated during infection along with
AtCADY7, and share sequence similarity with AtCAD7, we used a Y2H assay to test AtCAD6
and AtCADS8 proteins for interactions with PcAvr3al, PcAvr3a3, PcAvr3all, and
PcAvr3al2. The results suggested that AtCADG6 could interact with PcAvr3al2, but that

AtCADS could not interact with any of the four effectors (Fig. S7).

Targeting of NbCAD7 by P. capsici and P. infestans Avr3a-like effectors

To test if N. benthamiana co-orthologs of AtCAD7 could interact with Avr3a-like effectors
from P. capsici and P. infestans, we selected NbCAD?7 as a representative co-ortholog and
used Y2H, BIFC, and Co-IP assays to test its interactions with the effectors. While the BiFC
assays suggested that NbCAD7 might interact with all of the effectors tested (Fig. 3d,g), only
the interactions of NbCAD?7 with PcAvr3al2 and PiAvr3aEM were confirmed by both Co-IP
(Fig. 3f,h) and Y2H (Fig. 3e,i). PiAvr3aKI showed a weaker interaction by Co-IP and none
by Y2H (Fig 3e,i).

To investigate whether the CAD7 proteins and Avr3a-like effectors exhibited similar
subcellular distributions, we co-expressed GFP-AtCAD7 and GFP-NbCAD7 with
mCherry-PcAvr3al and mCherry-PcAvr3al2, respectively, in N. benthamiana. All fusion
proteins were expressed and intact in plant cells as determined by western blotting (Fig. S8a).

Confocal microscopic examination showed that mCherry-PcAvr3al and mCherry-PcAvr3al2
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both showed the same distributions in the cytoplasm and nucleus of plant cells as the two
GFP-CADY proteins (Fig. S8b-c). Thus the distributions of the CAD7 and Avr3a-like effector

proteins were consistent with the possibility that they interact with each other.

Silencing of AtCAD7 and NbCAD7 attenuates Phytophthora infection

To explore the function of the AtCAD7 gene during P. capsici infection, we analyzed
Arabidopsis T-DNA insertion mutant lines of AtCAD7. Unfortunately, RT-PCR verification
showed that the T-DNA insertion line (SALK _083037C) in the promoter of AtCAD7 did not
affect AtCAD7 expression (data not shown). We therefore silenced AtCAD7 in Arabidopsis
stable RNAI lines. Two silenced lines, Ri.1 and Ri.2 showed 97% and 76% silencing of
AtCAD7, based on qRT-PCR assays (Fig. 4a) whereas the transcript levels of AtCADS,
AtCADS8, and AtCADS5S were not significantly affected (Fig. S9a-c). Neither Ri.1 nor Ri.2
showed any phenotypic defects in growth (Fig. S10a). When inoculated with P. capsici, the
lesions at 2 dpi were slightly (20%) but significantly (P-value < 0.001) smaller on the RNAI
plants as compared to the wild type Col-0 (Fig. 4b-c).

To test the function of NbCAD7 during P. capsici and P. infestans infection of N.
benthamiana, we silenced NbCAD7 using VIGS. Due to the high sequence similarity among
the co-orthologs of NbCAD?7, it was difficult to silence NbCAD7 exclusively. To minimize
off-target silencing, a 300-bp fragment of NbCAD7 was designed using the SGN VIGS tool
(Fernandez-Pozo et al., 2015). Nevertheless, after agro-infiltration, qRT-PCR examination
showed that NbCAD7 (Fig. 4d) and also the three closest paralogs in clade 7c1, NbCAD1,
NbCAD2, and NbCAD5 (Fig. S9d-f) were silenced in plants expressing TRV::NbCAD7
(tNb7) as compared to plants expressing the control TRV::GFP (tGFP) construct. In contrast,
NbCAD18, the ortholog of AtCADS5, was unaffected (Fig. S9g). The tNb7 plants showed a

decreased growth rate as compared to control plants tGFP (Fig. S10b). Trypan blue staining
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showed that both P. capsici and P. infestans colonization in the tNb7 leaves was noticeably
reduced, as compared to the control tGFP leaves (Fig. 4e-f). The P. capsici lesion diameters
were slightly (9%) but significantly (P-value < 0.05) smaller in leaves expressing
TRV::NbCAD7 as compared to the tGFP control (Fig. 4g), while the P. infestans lesions were
47% smaller (P-value < 0.001) (Fig. 4h). Taken together, these results suggested that CAD7
silencing in Arabidopsis and N. benthamiana slightly reduced susceptibility against P. capsici

and P. infestans.

