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Abstract
Arabidopsis thaliana proteins NECROTIC SPOTTED LESIONS 1 (NSL1) and CONSTITUTIVE ACTIVE DEFENSE 1
(CAD1) have previously been linked to immunity against phytopathogens such as Pseudomonas syringae pv. tomato (Pst)
DC3000 (Noutoshi et al. 2006; Tsutsui et al. 2008; Asada et al. 2011; Fukunaga et al. 2017; Holmes et al. 2021). Here, we
used a yeast 2-hybrid (Y2H) approach to explore their potential to interact with Pst DC3000 effectors. We found that NSL1,
but not CAD1, interacted with the Pst DC3000 effector HopM1. Although further experiments are needed to validate this
interaction, our results suggest that NSL1 may be a host target of HopM1.

Figure 1. Y2H screen identifies Arabidopsis protein NSL1 as an interactor of Pst DC3000 effector HopM1:

(A) Table summarizing the results of a pairwise yeast 2-hybrid interaction screen between 23 Pst DC3000 effectors and
Arabidopsis proteins NSL1, CAD1, CPK28, and BIK1. Growth (+) of AH109 yeast cells on media lacking Leu and Trp (-LW)
indicates successful co-transformation of bait and prey plasmids, while growth (+) on media lacking Leu, Trp, and His (-LWH)
indicates activation of the His biosynthesis marker gene. No growth (-) on -LWH media indicates no activation of the reporter
gene. The screen was completed twice with the same results. (B) Dilution series of AH109 cells independently co-transformed
with NSL1-AD and HopM1-DB indicates strong growth on both -LW and -LWH media, while AH109 cells independently co-
transformed with CAD1-AD and HopM1-DB, or NSL1-AD and empty DB vector only grow on -LW media. This experiment
was repeated three times with the same results.
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Description
Arabidopsis proteins NSL1 (At1g28380) and CAD1 (At1g29690) contain domains with homology to membrane attack
complex (MAC) and perforin (PF) proteins (Noutoshi et al. 2006; Tsutsui et al. 2008; Fukunaga et al. 2017; Holmes et al.
2021). In mammals, MACPF proteins form pores in plasma membranes and are well-known and critical components of
adaptive immunity (Lukoyanova et al. 2016). While the ability of MACPF proteins to form pores in plant cell membranes has
not been shown, both NSL1 and CAD1 are likely to be involved in the plant immune response since loss-of-function nsl1 and
cad1 mutants display hallmarks of autoimmunity such as high levels of salicylate, enhanced expression of pathogenesis-
related genes, and enhanced resistance against the bacterial pathogen Pseudomonas syringae pv. tomato (Pst) DC3000
(Noutoshi et al. 2006; Tsutsui et al. 2008; Fukunaga et al. 2017; Holmes et al. 2021). Pathogens such as Pst DC3000 secrete
effector proteins into host cells to interfere with immune signaling (Wang et al. 2022). The presence of pathogen effectors is
detected by cytoplasmic nucleotide binding leucine rich repeat (NLR) receptors that re-localize to the plasma membrane as
pore-forming resistosomes resulting in a form of programmed cell death known as the hypersensitive response (HR) (Huang et
al. 2023). Because nsl1 and cad1 mutants display constitutive cell death reminiscent of uncontrolled HR, which can be
suppressed by genetically blocking NLR signaling, we and others hypothesized that NSL1 and CAD1 may be targeted by
pathogen effectors and that their integrity may be guarded by NLRs (Noutoshi et al. 2006; Tsutsui et al. 2008; Fukunaga et al.
2017; Holmes et al. 2021).

