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SUMMARY
White blister rust, caused by the oomycete Albugo candida, is a widespread disease of Brassica crops. The
Brassica relative Arabidopsis thaliana uses the paired immune receptor complex CSA1-CHS3/DAR4 to resist
Albugo infection. The CHS3/DAR4 sensor NLR, which functions together with its partner, the helper NLR
CSA1, carries an integrated domain (ID) with homology to DA1 peptidases. Using domain swaps with several
DA1 homologs, we show that the LIM-peptidase domain of the family member CHS3/DAR4 functions as an
integrated decoy for the family member DAR3, which interacts with and inhibits the peptidase activities of the
three closely related peptidases DA1, DAR1, and DAR2. Albugo infection rapidly lowers DAR3 levels and ac-
tivates DA1 peptidase activity, thereby promoting endoreduplication of host tissues to support pathogen
growth. We propose that the paired immune receptor CSA1-CHS3/DAR4 detects the actions of a putative
Albugo effector that reduces DAR3 levels, resulting in defense activation.
INTRODUCTION

White blister rust, caused by the oomycete Albugo candida, is a

widespread disease of Brassica crops including Brassica juncea

(oilseed mustard) and B. oleracea.1 White rust resistance (WRR)

genes encoding nucleotide-binding leucine-rich repeat (NLR)

immune receptors were identified in oilseed mustard2,3 and Ara-

bidopsis thaliana (Arabidopsis).4,5 Most Arabidopsis accessions

are resistant to Brassica-infecting Albugo candida races.6 This

repertoire of NLR genes can recognize a range of A. candida

race-specific effectors.7 Genetic analyses of Arabidopsis multi-

parent advanced generation inter-cross (MAGIC) lines identified

susceptible lines that enabled cloning of multiple WRR genes

against Brassica-infecting A. candida races.6 This repertoire of

NLR genes was proposed to recognize a range of A. candida

race-specific effectors.

Genetic mapping of Col-5 and Ws-2 Arabidopsis recombi-

nant inbred lines (RILs) identified three additional loci that

conferred resistance to A. candida race AcEM2.4,5 Of these,

the WRR5 locus contains two resistance genes, WRR5A

(At5G17880) and WRR5B (At5G17890) in a head-to-head
Cell Host & Microbe 31, 1–13
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configuration. Both WRR5A and WRR5B are required for

conferring chlorotic resistance in transgenic lines of the sus-

ceptible accession Ws-2 to A. candida AcEM2.4 Previously,

these genes had been identified in mutant screens as CSA1

(WRR5A) and CHS3 (WRR5B).8 The chs3-2D allele causes

auto-immune responses requiring CSA1, analogous to the

requirement of RPS4 for the autoimmunity conferred by its

paired partner RRS1slh1, suggesting that CSA1 and CHS3

also form a paired immune receptor.9 The chs3-2D autoim-

mune allele carries a point mutation in the LIM (Lin-11, Isl-1,

and Mec-3)-peptidase (LP) integrated domain (ID) of CHS3/

WRR5B: this ID is also found in multiple genomes in the Bras-

sicaceae, Fabaceae, and Rosaceae families.10,11

Recent analyses of the natural sequence variation of CSA1

and CHS3 in Arabidopsis identified three clades, with clade 1

characterized by the LP ID that maintains the CSA1-CHS3 com-

plex in an inactive state. Members of all three clades interact

with the BAK1-BIR3 brassinosteroid signaling complex that

maintains their inactivity.5,12 It was proposed that one of the

CSA1-CHS3 clades gained an additional defense response

specificity through the LP ID while maintaining their guarding
, June 14, 2023 ª 2023 The Author(s). Published by Elsevier Inc. 1
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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function toward BAK1-BIR3 integrity.5 This additional specificity

remains uncharacterized.

IDs have been shown to perceive pathogen effectors and their

biochemical activities. Analyses of ID functions show they are

homologous to proteins that are pathogen-effector targets.

When integrated into NLRs, they enable the recognition of

effector activities and activation of defense.9,13–15 They are

termed ‘‘integrated decoys’’ as they detect effector activities

against authentic virulence targets.11,13,16 Effector molecules

produced by pathogens facilitate colonization and reproduction

in hosts by subverting cell functions and suppressing innate

resistance.17,18 Albugo is an obligate biotroph that infects leaf

cells by invaginating the plasma membrane and forming haus-

toria that take up nutrients produced by living host cells. Multiple

aspects of host plant growth andmetabolism are modified by ef-

fectors that have evolved to support pathogen biotrophic

growth. Increasing knowledge of the diverse mechanisms by

which effectors modulate plant processes is enabling additional

insights into both the regulation of normal host growth and

of infection processes.19,20 Despite exciting progress in under-

standing ID-effector interactions, the action of most IDs,

including the widespread LP IDs, remains poorly understood.

In addition to CHS3, LP domains characterize the eight mem-

bers of the DA1 family of growth regulators in Arabidopsis

Col-0.21 The LIMdomain of DA1 comprises two pairs of Zn-finger

motifs in a characteristic conformation that confers specificity to

protein-protein interactions22 and a conserved C-terminal Zn

metallopeptidase domain with an (A)HEMMH(A) active site.22,23

TheDA1, DAR1, andDAR2members of theDA1 peptidase family

proteolytically cleave and inactivate, via N-end rule mediated

proteolysis, diverse proteins involved in cell proliferation to

modulate organ size by limiting cell proliferation during organo-

genesis.21,23 DA1 peptidases also regulate auxin responses by

cleaving transmembrane kinase 1 (TMK1) to release an intracel-

lular kinase domain that relocates to the nucleus to suppress

auxin-mediated transcription responses.24

The LP ID-containing CHS3 (DAR4) immune receptor carries

Toll and interleukin-1 receptor homology region (TIR), leucine-

rich repeat (LRR), and nucleotide-binding APAF-1,R proteins

and CED-4 (NB-ARC) domains typically found in NLR resistance

genes,21 whereas DAR5 has RPW8 and NB-ARC domains. This

suggests that the activities of DA1 family membersmay bemodi-

fied by pathogen effectors to support pathogen growth, and

these putative immune receptors have evolved to detect this

activity.

Gaining a comprehensive understanding of the interplay be-

tween pathogens and hosts is key to providing both new insights

into the regulation of host plant growth and for predicting patho-

genicity and host resistance responses based on genetic and

genomic analyses of effector and R gene repertoires.25,26 Using

domain swaps, we show that the LP domain of CHS3/DAR4/

WRR5B (referred to henceforth as CHS3/DAR4) is an integrated

decoy specifically for the DAR3 member of the DA1 family.

Albugo candida race AcEm2 induced endoreduplication in in-

fected leaf tissues, and this required DA1 and DAR1 functions,

defining them as susceptibility genes. DA1 family peptidase ac-

tivities are negatively regulated by the formation of complexes

with other family members,27 including DAR3 and DAR7.

AcEm2 infection led to the rapid degradation of DAR3, activating
2 Cell Host & Microbe 31, 1–13, June 14, 2023
DA1 peptidase activity, thereby promoting endoreduplication

and pathogen growth.