Overexpression of AtCAD7 in Arabidopsis enhances P. capsici colonization
To further examine the function of AtCAD7 during Phytophthora infection, we next
overexpressed AtCAD7 in Arabidopsis. After qRT-PCR screening, two independent lines
(OE7.7 and OE7.9) with significant elevation of AtCAD7 transcript levels (Fig. 5a) were
selected for further analyses. Neither line showed developmental phenotypes compared to the
wild type (WT) plants (Fig. S10c). Inoculation tests with P. capsici showed that pathogen
colonization was increased in OE7 plants as compared to WT (Fig. 5b) and P. capsici lesions
diameters in OE7 leaves were 38% larger (P-value < 0.01) than those in WT plants (Fig. 5c).
Concordantly, gPCR results indicated that the P. capsici biomass was significantly (P-value
<0.001) increased in OE7 plants, 3.6-fold in the case of OE7.7 (Fig. 5d). Taken together with
the results from the AtCAD?7 silencing plants, these results suggested that AtCAD7 supports
Phytophthora infection and might function as a negative regulator of plant defense against P.
capsici.

In contrast to AtCAD7, transient over-expression of NoCAD7 in N. benthamiana leaves
did not result in a significant increase in P. capsici lesion size (Fig. S11), perhaps because the

leaves already produced an over-abundance of NbCAD proteins.
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Mutations in the predicted enzyme activity sites of AtCAD7 do not abolish its
supportive function in P. capsici infection

Although AtCAD?7 has a very low enzymatic activity in vitro towards cinnamyl aldehydes as
compared to AtCADS5 (Kim et al., 2004), its close paralog, AtCADS, does have substantial
activity towards 2-methoxybenzaldehyde (Somssich et al., 1996). To test whether the
predicted enzymatic activity sites of AtCAD7 were necessary for its interactions with
Avr3a-like effectors and its negative role in plant defense against Phytophthora, we
generated plants carrying two independent mutations (Fig. 6a) that abolish two different sets
of key residues predicted to be required for enzyme activity (Bomati & Noel, 2005; Youn et
al., 2006) (Fig. S12). AtCAD7m1 (AtCAD7%*%* T484 5514 aholishes residues predicted to be
required for the binding of catalytic Zn*, NADP*, and substrates, while AtCAD7m2
(AtCAD75410A T2lIA, S2I2A, K234y - (isrypted the predicted NADP*-binding residues of
AtCAD7. BIFC assays showed that both mutants interacted with PcAvr3a5, PcAvr3al2 and
PcAvr3al4 as observed with wild-type AtCAD7 (Fig. 6b-c). Co-IP assays confirmed that
AtCAD7m2 interacted with all three Avr3a-like effectors (Fig. 6d) as observed for WT
AtCAD7 (Fig. 3c) (i.e. strongly with PcAvr3al2, and weakly with PcAvr3a5 and
PcAvr3al4). We thus conclude that the predicted key enzyme activity sites of AtCAD7 are
not required for its interactions with the tested Avr3a-like effectors.

We next generated Arabidopsis lines expressing AtCAD7m1 (OE7m1) or AtCAD7m2
(OE7m2) (Fig. 6e) driven by the 35S promoter. Similar to OE7, OE7m1 and OE7m2 plants
did not show any phenotypic changes in development (Fig. S10c). Neither set of mutations
noticeably altered the ability of AtCAD7 over-expression to increase susceptibility to P.
capsici infection (Fig. 6f-h). Thus, we conclude that the ability of AtCAD7 to promote P.

capsici infection does not require its putative enzymatic activity.
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To analyze the contribution of AtCAD?7 to lignification in Arabidopsis, we performed
lignin staining with the sectioned stems of AtCAD7-silenced Arabidopsis lines Ri.1 and Ri.2.
Both Wiesner (Fig. S13a) and Maule (Fig. S13b) staining reactions showed that stem xylems
of Ri plants had staining patterns similar to the WT plants. This confirmed earlier studies on
the minor function of AtCAD?7 in lignification (Kim et al., 2004; Kim et al., 2007) and
indicated that AtCAD?7 silencing had no noticeable impact on xylem lignification. In addition,
we also stained the inflorescence stems of the Arabidopsis over-expression lines, OE7 and
OE7m, with the WT plants as controls. Consistently, the dye intensities and staining patterns
of all xylem tissues visualized by the Wiesner (Fig. S13c) and Maule (Fig. S13d) reactions
did not show any differences. We thus conclude that the contribution of AtCAD?7 to lignin

biosynthesis is, at most, minor (Kim et al., 2004).

NbCAD7 amplifies the suppression of INF1-triggered cell death by PiAvr3a™'

Considering that PiAvr3a"' could suppress INF1-triggered plant immunity (Bos et al., 20086),
we performed cell death assays in NbCAD7-silenced plants (tNb7) and control plants (tGFP)
to investigate the role of NbCAD?7 in INF1-triggered immunity. To measure the severity of
cell death more precisely, we defined three cell death grades for treated N. benthamiana
leaves (Fig. 7a). Constructs carrying INF1 were agro-infiltrated into N. benthamiana plants
which had previously been inoculated with tNb7 and tGFP constructs, and the cell death
occurrence was recorded. ICD appeared in tNb7 leaves but not in tGFP leaves at 2 days post
infiltration (dpi) (Fig. 7b). Statistical analyses indicated that cell death triggered by INF1 was
significantly (P-value < 0.001) increased in tNb7 plants as compared to control plants tGFP
(Fig. 7c) at 2 dpi. This result suggested that ICD was accelerated by silencing of NboCAD?7.
We thus concluded that NbCAD?7 can suppress ICD. To further confirm this, we performed

cell death assays in N. benthamiana leaves transiently overexpressing NoCAD7 (Nb7OE) and
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in control leaves expressing GFP (GFP). Consistent with the results described above, cell
death triggered by INF1 was attenuated in Nb70E leaves as compared to the GFP leaves at 3
dpi (Fig. 7d-e). These results support that NbCAD7 can negatively regulate ICD. As shown
in Fig. S14, transient expression of AtCAD7 in N. benthamiana leaves could also negatively
regulate ICD, and this ability was not significantly affected by mutations in the predicted
enzyme active site of AtCAD?7.