 

Previous studies have used the yeast 2-hybrid (Y2H) approach to map the Arabidopsis interactome of effectors from unrelated
pathogen species (Mukhtar et al. 2011; Weßling et al. 2014). A main conclusion from these studies was that effector proteins
from diverse pathogen kingdoms tend to interact with an overlapping range of host targets. To test the hypothesis that NSL1
and/or CAD1 may be directly targeted by pathogen effectors, we conducted a Y2H screen to test for association between
NSL1, CAD1, and 23 effectors from the bacterial phytopathogen Pseudomonas syringae pv. tomato (Pst) DC3000. The Y2H
method is based on the principle that the yeast Gal4 transcription factor can be split into its DNA binding (BD) and DNA
activation (AD) domains (Fields and Song 1989). When 'bait' and 'prey' proteins are translationally fused to the BD and AD
domains and expressed in yeast, interaction between the proteins reconstitutes Gal4 and drives the expression of reporter
genes. The yeast strain AH109 is auxotrophic for the ability to synthesize amino acids Leu, Trp, and His. The ‘bait' and ‘prey'
plasmid vectors carry the genetic capacity to confer Leu and Trp biosynthesis, respectively, and reconstituted Gal4 drives
transcription of the His biosynthesis gene, thus allowing for the selection of interacting protein binding partners via growth on
media lacking Leu, Trp, and His. Here, we cloned 23 Pst DC3000 effectors as baits in frame with Gal4-DB, and cloned NSL1
and CAD1 as preys in frame with the Gal4-AD. NSL1 and CAD1 were transformed into AH109 with each of the 23 Pst
DC3000 effectors in a pairwise manner. Successful transformants were obtained for NSL1, CAD1, and each of the Pst
DC3000 effector pairs, as is demonstrated by growth on media lacking Leu and Trp (Figure 1A). We found that both NSL1
and CAD1 co-transformed with effectors HopO1, HopP1, AvrPto, and HopK1 exhibited strong growth when re-plated on
restrictive media lacking His (Figure 1A), suggesting potential positive interactions. However, HopO1, HopP1, AvrPto, and
HopK1 also exhibited strong growth on restrictive media when co-transformed with two other unrelated Arabidopsis prey
proteins that we employed as controls - BOTRYTIS INDUCED KINASE 1 (BIK1; At2g39660) and CALCIUM
DEPENDENT PROTEIN KINASE 28 (CPK28; At5g66210) (Figure 1A). The promiscuous range of interactions displayed by
these baits suggests that they are false-positives. We therefore discounted NSL1 and CAD1 as putative interactors of HopO1,
HopP1, AvrPto, and HopK1. Conversely, we found that yeast co-transformed with HopM1 and NSL1 were able to grow on
media lacking His, which was not observed when HopM1 was co-transformed with CAD1, BIK1 or CPK28 (Figure 1A). We
further confirmed this interaction in independent transformations alongside controls (Figure 1B). Together, our results indicate
that HopM1 and NSL1 can associate with each other in the Y2H system, providing preliminary evidence that NSL1 may be a
novel target of the Pst DC3000 effector HopM1.

 

HopM1 is a 712-amino acid protein belonging to the minimal effector repertoire of Pst DC3000 required to promote
pathogenicity (Cunnac et al. 2011) that suppresses disease resistance in Nicotiana benthamiana (Oh and Collmer 2005) and
Arabidopsis (Nomura et al. 2006, 2011; Lozano-Durán et al. 2014). Furthermore, HopM1 induces leaf-soaking and
proteophagy in Arabidopsis (Xin et al. 2016; Üstün et al. 2018; Roussin-Léveillée et al. 2022). In a previous Y2H screen using
a truncated variant of HopM1 containing only its N-terminus (HopM11-300), 21 unrelated proteins from Arabidopsis were
identified and named as Arabidopsis HopM1-interactors (AtMINs). Interestingly, co-expression of selected AtMIN proteins
with full-length HopM11-712 resulted in their degradation in yeast cells, suggesting that HopM1 interacts with AtMINs via its
N terminus and mediates their degradation via its C terminus (Nomura et al. 2006). We detected interaction between HopM11-