RESULTS

The LIM-peptidase (LP) domain of DAR4 is a target for an
Albugo effector
To verify that CHS3/DAR4 and CSA1 encode proteins that

depend on each other for immune receptor function, the

chs3-1 and chs3-2d mutant variants, which confer autoimmu-

nity,28 were transiently co-expressed with CSA1 in Nicotiana ta-

bacum. Both chs3 mutants led to hypersensitive responses

(HRs) and strong cell death reactions only in the presence of

CSA1. Wild-type CHS3/DAR4 co-expressed with CSA1 did not

trigger HR (Figures 1A–1D and S1A–S1C). To confirm their

mutual dependence, CHS3/DAR4 and CSA1 constructs were

co-expressed with genes encoding another R protein pair,

RRS1 and RPS4,10 and tested for HR in N. tabacum. As ex-

pected, the non-cognate protein pairs did not cause HR (Fig-

ure S1D). These observations confirm that CHS3/DAR4 and

CSA1 form a functional NLR protein pair.5

The mutation in the chs3-1 allele removes the C-terminal region

containing the peptidase active site, whereas the chs3-2D

mutation disrupts the fourth zinc finger of the CHS3/DAR4 LIM

domain21,28 (Figure 1A). Such disruptions in DA1 (through

the equivalent C274Y mutation) lead to the loss of DA1 peptidase

activity.23 To test whether the integrity of the peptidase active

site in CHS3/DAR4 is required for its regulated immune receptor

function, two active site mutations abolishing DA1 peptidase

activity were introduced into CHS3/DAR4: H1488A and H1492A

(dar4pep) and E1508I and E1509I (dar4EEII) (Figure 1A).23 These

mutant CHS3/DAR4 genes were co-expressed with CSA1

in N. tabacum. All of these LP mutations caused HR in a CSA1-

dependent way (Figures 1B–1D and S1), indicating that a

functionally intact LP domain in DAR4 is required to maintain

the capacity of CHS3/DAR4 for CSA1-dependent defense

responses. The LP domain of CHS3/DAR4 therefore acts as a

potentially integrated decoy. To test this further, dar4aa1-1037 and

dar4aa1-1237 premature termination truncations of the LP

domain and two chimeric proteins that swapped the LP domain

with a green fluorescent protein (dar4-LPGFP) or glutathione

S-transferase (dar4-LPGST) were made (Figure 1A) and co-ex-

pressed with CSA1 in N. tabacum leaves. None of these

deletions or domain swaps caused HR (Figure 1B–1D). Thus,

chs3-1, chs3-2d, dar4pep, and dar4EEII triggered HR, but the

DAR4 premature termination variants without an LP domain did

not indicated that the LP domain regulates the immune functions

of the R protein pair, CHS3/DAR4 and CSA1. In its native confor-

mation, the LP domain suppresses immune responses, whereas

changes to the functional integrity of the LP domain lead to

CSA1-dependent HR.

Analyses of genomic data suggested that IDs arise by duplica-

tion and recombination of host gene regions that are targets of

pathogen effectors.30 For example, the WRKY ID of RRS1 and

its homologous WRKY transcription factor are both acetylated

by the bacterial effector PopP2,9,31 triggering HR through

RRS1 and RPS4. If the CHS3/DAR4 LP domain responds to pu-

tative pathogen effectors that target related members of the DA1

family, there may be structural and functional conservation



TIR NB LRR LIM PEPLIM

CHS3/DAR4

C1340Y

chs3-1

chs3-2d

dar4aa1-1037

dar4aa1-1237

dar4pep
H1488A,H1492A

dar4EEII
E1508I,E1509I

dar4-LPGST GST

dar4-LPGFP GFP

1613 aa

1613 aa

1613 aa

1613 aa

1037 aa

1237 aa

1415+7 aa

1237aa+GST

1237aa+GFP

+C
SA

1

- C
SA

1

- C
S A

1
+C

SA
1

d a
r4

-L
P

G
FP

250KDa

130KDa

3H
A

-c
hs

3-
1

3H
A

-c
hs

3-
2d

Full length DAR4 and mutants

dar4
dar4

chs3-1

3H
A-

D
AR

4

3H
A-

d a
r 4

aa
1-

10
3 7

3 H
A-

da
r4

aa
1-

12
37

3H
A-

d a
r4

pe
p

3H
A-

da
r4

-L
P

G
ST

3 H
A-

da
r4

EE
II

250KDa

130KDa

-

3H
A-
CS

A1

α-HA α-GFP

aa1-1037

aa1-1237

A B C

D

Figure 1. The LIM-peptidase region of DAR4 functions as an integrated decoy

(A) Diagram of known protein motifs of DAR4 and mutant and chimeric forms used to test hypersensitive responses. TIR, Toll, and interleukin-1 receptor ho-

mology regions; NB, NB-ARC nucleotide-binding; ARC, APAF-1,R proteins, and CED-4 domains; LRR, leucine-rich-repeat domain; LIM, LIN11, Isl1, and MEC3

domains; each Zn finger of the two LIM domains is represented; PEP, zinc-metallopeptidase region with AHEMMHA-EE active site; GST, glutathione

S-transferase; GFP, green fluorescent protein. Red letters indicate the positions of mutated amino acid codons. C1340Y is in the fourth Zn-finger of the LIM

repeats. H1488, H1492, E1508, and E1509 are in the HEMMA and EE motifs of the peptidase active site. The diagram is not to scale. Figure S2 shows the amino

acid sequences and motifs of the DA1 family.

(B andC) Hypersensitive responses inN. tabacum leaves were assessed at 4 days post-infection. Images represent typical samples of three replicates. DAR4 and

variants in (A) were co-expressed as 3HA-tagged proteins with (B) or without (C) CSA1. Quantified HR responses29 are shown by the stacked bars are color coded

to show the percentage of each cell death scale (0–5) in triplicated samples. Yellow represents the presence of HR, and green represents the absence of HR.

(D) Immunoblots showing expression levels of 3HA-tagged CSA1 and CHS3/DAR4 variants in leaf infection assays in the left panel and dar4-LPGFP in the right

immunoblot. 3HA-DA1 proteins were detected by HRP-coupled anti-HA antibodies, and GFP-tagged dar4-LPGFP was detected with HRP-coupled anti-GFP

antibodies. To accommodate large differences in expression of 3HA-DAR4 deletions and mutants, different loadings on separate gels were electrophoresed in

order to detect protein bands.

ll
OPEN ACCESSArticle

Please cite this article in press as: Gu et al., The integrated LIM-peptidase domain of the CSA1-CHS3/DAR4 paired immune receptor detects changes
in DA1 peptidase inhibitors in Arabidopsis, Cell Host & Microbe (2023), https://doi.org/10.1016/j.chom.2023.04.009
between the CHS3/DAR4 LP domain and other family members

targeted by putative effectors. The protein sequence relation-

ships and domains of the eight DA1 family members are shown

in Figures 2A and S2 and Tables S1 andS2. DAR3 ismost closely

related to DAR4. DAR3 and DAR7 are characterized by the

absence of ubiquitin interaction motifs (UIMs) and may not be

functional DA1 family peptidases.23We testedwhether DA1 fam-

ily LP domains caused HR responses by fusing LP domains of

the seven other DA1 family members with the NLR region of
CHS3/DAR4 (Figure 2B), co-expressed with CSA1, and HR in

N. tabacum assessed. dar4-LP (DA1, DAR1, DAR2, DAR3, and

DAR7) did not cause HR, with phenotypes that were the same

as wild-type CHS3/DAR4 (Figures 2B and 2C). In contrast,

dar4-LP(DAR5) and dar4-LP(DAR6) fusions caused HR

(Figures 2B and 2C). Fusions of the CHS3/DAR4 NLR region

with the unrelated proteins, dar4-LPGST and dar4-LPGFP, also

did not lead to HR (Figures 1B–1D). To exclude the possibility

that swapped DA1 family LP domains could not generate an
Cell Host & Microbe 31, 1–13, June 14, 2023 3
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Figure 2. Domain swaps of LIM-peptidase re-

gions of DA1 family members into DAR4 elicit

HR responses

(A) Left: neighbor-joint phylogenetic tree of amino

acid sequences of the LIM-peptidase region from

the DA1 family in Arabidopsis accession Col-0. The

distance scale is shown at the bottom of the panel.

Right: diagram of the structural motifs of members

of the DA1 family in Arabidopsis thalianaCol_0. UIM,

ubiquitin interaction motif; LIM domains; PEP,

peptidase domain; TIR-NB-ABC-LRR domains;

RPW-8-like coiled-coil domain.

(B) Diagram of LIM-peptidase regions of DA1 family

members swapped with that of DAR4. The colors

indicate the different LIM-peptidase (LP) regions of

family members in 3HA-tagged chimeric DAR4

proteins. DAR4-LP(DA1)-2d is DAR4 containing the

LIM-peptidase region of DA1 with the DA1 C274Y

amino acid change, shown in red.

(C) Hypersensitive responses (HRs) of chimeric

DAR4 proteins expressed with and without CSA1 in

N. tabacum leaves. The right panel shows quanti-

fied HR responses. The stacked bars are color

coded to show the percentage of each cell death

scale (0–5) in triplicated samples. Yellow repre-

sents the presence of HR, and green represents

the absence of HR.