Based on the above results, we hypothesized that NbCAD7 might modulate the
suppression of ICD by PiAvr3a“. To test this hypothesis, constructs containing either
PiAvr3a®' or control GFP were co-expressed with INF1 in NbCAD7-silenced plants (tNb7)
and control plants (tGFP). Cell death was scored at 3 dpi. The results showed that PiAvr3a
suppressed 83% of the ICD in tGFP control plants, but to a significantly lesser extent (35%)
in tNb7 plants (Fig. 7f). This indicated that the suppression of ICD by PiAvr3a“' was
attenuated in NbCAD7-silenced plants. Therefore, our results revealed that the ability of

PiAvr3a“' to suppress ICD was correlated with the transcript levels of NbCAD?.

AtCAD7 can suppress callose deposition, ROS burst, and WRKY33 expression

Considering that NbCAD?7 could suppress ICD, we further examined the ability of AtCAD7
to modulate innate immunity in Arabidopsis. Callose deposition in the plant cell wall is an
important barrier against pathogen attack and is a hallmark of PTI triggered by MAMP
molecules such as flg22 (Luna et al., 2011). Treatment of AtCAD7-overexpression lines
(OE7.7 and OE7.9) and AtCADT7-silencing lines (Ri.1 and Ri.2) with flg22 showed that
callose deposition in leaves was significantly reduced in OE7 leaves and increased in Ri
leaves as compared to wild-type (Fig. 7g). We also analyzed reactive oxygen species (ROS)
levels, which represents an early PTI response (Baxter et al., 2014; Mittler, 2017), using

DAB staining. The analysis showed that in contrast to the ROS burst in wild-type plants, a
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reduced oxidative burst was observed in AtCAD7-overexpression lines while an increased
burst was observed in AtCAD7-silencing lines (Fig. 7g). Statistical analyses across multiple
leaves revealed that both callose deposition and ROS levels were significantly reduced in
AtCAD7-overexpression lines but were enhanced in AtCAD7-silencing lines (Fig. 7h-i). To
investigate if the expression of defense-related genes was affected by AtCAD7
overexpression, we performed gRT-PCR assays (Fig. S15). This analysis revealed that among
all PTI genes tested, WRKY33, a transcription factor gene involved in PTI signaling and
defense against necrotrophs (Zheng et al., 2006), showed greatly reduced transcript levels in
Arabidopsis plants overexpressing AtCAD7. Taken together, these results indicated that

AtCAD7 could suppress flg22-triggered PTI responses.

AtCADY is stabilized by PiAvr3a and PcAvr3al2

The stability of several host targets of oomycete RXLR effectors is associated with the 26S
proteasome (Bos et al., 2010; Wang et al., 2015). To explore whether Avr3a-like effectors
could affect accumulation of AtCAD7 and whether the accumulation of AtCAD7 is
modulated by the 26S proteasome, A. tumefaciens carrying constructs encoding Myc-tagged
AtCAD7 was co-infiltrated into N. benthamiana along with A. tumefaciens carrying
constructs encoding GFP-tagged Avr3a®™, Avr3a', PcAvr3al2, or a GFP control. 26S
proteasome inhibitor MG132 or control dimethyl sulfoxide (DMSO) was injected at 36 hours
after agro-infiltration (hai) and samples were harvested at 48 hai. In the absence of MG132,
AtCAD7 showed increased accumulation in the effector-expressing leaves as compared to
GFP-expressing leaves (Fig. 8). However, in the presence of MG132, effector expression did
not affect AtCAD7 accumulation (Fig. 8). These results suggest that the effectors may
increase the accumulation of AtCAD7 by inhibiting 26S proteasome-mediated degradation of

AtCADT7. The increased AtCAD7-Myc protein accumulation in the effector-expressing plants
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was not due to an increased level of the RNA transcript (Fig. 8).

To further confirm the stabilization of AtCAD7 by Avr3a effectors in Arabidopsis, we
examined the AtCAD7-Myc accumulation in the presence and absence of Avr3a effectors in
Arabidopsis protoplasts. The result clearly showed that AtCAD7-Myc abundance was
increased by PiAvr3a and PcAvr3al2 (Fig. S16). We also performed stabilization
experiments with NbCAD7 in N. benthamiana but did not observe significantly increased
NbCAD7 accumulation by Avr3a-like effectors.