712 and NSL1, which suggests that NSL1 is not degraded in yeast and points towards a different mechanism.
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One target of HopM1 is the endomembrane-localized adenosine diphosphate ribosylation factor guanine nucleotide exchange
factor protein AtMIN7 (At3g43300), allowing it to intercept protein trafficking (Nomura et al. 2006, 2011). Notably, AtMIN7
is genetically required for the immune-induced accumulation of CAD1, and AtMIN7 and CAD1 were recently shown to
contribute to microbial community composition in the phyllosphere (Chen et al. 2020). NSL1 similarly localizes to the plasma
membrane and accumulates following detection of the immunogenic peptide flg22 (Fukunaga et al. 2017). As part of other
work, we identified putative NSL1 binding partners following affinity purification of NSL1-YFP from nsl1-1/35S:NSL1-YFP
transgenic lines compared to controls (Dias et al. 2023). Although preliminary, we identified AtMIN7 as a putative association
partner of NSL1 (Dias et al. 2023). While CAD1 did not interact with HopM1 in the Y2H assay, the potential association of
AtMIN7 with both CAD1 (Chen et al. 2020) and NSL1 (Dias et al. 2023) suggests a possible connection between HopM1
target proteins.

 
Overall, we identified the Arabidopsis protein NSL1 as a putative novel interactor of Pst DC3000 effector HopM1 in a Y2H
experiment. Further work is necessary to determine if this interaction occurs in planta during an infection, and if so, how this
interaction contributes to pathogen virulence or host immunity.

Methods
Molecular cloning: The open reading frames of CAD1, NSL1, CPK28, and BIK1 were PCR-amplified from existing plasmids
using Q5 Taq Polymerase (New England Biolabs; NEB), and cloned into Gateway-compatible pENTR entry vectors using
Gibson Assembly Master Mix (NEB) according to the manufacturer's instructions (Gibson et al. 2009). The Gateway-
compatible Pst DC3000 effector library in pEarlyGate201 was previously described (Gimenez-Ibanez et al. 2018). Individual
effectors were shuttled from pEarlyGate201 into pDONR207 using BP Clonase (Invitrogen) according to the manufacturer's
instructions. LR Clonase II Enzyme Mix (Invitrogen) was used to shuttle inserts from the pENTR or pDONR207 entry vectors
into the pDEST22 (Invitrogen, ProQuestTM Two Hybrid System) or the pDEST-DB destination vectors (Dreze et al. 2010)
according to the manufacturer's instructions. All vectors were verified by Sanger sequencing (The Genome Analysis Centre,
Toronto; Eurofins Genomics Europe, Germany). All vectors, primers, and reagents used in this study are described in Tables
1-3.

 

Yeast 2-hybrid: Auxotrophic AH109 yeast cells were co-transformed with Gal4-DNA Binding Domain (pDEST-DB) and
Gal4-AD (pDEST22) plasmids carrying Pst DC3000 effectors and Arabidopsis proteins respectively. AH109 cells were
cultured in liquid yeast peptone dextrose media (YPD; Bioshop) and grown until mid-logarithmic phase (OD546 0.6 – 1.0) at
30⁰C. Cells were pelleted by centrifugation at 1,592 x g for 5 minutes, washed with sterile water, resuspended in 100 mM
LiAc, and incubated at 30⁰C for 10 minutes. After incubation, cells were aliquoted into individual tubes and mixed in a 1:3
ratio with transformation buffer (33% (v/v) PEG-3350; 100 mM LiAc; 0.27 mg/mL boiled single stranded salmon sperm DNA
(Sigma-Aldrich); 10% (v/v) DMSO), along with 100 ng of each of the pDEST-DB and pDEST22 plasmids. The cells were
lightly vortexed to mix, incubated at 30⁰C for 30 minutes, and then transferred to 42⁰C for 40 minutes. Transformed cells were
pelleted by gentle centrifugation for 1 minute and resuspended in water, plated onto pre-warmed agar plates lacking Leu and
Trp (-LW) containing yeast nitrogen base without amino acids (Bioshop), yeast synthetic drop-out medium supplements
without His, Leu, Trp, and Ade (Sigma Aldrich), 2% (v/v) glucose, 0.8 mM histidine-HCl, and 150 mg/L adenine sulfate
(Bioshop). Selection plates lacking His (-LWH) were made without the addition of Histidine-HCl. After three days of recovery
on -LW plates, individual yeast colonies were subcultured on fresh -LW and -LWH plates, incubated at 30⁰C, and grown for
three days. Cells grown on -LW plates were used to inoculate liquid -LW media, cultured overnight at 30⁰C, diluted to an
OD546 of 0.1, followed by serially 10-fold diluted. 10 µL of each dilution was dropped onto -LW and -LWH plates using a
multi-channel pipette and incubated at 30⁰C for three days. All reagents used in this study are described in Table 3.
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Reagents
Table 1: Clones used in this study.