(D) Immunoblot showing expression levels of 3HA-

tagged domain-swap DAR4 proteins in N. tabacum

leaves. 3HA-DA1 proteins were detected by anti-

HA-HRP antibodies. The right lane is from a

separate gel with higher loading to detect the

relatively low levels of 3HA-DAR4-LP(DAR7)

expression.
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HR, a mutant of dar4-LP(DA1) called dar4-LP(DA1)-2D with an

amino acid alteration (DA1 C274Y) corresponding to the

mutation in chs3-2D was tested. Strong HR was observed on

co-expressing this protein with CSA1 (Figure 2B and 2C),

demonstrating the capacity of fusions of DA1 family LP domains

to cause HR. As DA1 is more distantly related to CHS3/DAR4

compared with DAR3 and DAR7 (Figures 2A and S2), the LP do-

mains of DA1, DAR1, DAR2, DAR3, and DAR7 may all share a

functionally conserved potential with CHS3/DAR4 to trigger HR

when fused to the CHS3/DAR4 NLR region. Therefore, CHS3/

DAR4 is probably an R protein for these family members. As

DAR5 and DAR6 LP fusions cause HR when fused to CHS3/

DAR4, they may be structurally and functionally different from

other family members.
4 Cell Host & Microbe 31, 1–13, June 14, 2023
The LIM-peptidase domain of DAR4
lacks the activity of DA1 family
peptidases
DA1, DAR1, and DAR2 are functionally

redundant members of the DA1 family in

Arabidopsis (Figure 2A) and share their

peptidase substrates.21,23 DA1 was

selected to represent the activities of

DAR1 and DAR2 in comparison to CHS3/

DAR4. To test whether the LP domain of

CHS3/DAR4 shares peptidase substrates

with DA1, the LP domain of CHS3/DAR4
was swappedwith that of DA1 tomake da1-LP(DAR4) (Figure 3A)

and its potential to cleave the Big Brother E3 ligase (BB-3FLAG)

in Arabidopsis da1-ko1dar1-1 leaf protoplasts was tested. No

cleavage of BB-3FLAGwas detected (Figure 3B), revealing func-

tional differences between LP domains of DA1 and CHS3/DAR4.

As therewas functional conservation of the LP domains of DA1

and CHS3/DAR4 with respect to triggering HR in N. tabacum

(Figure 2B), smaller regions of the CHS3/DAR4 LP domain

were swapped with that of DA1 and tested for peptidase activity

(Figure 3A). Neither the LIM nor the peptidase domain of CHS3/

DAR4 in DA1 catalyzed BB cleavage (Figure 3B). However,

domain swaps of smaller regions, comprising each of the four

single zinc fingers of the LIM and LIM-like domains, a conserved

region between the LIM-like domain and the peptidase active
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3HA-DA1 is a positive control and the 3HA-DA1 peptidase mutant (3HA-DA1 pep) is a negative control. BB-3FLAG proteins were detected by anti-FLAG-HRP

antibodies. 3HA-DA1 proteins were detected by anti-HA-HRP antibodies. The positions of full-length (black arrow) and cleaved (red arrow) BB-FLAG proteins are

indicated. The upper blot was split to remove a duplicated 3HA-DA1 + BB-3FLAG loading sample. All samples are from the same immunoblot exposed for the

same time.
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site, and a small active site region of DA1 in the CHS3/DAR4

C-terminal region all efficiently cleaved BB-3FLAG in the DA1

protein context (Figure 3B). Thus, functional conservation was

limited to smaller regions of the LP of DA1 and CHS3/DAR4. A

failure to ubiquitylate the DA1 domain-swap proteins was ruled

out as an explanation for reduced BB cleavage by the domain-

swap proteins as they were all equally ubiquitylated (Figure S3).

This functional variation between the LP domains of DA1 and

CHS3/DAR4 and the functional conservation of DA1, DAR1,

and DAR232 indicated that these three family members may

not be direct targets of putative effectors sensed by the CHS3/

DAR4 R protein. The more closely related family members

(DAR3 and DAR7), which also did not cause HRwhen their LP re-

gions were fused to CHS3/DAR4 (Figure 2B), may have a more

direct role in CHS3/DAR4-mediated resistance.

DA1 family peptidases confer susceptibility to diverse
plant pathogens
The functions of DAR3 and DAR7 in the context of plant growth

are not known, and the possible roles of DA1 and DAR1 family

members in pathogen responses have also not been studied.

We assessed the involvement of DA1 and DAR1 in pathogen

growth by measuring the growth of the bacterial pathogen Pseu-
domonas syringae pathovar tomato (Pst) strain DC3000 and the

oomycete pathogen Hyaloperonospora arabidopsidis (Hpa)

isolate Noco2 in Arabidopsis da1-kodar1-1 loss-of-function dou-

ble mutants and DA1 over-expression lines in Col-0. The da1-

ko1 loss-of-function mutant in Col-0 showed no significant dif-

ferences in Pst DC3000 growth compared with wild-type plants,

but the double da1-ko1dar1-1 mutant supported much lower

levels of pathogen growth (Figure 4A). The dar1-1 single mutant

showed Pst DC3000 growth levels intermediate between the

wild-type and the da1-ko1dar1-1 double mutant (Figure 4A;

Table S3.1). More extreme reductions in pathogen growth

were observed after infection by Hpa isolate Noco2. The dou-

ble-mutant da1-ko1dar1-1 exhibited strongly reduced Noco2

growth, whereas the two single mutants exhibited moderately

reduced Noco2 growth compared with wild-type Col-0 (Fig-

ure 4B; Table S4). No significant differences in Noco2 growth

were detected in two independent DA1 over-expression lines

ox-DA1-1.3 and ox-DA1-4.13 (Figure 4B; Table S4). DA1 and

DAR1 are therefore likely to be susceptibility genes redundantly

required for optimal growth of bacterial and oomycete patho-

gens in Arabidopsis.

As CHS3/DAR4 and CSA1 are responsible for the genetic ac-

tivity of the WRR5 resistance locus for A. candida AcEm2,4
Cell Host & Microbe 31, 1–13, June 14, 2023 5
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Figure 4. DA1 and DAR1 facilitate growth of bacterial and oomycete pathogens in Arabidopsis

(A)Pseudomonas syringae PstDC3000 growth onArabidopsisCol-0 da1 and dar1 knockout lines and 35S::DA1 overexpressing lines. CFUs, colony-forming units

per mg fresh weight of inoculated leaves. The eds1-2 mutant was used as a standard susceptible control.

(B) Hyaloperonospora arabidopsidis (Hpa) race Noco2 growth on Arabidopsis Col-0 da1 and dar1 knockout lines and 35S::DA1 over-expressing lines. FW, fresh

weight of spores in infected plants. The eds1-2 mutant was used as a susceptible control.

(C) Time course of Albugo candida AcEm2 growth on ArabidopsisWs-2 and backcross lines with Col-0 da1dar1. wt-10 and wt-44 contain wt DA1 and DAR1 loci

from Ws-2 in BC7F2, while da1-ko1dar1-1_Ws-2 contains homozygous Col-0 da1dar1 mutants in BC7F2. Infection progress was measured using the ratio of

pathogen DNA to host DNA levels. dpi, days post-infection. Statistical significance was at *p < 0.01 based on a two-tailed Student’s t test. Comparisons of

pathogen levels were those in Ws-2 at 0 dpi. Error bars represent SD of the mean.

(D) Image of Albugo candida AcEm2 growth on leaves of Ws-2 and backcrossed lines at 12 dpi leaves. The white areas are Em2, and the arrow indicates a small

amount of pathogen growth on the da1-ko1dar1-1_Ws-2 backcrossed line.
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putative effector molecules detected by CHS3/DAR4 may

modulate the activities of DA1 family members to support path-

ogen growth. To test this, da1-ko1dar1-1 double mutants in

Col-0 were backcrossed into the Arabidopsis Ws-2 accession,

which is susceptible to A. candida AcEm2. In BC7F2, a homozy-

gous double-mutant line (da1-ko1dar1-1_Ws-2) and two lines

homozygous for the Ws-2 wild-type DA1 and DAR1 alleles (wt-

10 and wt-42) were tested for AcEm2 growth. This was strongly

reduced in the da1-ko1dar1-1 line after 8 days post-inoculation

(dpi), whereas both wild-typeDA1DAR1Ws-2 lines and the orig-

inal Ws-2 parental line supported similar high levels of pathogen

growth (Figures 4C and 4D; Table S5). AcEm2 growth was also

assessed in two independent DA1 over-expression lines in

Ws-2. No differences in AcEm2 growth were detected (Fig-

ure S4A; Table S5). To avoid the possibility that background mu-

tations may influence pathogen growth in these experiments,

PstDC3000 growth was tested in Ws-2 with the da1dar1 double

mutant. This showed similar Pst DC3000 growth reductions in
6 Cell Host & Microbe 31, 1–13, June 14, 2023
the da1-ko1dar1-1 double mutant in Col-0 (Figures 4A and

S4B; Table S3.2), demonstrating the dependence of pathogen

growth on functional DA1 and DAR1. These observations sup-

port the hypothesis that CHS3/DAR4 may detect effectors that

modulate, directly or indirectly, DA1 and DAR1 activity to pro-

mote pathogen growth.