Since it was previously identified that PiAvr3a targets and stabilizes the E3 ligase
CMPG1 (Bos et al., 2010), we examined if NbCAD7 interacted with NoCMPGL1 directly.
Both Y2H and BiFC assays showed that there was no direct interaction between them (Fig.
S17a-b), suggesting an independent interaction of PiAvr3a with NbCAD7 and NbCMPGL.
Also, PcAvr3al? is unlikely to interact with NbCMPG1a or NbCMPGL1b, as revealed by

Y2H and BiFC (Fig. S17c-d).

Discussion

Phytophthora spp. possesses a large number of RXLR effectors, that are fast evolving due to
selection pressure imposed by the co-evolutionary conflict between pathogens and hosts
(Dangl & Jones, 2001; Jones & Dangl, 2006). Despite the diversity of RXLR effectors,
several families of effectors show substantial conservation across widely divergent species,
including families defined by PsAvh238 (Wang et al., 2011), PsAvh163 (Anderson et al.,
2012), HaAvh23/PsAvh73 (Deb et al., 2018), and especially PiAvr3a (Bos, 2007;
Vega-Arreguin et al., 2014). The conservation of Avr3a-like effectors, across at least six
Phytophthora clades, including the highly divergent P. kernoviae, suggests a particular

significance for this family for pathogenicity on diverse hosts.
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Here, we have shown, using Y2H, BIiFC, and Co-IP assays, that several Avr3a-like
effectors from P. capsici directly target the protein AtCAD7 in Arabidopsis and its closest
homolog in N. benthamiana, NbCAD7 (Fig. 2-3). PiAvr3a has been previously shown to
target the E3-ligase CMPG1 (Bos et al., 2010) as well as the GTPase DRP2 (Chaparro-Garcia
et al., 2015). Furthermore, PcAvr3al2 has been shown to bind to AtFKBP15-2 to suppress
endoplasmic reticulum-mediated plant immunity (Fan et al., 2018). Our results here showed
that NbCMPG1 did not bind to either NoCAD7 or PcAvr3al2, while PiAvr3a did not bind to
FKBP15-2 (Fan et al., 2018). Thus both PiAvr3a and PcAvr3al2 are revealed to have both
shared and specific targets in host plants. These observations also suggest that individual
oomycete RXLR effectors may have multiple physiologically relevant host target proteins.
Mukhtar et al (2011) also noted numerous examples of effectors from the oomycete
Hyaloperonospora arabidopsidis and the bacteria Pseudomonas syringae that bound multiple
Arabidopsis target proteins in a Y2H screen.

Our phylogenetic analysis revealed that the CAD7 sub-family of cinnamaldehyde
dehydrogenases, defined by AtCAD6, AtCAD7 and AtCADS8, has greatly expanded
compared to the other CAD sub-families. Of these AtCAD7 (Eli3-1) and AtCADS (Eli3-2), as
well as a parsley homolog, were previously reported to be strongly induced by P. sojae
elicitors (Gleave, 1992; Trezzini et al., 1993) and by Pseudomonas infection (Kiedrowski et
al., 1992). Furthermore, StuCAD6 (DRD-1), a closely related potato CAD gene, was reported
to be strongly induced during Erwinia infection of potato (Montesano et al., 2003). Our data
showed, likewise, that AtCAD6, AtCAD7 and AtCADS8 transcript levels were strongly
elevated during P. capsici infection of Arabidopsis leaves, albeit with different timing (Fig.
S6). AtCADY7 transcript levels exceeded AtCADG levels at all time points (Fig. S6), suggesting
that AtCAD7 represented the most important response to early infection; Of the three tested

AtCAD proteins, only AtCAD6 and AtCAD7 (but not AtCADS8) were targeted by
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PcAvr3a-like proteins, thus suggesting that the early-induced AtCADs are the primary targets
for PcAvr3a-like proteins. However, we cannot rule out that AtCAD8 (and other AtCAD
proteins) might be targeted by other P. capsici RXLR effectors, including other PcAvr3a-like
proteins that were not analyzed here.

Although cinnamaldehyde dehydrogenases are typically considered to function in lignin
production, our data indicate that the CAD7 sub-family proteins primarily have roles as
negative regulators of plant immunity. Silencing or over-expression of AtCAD7 in
Arabidopsis plants did not discernibly affect lignification (Fig. S13) but made the plants more
resistant (Fig. 4) and or susceptible (Fig. 5) to P. capsici, respectively. Similarly, silencing of
NbCAD7 made N. benthamiana leaves more resistant to P. capsici and especially to P.
infestans (Fig. 4), while over-expression did not produce a measurable increase in P. capsici
lesion size under the conditions of the assay (Fig. S11). The deposition of callose and
production of reactive oxygen species (ROS) were decreased significantly in the
AtCAD7-overexpressed plants treated with PTI inducer flg22, while they were significantly
increased in the AtCAD7-silenced plants (Fig. 7). Most strikingly, the transcript levels of the
transcription factor WRKY33 were reduced 3-4 fold in Arabidopsis plants over-expressing
AtCAD7 (Fig. S15). WRKY33 is a key transcription factor required for resistance of
Arabidopsis against necrotrophs. It is involved in PTI signaling and defense against
necrotrophs (Zheng et al., 2006). Consistent with this, N. benthamiana homolog of
WRKY33, WRKYS, is required for resistance against P. infestans and Botrytis cinerea
(Ishihama et al., 2011).