Name Gene ID Notes Reference

pDEST22-NSL1 At1g28380 Gal4AD-tagged NSL1 (A.
thaliana) This study; cloned by IS.

pENTR-NSL1 (NP/NS) At1g28380

pENTR entry clone
containing the open reading
frame of NSL1 (A. thaliana)
with no promoter (NP) and no
stop codon (NS)

(Holmes et al. 2021)

pDEST22-CAD1 At1g29690 Gal4AD-tagged CAD1 (A.
thaliana) This study; cloned by IS.

pENTR-CAD1 (NP/OS) At1g29690

pENTR entry clone
containing the open reading
frame of CAD1 (A. thaliana)
with no promoter (NP) and
endogenous stop codon (OS)

This study; cloned by IS.

pDEST22-BIK1 At2g39660 Gal4AD-tagged BIK1 (A.
thaliana) This study; cloned by IS.

pENTR-BIK1 (NP/NS) At2g39660

pENTR entry clone
containing the open reading
frame of BIK1 (A. thaliana)
with no promoter (NP) and no
stop codon (NS)

This study; cloned by IS.

pDEST22-CPK28 At5g66210 Gal4AD-tagged CPK28 (A.
thaliana) This study; cloned by IS.

pENTR-CPK28 (NP/NS) At5g66210

pENTR entry clone
containing the open reading
frame of CPK28 (A. thaliana)
with no promoter (NP) and no
stop codon (NS)

(Monaghan et al. 2014)

pDONR207 and pDEST-DB-
HopO1 PSPTO_A0018 Gal4BD-tagged HopO1 (Pst

DC3000) This study; cloned by ADF.

pDONR207 and

pDEST-DB-HopM1
PSPTO_1375 Gal4BD-tagged HopM1 (Pst

DC3000) This study; cloned by ADF.

pDONR207 and
 pDEST-DB-HopN1 PSPTO_1370 Gal4BD-tagged HopN1 (Pst

DC3000) This study; cloned by ADF.
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pDONR207 and

pDEST-DB-HopAD
PSPTO_4691 Gal4BD-tagged HopAD (Pst

DC3000) This study; cloned by ADF.

pDONR207 and

pDEST-DB-HopY
PSPTO_1372 Gal4BD-tagged HopY (Pst

DC3000) This study; cloned by ADF.

pDONR207 and

pDEST-DB-HopT
PSPTO_A0019 Gal4BD-tagged HopT (Pst

DC3000) This study; cloned by ADF.

pDONR207 and

pDEST-DB-HopAB2
PSPTO_3087 Gal4BD-tagged HopAB2 (Pst

DC3000) This study; cloned by ADF.

pDONR207 and

pDEST-DB-HopX
PSPTO_A0012 Gal4BD-tagged HopX (Pst

DC3000) This study; cloned by ADF.

pDONR207 and

pDEST-DB-HopP1
PSPTO_2678 Gal4BD-tagged HopP1 (Pst

DC3000) This study; cloned by ADF.

pDONR207 and

pDEST-DB-HopC1
PSPTO_0589 Gal4BD-tagged HopC1 (Pst

DC3000) This study; cloned by ADF.

pDONR207 and

pDEST-DB-HopF2
PSPTO_0502 Gal4BD-tagged HopF2 (Pst

DC3000) This study; cloned by ADF.

pDONR207 and

pDEST-DB-HopAF1
PSPTO_1568 Gal4BD-tagged HopAF1 (Pst

DC3000) This study; cloned by ADF.

pDONR207 and

pDEST-DB-HopA1
PSPTO_5354 Gal4BD-tagged HopA1 (Pst

DC3000) This study; cloned by ADF.

pDONR207 and

pDEST-DB-HopB1
PSPTO_1406 Gal4BD-tagged HopB1 (Pst

DC3000) This study; cloned by ADF.

pDONR207 and

pDEST-DB-HopH1
PSPTO_0588 Gal4BD-tagged HopH1 (Pst

DC3000) This study; cloned by ADF.