Leaf cell endoreduplication induced by A. candida

AcEm2 infection requires DA1 family peptidase activity
DA1, DAR1, and DAR2 redundantly promote the transition from

mitosis to endoreduplication during organ growth by cleavage of

positive regulators of mitosis.21,23,32,33 Endoreduplication is also

induced during infection to facilitate pathogen growth.34–36 To

test whether DA1 family peptidase activities contribute to path-

ogen-induced endoreduplication, ploidy levels of Arabidopsis

leaf cells during infection by oomycete pathogen A. candida

AcEm2 were measured in susceptible Ws-2 and the wt-42 DA1

DAR1 Ws-2 BC7F2 wild-type lines. Both lines showed similar
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Figure 5. Increases in leaf ploidy levels during A. candida Ac Em2 infection of Arabidopsis thaliana are dependent on DA1 and DAR1

The graphs show ploidy levels of infected leaf cells during A. candida Ac Em2 infection of Arabidopsis thalianaWs-2 wt, wt-42, da1-ko1dar1-1_Ws-2 backcross

line leaves, and a 35S::DA1 over-expression line in Ws-2 up to 12 days post infection (dpi). The red lines show inoculation with AcEm2 spores and the blue lines

show mock inoculation with water.

(A) Wild-type Ws-2 ploidy index.

(B) Ws-2 backcross line wt-42 containing wild-type Ws-2 DA1 and DAR1 alleles.

(C) Ws-2 backcross line containing loss-of-function Col-0 da1-ko1 and dar1-1 genes.

(D) 35S::DA1 over-expression line. Note the increased ploidy index at 0 days post infection.

Error bars represent SD of the mean.
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increases in leaf cell ploidy between 8 and12 dpi (Figures 5A and

5B; Table S6). In comparison, the da1-ko1dar1-1 double mutant

in Ws-2 exhibited delayed ploidy increases at 12 dpi (Figure 5C;

Table S6). A DA1 over-expression line (35S::DA1-GFP_Ws-2)

exhibited higher ploidy levels in bothmock- and AcEm2-infected

leaves at early stages of infection compared with Ws-2 and

wt-42 (Figure 5D; Table S6), whereas these two lines showed

higher ploidy levels than 35S::DA1-GFP_Ws-2 at 10 and 12 dpi

(Figures 5A and 5B; Table S6), although AcEm2 growth

was not increased in DA1 overexpression lines (Figure S4A;

Table S5). This suggested that there is sufficient DA1 in wild-

type leaves to support the full extent of pathogen growth in these

conditions and that elevated ploidy levels at early stages of

AcEm2 infection do not promote growth. These data show that

A. candida AcEm2 promoted DA1- and DAR1-mediated ploidy

increases between 8 and 10 dpi, which are required for pathogen

growth (Figure 4C).

DAR3 and DAR7 inhibit the peptidase activities of DA1
family peptidases
The difference in planta activities of LP domains from DAR4 and

DA1, DAR1, and DAR2 (Figures 3A and 3B) suggested that DAR3

and DAR7, which are more closely related to DAR4, may be po-

tential targets of putative pathogen effectors that are detected
by the ID of the CHS3/DAR4 immune receptor. DA1 interacts

with itself to modulate its peptidase activity.27 Similarly, DAR3

also interactedwith itself andDA1, DAR1, andDAR2 in co-immu-

noprecipitation assays using protoplast-expressed proteins

(Figure 6A). DAR3 also interacted with the CHS3/DAR4 LP region

(CHS3/DAR41127-1613) (Figure S5). To dissect these interac-

tions, DAR3-GFP was co-expressed with 3HA-DA1 and its sub-

strate BB-3FLAG in Col-0 da1dar1mesophyll protoplasts to test

its influence on BB-3FLAG cleavage. BB-3FLAG cleavage by

3HA-DA1 was strongly reduced by DAR3-GFP (Figure 6B). The

DA1 peptidase mutant DA1-pep had no effect on reducing

wild-type DA1 peptidase activity on BB-3FLAG cleavage when

co-expressed at different levels with DA1 (Figure 6C), indicating

that DAR3 had a specific inhibitory effect on DA1 peptidase

activity. Co-expression with DAR7 also reduced DA1 peptidase

activity but to a lower extent than DAR3 (Figure 6D).

As DAR3 is the closest homolog of CHS3/DAR4 encoded in

Arabidopsis genomes (Figure 2A), and because it inhibited DA1

peptidase activity, we assessed the specificity of LP domains

on this inter-family modulation of DA1 peptidase activity. The

LP domains of DA1, DAR3, and CHS3/DAR4 were swapped

and tested for their effects on DA1 peptidase activity as GFP

fusion proteins. Inhibition of DA1 peptidase activity by DAR3-

LP(CHS3/DAR4), comprising the LP domain of CHS3/DAR4 in
Cell Host & Microbe 31, 1–13, June 14, 2023 7
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Figure 6. DAR3 and DAR7 family members inhibit DA1 peptidase activity

Immunoblots of Col-0 da1-ko1dar1-1 transfected Arabidopsis mesophyll protoplasts. The numbers above each lane show the fold levels of 10 mg units of

transfected DNA 35S::GFP was used to balance total DNA levels to 60 mg per transfection. The red arrows indicate cleaved BB-3FLAG while the black arrows

indicate intact BB-3FLAG.

(A) Co-immunoprecipitation of 3HA-DAR3 and DA1-, DAR1-, and DAR2-3FLAG.

(B) Progressive inhibition of 3HA-DA1 peptidase activity on BB-3FLAG by increasing levels of DAR3-GFP.

(C) Increased levels of inactive DA1-peptidase mutant-GFP do not inhibit 3HA-DA1 peptidase activity on BB-3FLAG.

(D) DAR7-GFP also progressively inhibits 3HA-DA1 peptidase activity on BB-3-FLAG.

(E) Progressive reduction of 3HA-DA1 peptidase activity on BB-3FLAG by DAR3-GFP containing the LIM-peptidase region of DAR4.

(F) DAR3-GFP containing the LIM-peptidase region of DA1 does not affect 3HA-DA1 peptidase activity on BB-3FLAG.

(G) The LIM-Peptidase domain of DAR4 (DAR41127-1613 – GFP) does not reduce 3HA-DA1- mediated cleavage of BB-3FLAG.

(H) 3HA-DA1 protein levels are not affected by co-expression with DAR3-GFP and LIM-Peptidase-GFP proteins.
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DAR3, was compared with DAR3-LP(DA1) as a control. There

was a stronger reduction in DA1 peptidase activity by DAR3-

LP(CHS3/DAR4) compared with DAR3-LP(DA1) (Figures 6E

and 6F). Figure 6G shows that the LP region of CHS3/DAR4-

GFP alone reduced BB-3FLAG cleavage to a lower extent than

DAR3-GFP (Figure 6B), suggesting that DAR3 had a more spe-

cific inhibitory effect on DA1-mediated cleavage of BB-3FLAG.

Figure 6H showed that 3HA-DA1 protein levels were not affected

by co-expression with DAR3-GFP and LP-GFP proteins. Inhibi-

tion of DA1 peptidase activity by LP domains of DAR3 and

CHS3/DAR4 in the context of the DAR3 protein is consistent

with the high degree of sequence conservation between DAR3

and CHS3/DAR4 LP domains. These observations linked the in-

hibition of DA1 peptidase activity by DAR3 with the function of

CHS3/DAR4 as an integrated decoy.