The negative regulatory role of the CAD7 proteins seems counter-intuitive, given their
strong induction during infection. However, the induction of negative regulators during a
defense response provides a mechanism to modulate or spatially restrict that response

(Rodriguez et al., 2016). Furthermore, Hillmer et al (2017) showed via a systems approach
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that negative feedback loops within plant defense signaling networks provide extensive
buffering against interference by pathogen effectors (Tyler, 2017). Thus, pathogen effectors
that target cinnamyl alcohol dehydrogenases to attack lignin biosynthesis might inadvertently
stimulate defense if they also target CAD7 sub-family proteins; in this context, the CAD7
sub-family proteins could be considered decoys. Intriguingly however, P. capsici and P.
infestans appears to have evolved Avr3a-like effectors that can exploit this negative feedback
loop to the advantage of the pathogen, highlighting once again the relentless nature of the
pathogen-plant arms race.

Our data show that over-expression of NbCAD7 in N. benthamiana leaves could
partially, but significantly, suppress ICD, while silencing of NoCAD7 could accelerate ICD.
Silencing of NbCAD7 could also significantly reduce the suppression of ICD by PiAvr3a®'
However, our data do not support the hypothesis that binding to NbCAD7 mediates the
ability of PiAvr3a' to suppress ICD. For example, PcAvr3al2 and PiAvr3a™ both interact
with NbCAD7 more strongly in the Y2H assays than PiAvr3a', yet neither effector can
suppress ICD. Thus we speculate that, PiAvr3a<' and NbCAD7 suppress ICD additively, or
possibly synergistically, through different pathways. These observations are consistent with
the finding that the binding of PiAvr3a“' to a different target, CMPGL, is required for
suppression of ICD (Bos et al., 2010). On the other hand, we cannot rule out the possibility
that the nature of the PiAvr3a“'-NbCAD7 interaction is different than the interaction of
NbCAD?7 with the other Avr3a-like effectors. For example, the Arabidopsis RIN4 protein is a
conserved target of bacterial effectors AvrB, AvrRPM1, and AvrRpt2, but while AvrB and
AvrRPM1 induce phosphorylation of RIN4 (Mackey et al., 2002). AvrRpt2 induces its

post-transcriptional disappearance (Mackey et al., 2003).

This article is protected by copyright. All rights reserved.



AtCAD7 and also AtCAD1, AtCADG6, AtCADS8 and AtCAD9, were previously reported
to make, at most, minor contributions to lignification (Kim et al., 2007), which is supported
by our observations (Fig. S13). AtCADS, which is closely similar to AtCAD7, was reported
to exhibit 2-methoxybenzaldehyde dehydrogenase activity (Somssich et al., 1996), as was
StuCAD6 (DRD-1) (Montesano et al., 2003). Furthermore, the two closest homologs of
AtCAD?7 in cucumber, CsCAD3 and CsCAD4, also preferred 2-methoxybenzaldehyde as a
substrate (Varbanova et al., 2011). Thus AtCAD7 and NbCAD7 might also exhibit
2-methoxybenzaldehyde dehydrogenase activity. However, our data indicate that the
predicted active site residues of AtCAD7 are not required for its negative regulation of
immunity. We speculate that this dual role of the AtCAD7 and NbCAD7 proteins may serve
to coordinate immune function with lignification in lignifying tissues, perhaps to redirect the
products of the phenylpropanoid pathway away from defense compounds.

The mechanism(s) by which Avr3a-like effectors exploit the negative regulatory function
of CAD7 proteins to inhibit defense are not yet fully clear. Our data showed that
over-expression of PiAvr3a®!, PiAvr3a®™, or PcAvr3al2 could stabilize co-expressed
AtCAD7 protein in N. benthamiana leaves and Arabidopsis protoplasts, by inhibiting the
degradation through 26S proteasome (Fig. 8, Fig. S16). However, co-expressed NbCAD7
protein was not detectably stabilized in a similar experiment. It is possible that the Avr3a-like
effectors do indeed act to stabilize CAD7 proteins, but that features of the assay, including
especially the presence of an abundance of endogenous NbCAD7-subfamily proteins, may
obscure the full extent of the stabilization. On the other hand, it is plausible that binding of
the effectors activates CAD7 function via other mechanisms, for example by stabilizing the
binding of CAD?7 to the target that it negatively regulates, or by displacing CAD7 from an

inhibitor protein.
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In summary, the Avr3a-like effectors could target and exploit CAD7, a negative

regulator of plant innate immunity, to facilitate pathogen infection by suppressing plant PTI

(Fig. 9).
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Figures Legends

Fig 1. Avr3a-like effectors are distributed widely across Phytophthora species.