pDONR207 and

pDEST-DB-HopG1
PSPTO_4727 Gal4BD-tagged HopG1 (Pst

DC3000) This study; cloned by ADF.

pDONR207 and

pDEST-DB-HopAO1
PSPTO_4722 Gal4BD-tagged HopAO1 (Pst

DC3000) This study; cloned by ADF.

pDONR207 and

pDEST-DB-HopK1
PSPTO_0044 Gal4BD-tagged HopK1 (Pst

DC3000) This study; cloned by ADF.
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pDONR207 and

pDEST-DB-AvrPto
PSPTO_4001 Gal4BD-tagged AvrPto (Pst

DC3000) This study; cloned by ADF.

pDONR207 and

pDEST-DB-HopQ1
PSPTO_0877 Gal4BD-tagged HopQ1 (Pst

DC3000) This study; cloned by ADF.

pDONR207 and

pDEST-DB-HopV1
PSPTO_4720 Gal4BD-tagged HopV1 (Pst

DC3000) This study; cloned by ADF.

pDONR207 and

pDEST-DB-HopD1
PSPTO_0876 Gal4BD-tagged HopD1 (Pst

DC3000) This study; cloned by ADF.

pDONR207 and

pDEST-DB-HopAI1
PSPTO_0906 Gal4BD-tagged HopAI1 (Pst

DC3000) This study; cloned by ADF.

Table 2: Primers used in this study.

Primer name Primer sequence (5'-3') Reference

JMo126_pENTRGA_RB AAGGGTGGGCGCGCCGACCCAG This study; designed by JM.

JMo339_pENTRGA_LB GGTGAAGGGGGCGGCCGCGG This study; designed by JM.

JMo676_pENTRGA_CAD1_RB
GGGTCGGCGCGCCCACCC
TTTCAATAATTTAGCAACGA
ATACTT

This study; designed by IS.

JMo677_pENTRGA_CAD1_LB CCGCGGCCGCCCCCTTCA
CCATGGAGAATCGTAAAGGAGG This study; designed by IS.

JMo576_pENTRGA_cBIK1_RB GGGTCGGCGCGCCCACCC
TTCTACACAAGGTGCCTGCCAA This study; designed by IS.

JMo575_pENTRGA_cBIK1_LB CCGCGGCCGCCCCCTTCA
CCATGGGTTCTTGCTTCAGTTC This study; designed by IS.

Table 3: Reagents used in this study.

Item name Vendor (catalog number)

GenepHlow Gel/PCR Kit GeneAid (DFH300)

Q5 Taq Polymerase New England Biolabs (M0491)

DpnI endonuclease New England Biolabs (R0176)

Gibson Assembly Master Mix New England Biolabs (E2611)
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Gateway LR Clonase II Enzyme Mix Invitrogen (11791020)

Gateway BP Clonase II Enzyme Mix Invitrogen (11789020)

Agar BioShop Canada (AGR001)

LB Broth (Miller) BioShop Canada (LBL407)

Carbenicillin disodium salt Sigma-Aldrich (C1389)

Gentamicin sulfate salt Sigma-Aldrich (G3632)

Yeast Peptone Dextrose (YPD) Sigma-Aldrich (Y1375)

Polyethylene glycol (PEG-3350) Sigma-Aldrich (1546547)

Lithium acetate (LiAc) Sigma-Aldrich (920320)

Single-stranded Salmon Sperm DNA Sigma-Aldrich (D7656)

Dimethylsulfoxide (DMSO) Sigma-Aldrich (D8418)

Yeast Nitrogen Base Without Amino Acids, Without
Ammonium Sulfate BioShop Canada (YNB404)

Yeast Synthetic Drop-Out Medium Supplements without His,
Leu, Trp, Ade Sigma-Aldrich (Y2021)

Adenine sulfate Sigma-Aldrich (A3159)

Histidine-HCl Sigma-Aldrich (43011)

D-Glucose BioShop Canada (GLU501)

Presto Mini Plasmid Kit Geneaid (PDF100)

ZymoPURE Plasmid Miniprep Kit Zymo Research (D4210)
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