DAR3 is involved in resistance to multiple pathogens
As DA1 family peptidase activity promotes pathogen growth and

is required for host ploidy increases during infection (Figures 4A–

4D and 5A–5D) and because DAR3 inhibits DA1 peptidase activ-

ities (Figure 6B), one plausible mechanism by which pathogens

could increase DA1 activity to promote infection may involve

reducing DAR3-mediated inhibition of DA1. This was tested by

expressing DAR3-GFP from the 35S promoter in the susceptible

Ws-2 accession and measuring DAR3-GFP protein stability dur-

ing AcEm2 infection. DAR3-GFP protein levels were rapidly

depleted in AcEm2-infected but not in water-treated plants,
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with reduced levels from 2 dpi, very low levels between 4 and

6 dpi, and a slight increase between 8 and 10 dpi (Figure 7A).

3HA-DA1 stability was not affected by AcEm2 infection (Fig-

ure 7A). AcEm2 growth was measured on independent DAR3-

GFP over-expression lines and in the dar3 CRISPR knockout

lines dar3-2 and dar3-3 in Ws-2 (described in Figure S6). Over-

expression of DAR3 reduced AcEm2 growth at 8 and 10 dpi,

whereas growth on the dar3 loss-of-function lines was elevated

at 6, 8, and 10 dpi (Figures 7B and 7C; Table S7). The dar3-2

allele was more effective at promoting AcEm2 growth. These

data were supported by the promotion of both Pst DC3000

and Hpa Waco9 and Pst DC3000 growth by a dar3-1 loss-of-

function T-DNA allele in Col-3 (Figures 7D, 7E, and S6;

Tables S8 and S9) and reduction in the growth of Pst DC3000

in Ws-2 DAR3 overexpression lines in the Ws-2 accession (Fig-

ure 7F; Table S10). These results suggest that DAR3 reduced

the growth of several pathogens and its rapid reduction during

the early stages of AcEm2 infection facilitated pathogen growth.

To ensure that these patterns of DAR3 reduction were specific

to CSA1-CHS3/DAR4-mediated ETI responses and were not

PTI responses, levels of 3HA-DAR3, 3HA-CHS3/DAR41127-1613,

and 3HA-DA1 protein were compared in Ws-2 infected with

A. candida AcEm2 (resisted by CHS3/DAR4) and A. candida

AcEx1(CHS3/DAR4 susceptible). Figure S7 shows the expected

reduction in 3HA-DAR3 levels at 2 and 4 dpi in response to

AcEm2 infection, although no changes were seen during infec-

tionwith AcEx1. 3HA-DA1 and 3HA-CHS3/DAR41127-1613 protein
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Figure 7. DAR3 reduces pathogen growth

(A) The immunoblot shows a time course of DAR3-

GFP and 3HA-DA1 protein levels during A. candida

Ac Em2 infection of Arabidopsis Ws-2 leaves ex-

pressing 35S::DAR3-GFP or 35S::3HA-DA1. Trans-

genic seedlings were treated with Em2 spores or

water as a control. Tubulin was used as a loading

control for plant protein levels. dpi, day post-inoc-

ulation. The panels on the left showing DAR3-GFP

levels at 0 dpi were exposed for a shorter time

than the other panel.

(B) Time course of A. candida Ac Em2 growth on

Arabidopsis thaliana Ws-2 and DAR3 over-expres-

sion and CRISPR mutant lines. Infection progress

was measured using the ratio of pathogen DNA to

host DNA levels. dpi, days post-inoculation. Statis-

tical significance was at *p < 0.01 from a two-tailed

Student’s t test.

(C) Image of A. candida Ac Em2 growth on leaves of

Ws-2 and DAR3 over-expression andmutant lines at

10 dpi leaves. The white regions are Em2.

(D and E) The dar3-1 mutant in Col-3 is more sus-

ceptible to Pst DC3000 (D) and Hpa variety Waco9

(E). Statistical significancewas at *p < 0.05 based on

a two-tailed Student’s t test. Error bars represent SD

of the mean.

(F) Pst DC3000 growth on Arabidopsis Ws-2 and

DAR3 over-expression and CRISPR knockout

mutant lines. CFUs, colony-forming units per mg

fresh weight of inoculated leaves. The eds1_Ws-2

mutant was used as a standard susceptible control.

Individual data points are shown, and p values are

from Student’s t tests.
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levels were not affected by either pathogen. This established that

reduced DAR3 levels guarded by CSA1-CHS3/DAR4 (Figures 7A

and S7) were a specific ETI response.

Sequence diversity of the DA1 peptidase family
Sequence variation at CSA1&CHS3/DAR4 loci as well as DA1

and DAR3 was assessed using long-read-based assemblies

of 27 diverse Arabidopsis accessions from the 1001 Genomes

Plus project. Thirteen accessions had near-identical CSA1 al-

leles (clade 1), whereas 12 accessions had more variable clade

2 CSA1 alleles (Table S11). Accession KBS-Mac-74 (1741) had

a distinctive clade 1-like CSA1 allele with several large indels,

whereas accession Qar-8a (9764) had a clade 2 CSA1 allele

with a large C-terminal deletion. Accession Elh-2 (22004)

lacked the CSA1-CHS3/DAR4 locus. Only CHS3/DAR4 alleles

with complete LP ID were linked to complete clade 1 CSA1 al-

leles, as reported.37 Two fusion points of the ID with the
Ce
conserved CHS3/DAR4 NLR domain

were seen (Figure S8A), whereas acces-

sions KBS-Mac-74 and ET-86.4 (acces-

sion 22007) had remnant LP sequence

similarities containing large deletions.

This indicated a possible loss of the ID in

these accessions that was consistent

with pairing to clade 2 CSA1 alleles.

As the DAR3-like ID in CHS3/DAR4 is

required for resistance to Albugo, based
on guarding DA1 family members, and as the CSA1-CHS3/

DAR4 pair exhibits balancing selection,25,37 it is possible

that DA1, an indirect target of putative effector(s), and

DAR3, a possible direct target of putative effector(s) in acces-

sions that are sensed by CHS3/DAR4, may also exhibit co-

evolution due to pathogen pressure, compared with acces-

sions that do not contain the ID. Although nucleotide diversity

and Tajima’s D, a measure of non-neutrality,38 were lower for

both DA1 and DAR3 genes in clade 2 accessions compared

with clade 1 accessions with complete CSA1 and CHS3/

DAR4 loci, neither clade was different from randomly

permuted sets of accessions (p > 0.05, Figure S8B). There-

fore, we cannot conclude from these analyses that members

of the DA1 family sensed by CSA1/CSH3 are also subject to

co-evolution. However, the lower nucleotide diversity in DA1

compared with DAR3 supports DAR3 as a putative effector

target (Figure S8C).
ll Host & Microbe 31, 1–13, June 14, 2023 9
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Phylogenetic analyses of LP protein sequence diversity in the

Brassicaceae showed theDA1 family formed two general clades:

clade 1I comprised three subgroups of DA1, DAR1, and DAR2-

like proteins with relatively low diversity: clade II has three

subgroups of more diverse DAR3- and CHS3/DAR4-like,

DAR5- and DAR6-like, and DAR7-like proteins that contain 8

NLR proteins (Figure S9; Table S12). Five DAR5-like proteins

encoded by B. juncea, B napus, B. oleracea, and R. sativus clus-

tered in one branch, suggesting a common origin. In contrast,

DAR5 from Arabidopsis was closest to DAR6 from Arabidopsis

and clusteredwith DAR6-like proteins fromCamelina sativa, indi-

cating an independent origin from the other five DAR5-like pro-

teins. Therefore, at least three LP domains integrated at least

three times in clade II DA1 family proteins, one for DAR4-like

and two for DAR5-like, during the evolution and domestication

of Brassicaceae. Multiple domain integrations and high protein

diversity are consistent with the targeting of clade II proteins

by pathogen effectors.25,30 In clade II, the DAR5-like NLR pro-

teins were clustered with DAR6, and two NLR-DAR4-like pro-

teins were clustered with non-NLR-DAR4 and DAR3 proteins.

Their common origin and functional conservation are consistent

with NLR-CHS3/DAR4-like proteins being R proteins that detect

effectors targeting DAR3-like proteins.