(&) The number of Avr3a-like (Avr3aL) sequence matches in the genome of 10 surveyed
Phytophthora species. The phylogeny is based on previous description of Phytophthora
genus (Kroon et al., 2012). (b) Phylogenetic analysis of Avr3a-like effectors in the genus of
Phytophthora. The Avr3a-like effectors that specifically expanded in P. capsici were
highlighted in yellow. The six query sequences were indicated by black triangles, and the
PcAvr3a-like effectors further characterized in this study were indicated by red circles. The
phylogenetic relationship was inferred by PhyML based on alignment generated with
M-Coffee. Color key (from green to red) indicates the aLRT SH-like branch support value,
from low to high. Black dot marks the root of phylogenetic tree.

Fig 2. Multiple Phytophthora Avr3a-like effectors interact with CAD?7.

(a) A. thaliana CAD7 (AtCADY7) interacts with Avr3a-like effectors as determined by a Y2H
assay. AtCAD7gs353 on pGADT7 (AD) vector, which was derived from cDNA library
screening, was used to confirm the interactions with effectors (PsAvrlb, PiAvr3a”,
PiAvr3a™, PcAvr3al, PcAvr3al2, and PITG 23129) cloned into pGBKT7 (BD). Yeast
transformants  were separately  transferred onto SD/-Leu/-Trp (SD-LT),
SD-Leu/-Trp/-His/-Ade (SD-LTHA), and SD/-Leu/-Trp/-His/-Ade medium with 40 pg/ml
X-a-gal (SD-LTHA/X). The growth of yeast transformants on SD-LT medium demonstrated
successful transformations. The growth of yeast transformants on SD-LTHA (His and Ade
reporter genes activated) and blue color on SD-LTHA/X (LacZ reporter gene activated)
indicate interactions. Pictures were taken after 3 days of culture. (b) AtCAD?7 interacts with
Avr3a-like effectors in the BiFC assay. The effectors fused with the N terminus of YFP and
AtCAD?7 fused with the C terminus of YFP were transiently co-expressed in N. benthamiana

and examined by confocal microscopy at 3 days post infiltration (dpi). The complementation
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of fluorescence indicates interaction between assayed proteins. The candidate RXLR effector
PITG_23129 from P. infestans served as a control.

Fig 3. Host CAD7s are conserved targets of Phytophthora Avr3a-like effectors.

(a-c) AtCADY7 interacts with Avr3a-like effectors from P. capsici in BIiFC (a), Y2H (b) and
Co-IP (c) assays. The proteins used for Co-IP were derived from N. benthamiana
co-expressed AtCAD7-Myc with GFP-PcAvr3al, GFP-PcAvr3a3, GFP-PcAvr3all,
GFP-PcAvr3a6, GFP-PcAvr3al2, GFP-PcAvr3a5, GFP-PcAvr3al4, and GFP-PITG_23129.
Total proteins were then subjected to incubation with GFP-Trap_A beads and anti-Myc
(e-Myc) immune blotting of the output was used to identify the co-immunoprecipitation of
AtCAD7-Myc with GFP-effectors. (d-f) N. benthamiana CAD7 (NbCAD7) interacts with
Avr3a-like effectors from P. capsici in BiFC (d), Y2H (e) and Co-IP (f) assays. In Co-IP
assays, NbCAD7-FLAG was coexpressed with GFP-PcAvr3al, GFP-PcAvr3al2,
GFP-PcAvr3al28, and GFP-PITG_23129. Anti-FLAG (a-FLAG) immune blotting of the
output was used to identify the co-immunoprecipitation of NbCAD7-FLAG with
GFP-effectors. (g-i) NbCAD?7 interacts with Avr3a-like effectors from P. infestans in BiFC
(9), Co-IP (h), and Y2H (i) assays. In Co-IP assays, NbCAD7-Myc was coexpressed with
GFP-PiAvr3a™ GFP-PiAvr3a¥', and GFP-PcAvr3al. Anti-Myc immune blotting of the
output was used to identify the co-immunoprecipitation of NbCAD7-Myc with
GFP-effectors. The complete proteins of GFP-effectors were marked with red asterisks. Note

that all these Co-IP assays are qualitative rather than quantitative experiments.

Fig 4. Silencing of CAD7 enhances resistance against Phytophthora.

(a-c) Silencing of AtCAD7 decreased the colonization of P. capsici in Arabidopsis. (a)
AtCAD?7 is down-regulated in two independent RNAI lines (Ri.1 and Ri.2) compared with
that of the wild type Col-0 (WT). Total RNA extracted from Ri.1, Ri.2, and the WT plants
was used for quantification of AtCAD7 transcripts by gRT-PCR. Constitutively expressed
AtUBC9 was used as a reference gene. Error bars represent the standard deviations from three
individual transgenic plants derived from each independent transformation line. (b) Trypan
blue staining showed that the colonization of P. capsici in Ri.1 and Ri.2 leaves was decreased
as compared to that in WT. (c) Statistical analyses of the lesion diameters of P. capsici
infection in the WT and RNAI plants at 2 days post inoculation (dpi). (d-h) Silencing of
NbCAD7 decreased the colonization of P. capsici and P. infestans in N. benthamiana. (d)
Statistical analyses of qRT-PCR results showed that NoCAD7 was down-regulated by 50% to
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82% in TRV::NbCAD7 (tNb7) plants as compared to the TRV::GFP (tGFP) plants. Total
RNA extracted from N. benthamiana expressing TRV::NbCAD7 and TRV::GFP at 4 weeks
after infiltration was used for qRT-PCR. Constitutively expressed NbEF1o was used as a
reference gene. Three biological replicates were independently derived from VIGS plants and
each replicate contained six leaves from three VIGS plants (two leaves from each plant) in
the same batch. Error bars represent the standard deviations from three individual VIGS
plants. Trypan blue staining showed that the lesions caused by P. capsici (e) and P. infestans
() that developed in N. benthamiana leaves expressing TRV::NbCAD7 were smaller than
that in the control leaves expressing TRV::GFP. The inoculations were performed 4 weeks
after agro-infiltration with TRV constructs. P. capsici infections were observed at 2 dpi and
P. infestans infections were observed at 8 dpi. Boxplots showing the statistical analyses of
lesion diameters in tNb7 and tGFP leaves infected by P. capsici (g) and P. infestans (h). Each
boxplot illustrates lesion diameters measured from more than 10 leaves from the same batch;
each inoculation test was repeated at least four times with similar results. In (c, g, h), the
upper quartile, median, and lower quartile were showed in each box, while the bars outside
the box indicated the 5th and 95th percentiles. In (a, ¢, d, g, h), one-sided t-tests were used to

assess significances, “*” indicates P-value < 0.05, and “***” indicates P-value < 0.001.

Fig 5. Overexpression of AtCAD7 decreases resistance against P. capsici.

(a) AtCADY is up-regulated in two independent overexpression lines (OE7) compared with
wild-type Col-0 (WT) in the absence of infection. Constitutively expressed AtUBC9 was used
as a reference gene. Error bars represent the standard deviations from three individual
transgenic plants derived from each independent transformation line. (b) Trypan blue staining
showed that colonization by P. capsici increased in OE7 as compared to WT. (c) Statistical
analyses of the lesion diameters of P. capsici infection in the WT and OE7 plants at 2 dpi.
Each boxplot illustrates the lesion diameters measured from at least 10 leaves. The
experiment was repeated at least four times with similar results. (d) Statistical analyses of the
P. capsici biomass in the infected leaves of the WT and OE7 plants. The biomass was
measured as the ratio of the pathogen DNA relative to the host plant DNA as determined by
gRT-PCR. P. capsici ACTIN (PcACTIN) and Arabidopsis UBC9 (AtUBC9) were used as
reference genes in gPCR analyses. The biomass in the WT plants was set to 1. Each boxplot
summarizes the biomass measured from six individuals. The leaves of 4-week old
Arabidopsis were inoculated with zoospores of P. capsici strain LT263. In (c, d), the upper
quartile, median, and lower quartile were showed in each box, while the bars outside the box
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indicated the 5th and 95th percentiles. In (a, ¢, d), one-sided t-tests were used to assess
significances, “**” indicates P-value < 0.01 and “***” indicates P-value < 0.001.

Fig 6. Mutations in the predicted enzyme activity sites of AtCAD7 do not affect its
function as a negative regulator of plant immunity or its interaction with Avr3a-like
effectors.

(a) Overview of two AtCAD7 mutants (AtCAD7m1 and AtCAD7m2) that were mutated at
the enzyme activity sites. (b-c) Both AtCAD7m1 and AtCAD7m2 interacted with Avr3a-like
effectors in the BIFC assay. PITG_23129 was used as a control. (d) AtCAD7m2 interacted
with Avr3a-like effectors in Co-IP assays. The proteins used for Co-IP were derived from N.
benthamiana co-expressing AtCAD7m2-Myc with GFP-PcAvr3ald, GFP-PcAvr3as,
GFP-PcAvr3al2, and GFP-PITG_23129. Total proteins were then subjected to incubation
with GFP-Trap_A beads and anti-Myc (a-Myc) immune blotting of the output was used to
identify the co-immunoprecipitation of AtCAD7-Myc with GFP-effectors. The complete
proteins of GFP-effectors are marked with red asterisks. (e) AtCAD?7 is up-regulated in
OE7m1 and OE7m2 plants compared with that of the wild type Col-0 (WT). Total RNA
extracted from OE7m1.1, OE7m1.2, OE7m2.1, OE7m2.2, and the WT plants was used for
quantification of AtCAD7 transcripts by gRT-PCR. Constitutively expressed AtUBC9 was
used as a reference gene. Error bars represent the standard deviations from three individual
transgenic plants of each independent transformation line. (f) Trypan blue staining showed
that the colonization of P. capsici in OE7m1 and OE7m2 leaves increased compared with
that in the WT. (g) Statistical analysis indicates that the lesion diameters in OE7m1 and
OE7m2 leaves were significantly larger than in the WT. OE7m1 and OE7m2 represent the
transgenic Arabidopsis lines expressing AtCAD7 mutants. All leaves were challenged with
zoospores of P. capsici LT263 and the phenotypes were observed at 2 dpi. The experiments
were repeated three times with similar results. (h) Statistical analyses of the P. capsici
biomass in the infected leaves of the WT (Col-0) and OE7m plants. The biomass was
measured as the ratio of the pathogen DNA relative to the host plant DNA as determined by
gRT-PCR. P. capsici ACTIN (PcACTIN) and Arabidopsis UBC9 (AtUBC9) were used as
reference genes in gRT-PCR analysis. Biomass of the WT plants was set to 1. Each boxplot
summarizes the biomass measured from six individuals. In (g, h), the upper quartile, median,
and lower quartile were showed in each box, while the bars outside the box indicated the 5th
and 95th percentiles. In (e, g, h), one-sided t-tests were used to assess significances, “*”