DISCUSSION

NLR fusions to LP domains arewidespread in several major plant

families,10,11 but their roles in effector sensing and pathogen

growth are unknown. Here, we show using domain swaps that

the LP ID of the NLRCHS3/DAR4 paired R gene conferring resis-

tance to the oomycete pathogenAlbugo candidaAcEM2 is an in-

tegrated decoy for theDA1 familymember DAR3. DAR3 interacts

with and inhibits the peptidase activities of DA1 family members,

and pathogen infection leads to a potential effector targeting it,

leading to its degradation. This increases DA1 peptidase activity,

promoting host tissue endoreduplication and pathogen growth.

The LIM-peptidase-integrated domain of CHS3/DAR4
functions as a potential decoy for DA1 family members
The integrity of the LP ID of DAR4 is required to maintain a puta-

tive CHS3/DAR4 sensor and CSA1 executor resistance gene

function in a poised state.8,28,39 Swapping the LP domain of

DAR4 with those of other family members showed that those

from DA1, DAR1, DAR2, DAR3, and DAR7 did not cause HR,

indicating shared features able to maintain this poised state of

CSA1-CHS3/DAR4 (Figures 1A–1D and 2B). The LP domain of

CHS3/DAR4 is therefore likely to be an ID, the integrity of which

is reduced by putative effectors that may also influence other

DA1 family members except for DAR5 and DAR6, which trigger

CSA1-dependent HR responses when fused to CHS3/DAR4.

Reciprocal swaps of LP domains showed that the full DAR4 LP

domain does not cleave the DA1 substrate BB, although smaller

fragments of the CHS3/DAR4 LP domain in DA1 have peptidase

activity (Figure 3A and 3B), indicating limited functional conser-

vation of theCHS3/DAR4 LP ID toDA1, DAR1, andDAR2 despite

identical catalytic site sequences (Figure S2). Therefore, DAR3,

which is most closely related to DAR4, and possibly DAR7 (Fig-

ure 2A), are more likely targets for putative effectors that affect

LP integrity.
10 Cell Host & Microbe 31, 1–13, June 14, 2023
IDs are thought to arise by recombination and duplication of

putative effector target genes with NLR domains,30 and under

such a scenario, DAR4 most likely arose from DAR3 in the Bras-

sicaceae family21 and was presumably selected to combat Bras-

sica-specific pathogens such as Albugo. Only Arabidopsis and

Camelina sativa had DAR4-like LP regions fused to an NLR, sug-

gesting specific evolution of resistance to Albugo in these

two taxa.

Of all NLR pairs surveyed in Arabidopsis, diversity is highest

in the CSA1/CHS3-DAR4 gene pair,25 pointing to extensive

co-evolution of changes in NLR-LIM peptidase pairs. Although

DAR3 was not particularly diverse in Arabidopsis accessions

(Figure S8), different from what has been observed for other

effector targets, analyses of LP ID sequence diversity in Brassi-

caceae showed relatively high levels of diversity in CHS3/

DAR4, DAR3, and DAR7 clades, the effector targets predicted

to be sensed by CHS3/DAR4 (Figure S9). This high degree of

diversity, in contrast to the lower level of diversity of DA1,

DAR1, and DAR2, is consistent with DAR3 and DAR7 potentially

being targets of pathogen effectors in the Brassicaceae that are

subject to diversification and selection in the ‘‘arms race’’

between hosts and pathogens.18,25

DA1 family peptidases facilitate pathogen growth
According to models of intracellular immunity in plants,18 if the

DAR4/CHS3 LP ID functions as a decoy for other members of

the DA1 family, then these members may facilitate or inhibit

pathogen growth and therefore be targeted by pathogen effec-

tors. Parasitic and mutualistic biotrophic growth can induce

host cell endoreduplication, with ploidy changes accommoda-

ting colonization by supporting nutrient production in infected

host cells (reviewed byWildermuth et al.36). The peptidase activ-

ities of DA1, DAR1, and DAR2 redundantly limit cell proliferation

and promote the transition from mitotic cell divisions to endore-

duplication.21,32 We could link this to pathogen growth by

demonstrating that the da1-ko1dar1-1 double mutant, which

reduced endoreduplication during normal plant growth, also

supported less bacterial and oomycete growth, whereas over-

expression of DA1 increased bacterial pathogen growth (Fig-

ure 4A–4D). TCP14 and TCP15, substrates of DA1 peptidase,23

promote mitotic progression. Mutations in TCP14 and TCP15

(Teosinte Branched 1-Cycloidea-PCF) transcription factors facil-

itate a powdery mildew infection,36 consistent with pathogen

infection increasing DA1 peptidase activity and reducing

TCP14 and TCP15 protein levels. Interaction screens also iden-

tified several effectors fromdifferent pathogens that converge on

TCP14 and TCP1517,23 and TCPs form IDs,25 establishing DA1

peptidase activities among this nexus of effector targets. This

is consistent with the frequent identification of cell cycle regula-

tory proteins as interactors with diverse bacterial and fungal

effectors,40 emphasizing a central role for modulation of host

cell cycle functions by pathogens and commensals in plants.

Reduction of DAR3 levels on pathogen growth promotes
DA1 activity
As CHS3/DAR4 functions as an ID for other members of the DA1

family that promote pathogen growth, it is possible that the activ-

ities of DA1 family members are modulated by pathogen effectors

to facilitate pathogen growth and that this is sensed by the
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CHS3/DAR4LP ID. In uninfected tissues,DAR3 interactswithDA1

and inhibits its peptidase activity (Figure 6B), whereas in infected

tissues, DAR3 is rapidly destabilized (Figure 7A). There is wide-

spread evidence that effectors influence host protein stability,41

and thismayaccount for thedestabilization ofDAR3. For example,

someeffectorshaveE3 ligasedomains thatpromoteubiquitylation

of host proteins, and some effectors bind to and suppress the ac-

tivities of host E3 ligases. Putative effectors also include F-box

adaptor proteins that may re-target host ubiquitylation systems,

may function to de-SUMOylate transcription factors, and may

inhibit proteasome activities.19,20 CHS3/DAR4 LP domain protein

levels were not affected by AcEm2 infection (Figure S7), and

DAR4 showed relatively a low efficiency of inhibition to DA1 pepti-

daseactivity (Figure7E). This suggestsDAR4originally servedasa

paralogous decoy to guard DAR3 and subsequently integrated

into the NLR protein CHS3/DAR4 to serve as an integrated decoy

during Brassicaceae evolution.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal ANTI-

FLAG� M2-Peroxidase (HRP)

antibody

Sigma Cat#A8592, RRID:AB_439702

Mouse monoclonal GFP

Antibody, HRP

MiltenyiBiotec Cat#130-091-833

Rat clone 3F10, monoclonal

anti-HA-Peroxidase, High

Affinity

Roche Cat#12013819001 RRID:AB_390917

Mouse monoclonal Anti-

a-Tubulin antibody

Sigma Cat#T5168 RRID:AB_477579

Goat polyclonal anti-Rabbit

IgG (whole molecule)–

Peroxidase antibody

Sigma Cat#A0545 RRID:AB_257896

Bacterial and virus strains

Pseudomonas syringae pv

tomato (Pst) DC3000

Davis et al.42 N/A

Albugo candida AcEM2 McMullan et al.43 N/A

Agrobacterium tumefaciens

strain GV3101

Gold Biotechnology Cat#CC-207-5x50

Escherichia coli DH5a Thermofisher Cat#18258012

Escherichia coli BL21 TransGen Biotech Cat#CD901-03

Chemicals, peptides, and recombinant proteins

MgCl2.6H2O Sigma Cat#1374248

MES hydrate Sigma Cat#M2933

Isopropyl b- d-1-

thiogalactopyranoside (IPTG)

Sigma Cat#I6758

HEPES Sigma Cat#H3375

KOH Sigma Cat#Z422312

NaCl Sigma Cat#S9888

Glycerol Sigma Cat#G5516

Triton X-100 Sigma Cat#X100

EDTA-free protease inhibitor

cocktail

Roche Cat#10103D

E1 (Human UBE1) Boston Biochem Cat#E-308-050

E2 (Human UbcH5b/UBE2D2) Boston Biochem Cat#E2-622-100

Ubiquitin Boston Biochem Cat#U-100H

Anti-HA magnetic beads ThermoFisher Cat#Cat#88836

NP-40 Sigma Cat#492016

Citric acid Sigma Cat#251275

Tween20 Sigma Cat#P1379

Na2HPO4.12H2O Sigma Cat#1.06573

b-mercaptoethanol Sigma Cat#M6250

Propidium Iodide (PI) Sigma Cat#P4864

RNase IIA Sigma Cat#R5000
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REAGENT or RESOURCE SOURCE IDENTIFIER