indicates P-value < 0.05, “**” indicates P-value < 0.01 and “***” indicates P-value < 0.001.
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Fig 7. CAD7 suppresses PTI in the host plant.

(a) Three different levels of plant cell death are defined according to the percentage of the
cell death area developed in the infiltration area. (b-c) Phenotypes (b) and statistical analyses
(c) of plant cell death triggered by INF1 in N. benthamiana expressing TRV::NbCAD7 (tNb7)
and TRV::GFP (tGFP) indicate that silencing of NboCAD7 promotes ICD specifically. (d-e)
Phenotypes (d) and statistical analyses (e) of the plant cell death triggered by INF1 in N.
benthamiana overexpressing NbCAD7 and GFP indicate that overexpression of NbCAD7
attenuates ICD. In (c) and (e), the cell death was observed from their first appearance;
statistical analyses were based on the most representative stage of the cell death as indicated
in the bottom of each column. The differences in cell death in the N. benthamiana leaves
were assessed by one-sided Wilcoxon rank-sum tests. Numbers above the columns indicate
the total number of infiltration sites used for statistical analyses. (f) Silencing of NbCAD7
attenuates the ability of PiAvr3a to suppress ICD. The ability of PiAvr3a to suppress ICD is
compromised in tNb7 plants as compared to control tGFP plants. Percentages indicate the
inhibition efficiency of PiAvr3a"' to suppress ICD in tNb7 plants and tGFP plants at three
days post infiltration. The differences of cell death percentage in N. benthamiana leaves were
assessed using a Fisher’s exact test. Each experiment was repeated at least three times with
highly similar results. (g) Aniline blue and DAB staining assays to show callose deposition
and ROS burst, respectively. Arabidopsis leaves from AtCAD7-overexpression lines (OE7),
AtCAD7-silencing lines (Ri) and the wild-type Col-0 (WT) were treated with 1 uM flg22
before staining. (h) Violin plot showing the relative intensity of callose deposition from
multiple leaves of Arabidopsis. (i) Violin plot showing the relative intensity of ROS burst
from multiple leaves of Arabidopsis. In (h-i), the intensities were quantified by the number of
callose or ROS-corresponding pixels and were normalized with the intensities in WT, and
one-sided t-tests were used to assess significances. In (c, e, f, h, and i), “*” indicates P-value
< 0.05, “**” indicates P-value < 0.01, “***” indicates P-value < 0.001, and “****> indicates

P-value < 0.0001.

Fig 8. AtCAD? is stabilized by Avr3a-like effectors in a 26S proteasome-dependent
manner.

Proteins were derived from N. benthamiana plants co-expressing AtCAD7-Myc and
GFP-PiAvr3a", GFP-PiAvr3a™, GFP-PcAvr3al2, or the control (GFP) at two days post
Agrobacterium infiltration. Proteasome inhibitor MG132 or control dimethyl sulfoxide
(DMSO, i.e. -MG132) was infiltrated 12 hours before harvest. Total proteins were extracted
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and subjected to SDS-PAGE, followed by anti-Myc (a-Myc) immuno-detection of
AtCAD7-Myc in the absence or presence of MG132. The recombinant fusion proteins of
GFP-effectors are marked with red asterisks. Protein loading is shown by Ponceau S staining.
RT-PCR assays for AtCAD7 expression in N. benthamiana were performed to assure equal

levels of RNA transcripts. NbEF1a was used an internal control.

Fig 9. Proposed model for the role of CAD7 in the negative regulation of plant
immunity.

Multiple Avr3a-like effectors target and stabilize CAD7, which suppresses PTI as indicated
by the suppression of INF1-triggered cell death, callose deposition, ROS burst, and WRKY33
transcription. The PTI suppression renders plants susceptible to pathogen infection. During
evolution, CAD7 diversification was driven by interactions with Phytophthora pathogens,
being frequently exploited as a susceptibility factor targeted by pathogen effectors. Colored
circle dots represent multiple Avr3a-like effectors.

Supporting Information
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Normalized AtCAD7 expression
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