MG132(Z-Leu-Leu-Leu-al) Sigma Cat#C2211

Dynabeads� His-Tag

Isolation and Pulldown

ThermoFisher Cat# 10103D

Critical commercial assays

In-Fusion� HD Cloning Plus Takara Cat#638909

pENTR�/D-TOPO� Gateway ThermoFisher Cat#K243520

pDONR207 Gateway Takara Cat#638909

Gateway� LR Clonase� II

Enzyme

Invitrogen Cat#11791-020

LIGHTCYCLER 480 SYBR

GREEN I MASTER MIX

Roche Cat#04707516001

Deposited data

De novo assemblies of

CHS3/DAR4

GenBank OQ505065–OQ505090

De novo assemblies of DA1 GenBank OQ505011–OQ505037

De novo assemblies of DAR3 GenBank OQ505038–OQ505064

Experimental models: Organisms/strains

Arabidopsis thaliana Col-0

da1-ko1dar1-1 Dong et al.23 N/A

da1ko1 Dong et al.23 SALK_126092

dar1-1 Dong et al.23 SALK_067100

dar3-1 This paper SAIL_15_D09

dar3-2 This paper N/A

dar3-3 This paper N/A

35S::DA1-GFP ox-DA1-1.3 Vanhaeren et al.44 N/A

35S::DA1-GFP ox-DA1-1.4-13 Vanhaeren et al.44 N/A

Arabidopsis thaliana Ws-2

da1ko1dar1-1 This paper N/A

35S::3HA-DA1-Ws-2_1 This paper N/A

35S::DA1-GFP_Ws-2_1 This paper N/A

35S::DA1-GFP_Ws-2_2 This paper N/A

3SS::3HA-DAR3-Ws-2_1 This paper N/A

35S::DAR3-GFP_Ws-2_1 This paper N/A

35S::DAR3-GFP_Ws-2_2 This paper N/A

35S::3HA-DAR4aa1127-1613-

Ws-2_1

This paper N/A

Oligonucleotides

Primers see Table S12 Sigma Custom order

Recombinant DNA

pETnT Dong et al.23 N/A

pAGM4723_ccdB Synbio https://synbio.tsl.ac.uk

35S::BB-3FLAG Dong et al.23 N/A

35S::3HA-DA1 Dong et al.23 Addgene 190758

35S::3HA-DAR1 Dong et al.23 Addgene 190760

35S::3HA-DAR2 Dong et al.23 Addgene 190761

35S::3HA-DAR4 This paper Addgene 200562

35S::3HA-chs3-1 This paper Addgene 200563

35S::3HA-chs3-2d This paper Addgene 200564

35S::3HA-dar4p1037 This paper Addgene 200565

35S::3HA-dar4p1237 This paper Addgene 200566

(Continued on next page)

ll
OPEN ACCESSArticle

Cell Host & Microbe 31, 1–13.e1–e5, June 14, 2023 e2

Please cite this article in press as: Gu et al., The integrated LIM-peptidase domain of the CSA1-CHS3/DAR4 paired immune receptor detects changes
in DA1 peptidase inhibitors in Arabidopsis, Cell Host & Microbe (2023), https://doi.org/10.1016/j.chom.2023.04.009

https://synbio.tsl.ac.uk


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

35S::3HA-dar4-pep This paper Addgene 200567

35S::3HA-dar4-EEII This paper Addgene 200568

35S::3HA-dar4-LP(GST) This paper Addgene 200569

35S::3HA-dar4-LP(GFP) This paper Addgene 200570

35S::3HA-DAR4-LP(DA1) This paper Addgene 200571

35S::3HA-DAR4-LP(DA1)-2d This paper Addgene 200572

35S::3HA-DAR4-LP(DAR1) This paper Addgene 200573

35S::3HA-DAR4-LP(DAR2) This paper Addgene 200574

35S::3HA-DAR4-LP(DAR3) This paper Addgene 200575

35S::3HA-DAR4-LP(DAR5) This paper Addgene 200576

35S::3HA-DAR4-LP(DAR6) This paper Addgene 200577

35S::3HA-DAR4-LP(DAR7) This paper Addgene 200578

35S::3HA-da1-pep Dong et al.23 Addgene 190759

35S::3HA-da1-L(DAR4) This paper Addgene 200579

35S::3HA-da1-L1(DAR4) This paper Addgene 200580

35S::3HA-da1-L2(DAR4) This paper Addgene 200581

35S::3HA-da1-L3(DAR4) This paper Addgene 200582

35S::3HA-da1-L4(DAR4) This paper Addgene 200583

35S::3HA-da1-P(DAR4) This paper Addgene 200584

35S::3HA-da1-P1(DAR4) This paper Addgene 200585

35S::3HA-da1-P2(DAR4) This paper Addgene 200586

35S::3HA-da1-P3(DAR4) This paper Addgene 200587

35S::3HA-da1-P2+3(DAR4) This paper Addgene 200588

35S::3HA-da1-LP(DAR4) This paper Addgene 200589

35S::DA1-GFP This paper Addgene 200590

35S::BB-3FLAG Dong et al.23 N/A

35S::DAR3-GFP This paper Addgene 200591

35S::DAR7-GFP This paper Addgene 200592

35S::dar3-LP(DA1)-GFP This paper Addgene 200593

35S::dar3-LP(DAR4)-GFP This paper Addgene 200594

35S::DAR4 aa1127-1613-GFP This paper Addgene 200595

35S::3HA-DAR4 aa1127-1613 This paper Addgene 200596

35S::3HA-DAR3 This paper Addgene 200597

35S::DA1-3FLAG Dong et al.23 N/A

35S::DAR1-3FLAG This paper Addgene 200598

35S::DAR2-3FLAG This paper Addgene 200599

35S::DAR3-3FLAG This paper Addgene 200600

35S::GFP Dong et al.23 Addgene 200600

35S::TIR(CSA1)-GFP This paper Addgene 200601

35S::TIR(DAR4)-GFP This paper Addgene 200602

DA1-pETnT Dong et al.23 N/A

da1-LP(DAR4)-pETnT This paper Addgene 200603

da1-L(DAR4)-pETnT This paper Addgene 200604

da1-P(DAR4)-pETnT This paper Addgene 200605

DA2-pET24a Dong et al.23 N/A

Software and algorithms

MEGA-X Version X https://www.megasoftware.net/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Michael

Bevan (michael.bevan@jic.ac.uk)

Materials availability
There are no restrictions on the availability of materials. Plasmids generated in this study are available from Addgene. Transgenic

lines are available from the lead contact.

Data and code availability
d Sequences ofCSA1, CHS3/DAR4, DA1 andDAR3 are publicly available fromGenbank. Accession numbers are listed in the key

resources table. All data generated in this study are in Tables S1–S16.

d No original code was used in this study.

d Any additional information required to re-analyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Arabidopsis thaliana
Arabidopsis thaliana Col-0 and Ws-2 plants were grown in short days (10 hours light/ 14 hours dark) at 20�C. Ws-2 was crossed with

the Col-0 da1-ko1dar1-1 double mutant and backcross lines were selected in the BC7F2 population using primers in Table S13 to

genotype DA1 and DAR1 genes.

Nicotiana tabacum
Nicotiana tabacum plants were grown in long days (16 hours light/ 8 hours dark) at 24�C.

Bacterial strains
Escherichia coli was grown at 37oC in Luria Broth with antibiotics as described

Agrobacterium tumefaciens was grown at 28oC in Luria Broth with antibiotics as described.

METHOD DETAILS

Plasmid constructions
Coding sequences of genes were amplified and ligated into pENTR�/D-TOPO� (ThermoFisher, Catalog number K243520) or

pDONR207 by in-fusion (Takara, Catalog Number 638909), then transferred into expression plasmids by LR reactions (Invitrogen,

Catalog Number 11791-020). For protein expression in Escherichia coli coding sequences were ligated into pETnT by in-fusion.23

Site mutation and domain swapped constructs were amplified by PCR and ligated by in-fusion. DAR3 guide RNAs were assembled

using GoldenGate into pAGM4723_ccdB using FastRed selection. This selection gene was removed after genotyping by backcross-

ing with wild typeWs-2. Expression plasmids are described in Table S14. Table S15 shows mutant lines used. Transgenic lines used

are shown in Table S16. DA1-GFP over- expression lines are from Vanhaeren et al.44

Agrobacterium-Mediated Transient Transformation of N. tabacum and HR assays
Agrobacterium GV3101 strains were grown in LB-medium overnight supplemented with appropriate antibiotics. Cells were har-

vested and adjusted to OD600 0.5 in resuspension buffer (10 mM MgCl2, 10 mM MES pH 5.6), then infiltrated into 4 to 5 weeks

old N. tabacum leaves.9 HR reactions were scored after 2 to 3 days according to Ma et al.29

Protein expression in Arabidopsis protoplasts
BB cleavage was assessed by co-expressing 35S::BB-3FLAG with 35S::3HA-DA1 and mutant variants in da1-ko1dar1-1 leaf pro-

toplasts.9,23 Expression levels of CSA1, DAR4 and mutant variants were assessed in Ws-2 leaf protoplasts. DAR3 inhibition of

DA1was tested in da1-ko1dar1-1 leaf protoplast cells using a concentration of 50,000 cells/200 ml and 10 mg of purified plasmid DNA.

DA1 domain swap in vitro ubiquitination test
DA1domain swapproteinswere expressed inE. coliBL21 (DE3) asC-terminal HIS-tagged proteins. Cells were grown toOD600 0.6 in

LB-medium at 37oC, and induced by 0.1mM Isopropyl b- d-1-thiogalactopyranoside (IPTG) for 3 hours at 28oC. Cells were harvested,

disrupted by sonication (4 x 5 sec bursts with 20 sec interval) in TGH buffer ( 50 mM HEPES-KOH pH 7.4, 150 mM NaCl, 10% (v/v)

glycerol, 1% (v/v) Triton X-100, with EDTA-free protease inhibitor cocktail (Roche Catalog number 11873580001)) and purified by Dy-

nabeads�His-Tag Isolation and Pulldown (ThermoFisher, Catalog number 10103D). Ubiquitylation reactions used E1 (HumanUBE1,

Boston Biochem, Catalog number E-308-050), E2 (Human UbcH5b/UBE2D2, Boston Biochem, Catalog number E2-622-100), E3
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(purifiedDA2)with ubiquitin (BostonBiochem,Catalog numberU-100H) in reaction buffer at 30⁰C for 8 hours in vitro according toDong

et al.23 Protein ubiquitination was tested by immunoblots and FLAG-HRP antibody (Sigma, Catalog number A8592).

Pathogen growth tests
Pseudomonas syringae Pst DC3000 at an OD600 0.02 were sprayed onto 17 day old Arabidopsis seedlings and plants were har-

vested 40 hours after inoculation.9,23 Leaves were sterilised in 75% ethanol for 15 seconds, washed in water for 1 min and weighed

beforemaceration in 10mMMgCl2. Serial dilutions were plated and grown at 28�C for 2 days and colony-forming units were counted.

HpaNoco2 sporeswere sprayed onto 14-day-Arabidopsis seedlings at a concentration of 10,000 spores/ml, then grown at 16⁰C for 7

to 10 days. Spores were washed from plants and concentrations were calculated using a cytometer. A. candida Ac Em2 spores (105

/ml or 104 /ml) were sprayed on 4 to 5 week-old plants that were grown in short day conditions for 10 days. Pathogen growth was

measured by quantitative PCR using LIGHTCYCLER 480 SYBR GREEN MASTER MIX (Roche, Catalog number 04707516001 ) to

measure ratios of host genomic DNA to pathogen DNA ITS (pathogen)/EF1-a (host).45

Protein extraction and analyses
Total protein was extracted in 10 mM Tris HCl pH 7.5, 150 mMNaCl, 0.5 mM EDTA, 10%Glycerol, 0.5%NP-40, EDTA-free Protease

Inhibitor Cocktail. DAR3-GFP levels were assessed using immunoblots with GFP antibody (MiltenyiBiotec, Anti-GFP-HRP, Catalog

number 130-091-833), 3HA-DA1, 3HA-DAR3 and 3HA-DAR4aa127-1613 by HA-HRP (Sigma, Catalog number 12013819001) and aTu-

bulin levels were used as loading control (a-Tubulin antibody, Monoclonal mouse Anti-a-Tubulin antibody, Sigma, Catalog number

T5168; anti-Rabbit IgG, Sigma, Catalog number A0545).

Protein co-immunoprecipitation
3HA-DAR3 and DA1 family proteins tagged with 3FLAG were expressed in Arabidopsis da1-ko1dar1-1 leaf protoplast cells. Proteins

were extracted and purified using Pierce Anti-HA magnetic beads (ThermoFisher Catalog number 88836) for 3 hours. After 4 washes

in 10 mM TrisHCl pH 7.5, 150 mM NaCl, 10% Glycerol, 0.5% NP-40, EDTA-free Protease Inhibitor Cocktail, bound proteins were

eluted at 95⁰C for 5minutes in 1 x SDS sample buffer. Protein levels were assessed using immunoblots with HA-HRP (Sigma, Catalog

number 12013819001) or FLAG-HRP antibodies (Sigma, Catalog number A8592).

Ploidy levels
Three 5mm leaf discs from one Arabidopsis plant were chopped in Otto buffer I (0.1 M citric acid, 0.5% Tween 20), passed through a

30 mmfilter, dilutedwith 2 volumes ofOtto buffer II (0.4MNa2HPO4$12H2O, 2ml/ml b-mercaptoethanol, 50 mg/ml propidium iodide (PI)

and 50mg/ml RNase IIA) and kept at room temperature for 5min. Ploidy levelsweremeasured using aBDFACSMelody�Cell Sorter.46

The ploidy index was calculated as (% 4C nuclei x 1) + (% 8C nuclei x 2) + (% 16C nuclei x 3) + (% 32C nuclei x 4) + (% 64C nuclei x 5).

Nucleotide diversity of DA1 and DAR3

Long-read-based assemblies of 27 diverse A. thaliana accessions were from the 1001 Genome Plus project. These genomes were

sequenced with PacBio Continuous Long Reads (CLRs), assembled with Canu (version 1.71),47 and polished with long-reads and

PCR-free short-reads. Protein coding genes were annotated with Liftoff (version 1.6.2),48 using the annotation file ‘Araport11_GFF3_

genes_transposons.201606.gff’ downloaded from https://www.arabidopsis.org. Loci corresponding to genes AT5G17880-

AT5G17890 (CSA1-CHS3/DAR4), AT1G19270 (DA1), AT5G66610 and AT5G66640 (DAR7 and DAR3) plus 3 kb flanking sequence

were extracted with ‘samtools faidx’ (version 1.9).49 Coding DNA Sequences (CDS) of DA1 and DAR3 were extracted with gffread

(version 0.12.7).50 CHS3/DAR4 was manually annotated due to the high variability of the LIM-peptidase ID. Accessions were clas-

sified according to the presence (clade 1; 13 accessions) or absence (clade 2; 12 accessions) of the LIM-peptidase ID in the

CHS3/DAR4 gene. Multiple alignments of the CDS of genes DA1 and DAR3 were performed separately for sets of accessions cor-

responding to each clade with MAFFT (version 7.407; –reorder –maxiterate 1000 –retree 1).51 Nucleotide diversity and Tajima’s D

were estimated from the aligned sequences with R-packages ape (version 5.6.2)52 and pegas (version 1.1).53 These estimates

were compared with those obtained in 5,000 random combinations of 12 or 13 accessions drawn from 25 eligible accessions of

the genes DA1 and DAR3 (20,000 multiple alignments in total).

Phylogenetic analysis
Proteins were aligned using the MUSCLE algorithm54 and neighbour-joint trees were created using MEGA-X (https://www.

megasoftware.net/) . Protein sequence accessions are listed in Table S12.

QUANTIFICATION AND STATISTICAL ANALYSIS

The significance of differences was assessed using Student’s t-test and are shown in the Figures and Figure Legends. Significance

levels were set at p = 0.05 unless otherwise stated. Graphs were plotted using Excel. Error bars are standard error. Nomethods were

used to determine whether the data met assumptions of the statistical approach.
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