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SUMMARY

Hyaloperonospora arabidopsidis (Hpa) is an oomycete pathogen that causes downy mildew disease on Ara-

bidopsis. This obligate biotroph manipulates the homeostasis of its host plant by secreting numerous effec-

tor proteins, among which are the RxLR effectors. Identifying the host targets of effectors and

understanding how their manipulation facilitates colonization of plants are key to improve plant resistance

to pathogens. Here we characterize the interaction between the RxLR effector HaRxL106 and BIM1, an Arabi-

dopsis transcription factor (TF) involved in Brassinosteroid (BR) signaling. We report that HaRxL106 inter-

acts with BIM1 in vitro and in planta. BIM1 is required by the effector to increase the host plant

susceptibility to (hemi)biotrophic pathogens, and thus can be regarded as a susceptibility factor. Mechanis-

tically, HaRxL106 requires BIM1 to induce the transcriptional activation of BR-responsive genes and cause

alterations in plant growth patterns that phenocopy the shade avoidance syndrome. Our results support

previous observations of antagonistic interactions between activation of BR signaling and suppression of

plant immune responses and reveal that BIM1, a new player in this crosstalk, is manipulated by the patho-

genic effector HaRxL106.

Keywords: HaRxL106, effector, oomycete, BIM1, Brassinosteroid signaling, shade avoidance syndrome, Hya-

loperonospora arabidopsidis, Arabidopsis.

INTRODUCTION

Plants have evolved complex mechanisms to resist the

attack of multiple types of pathogens, but the energetic

cost of inducing defenses in a resource-limiting environ-

ment can affect their growth and productivity (Belkhadir

et al., 2012; Han & Kahmann, 2019; Huot et al., 2014).

Conversely, certain plant organs or structures, either

young, actively growing, or nutritionally rich are consid-

ered more susceptible to colonization by pathogens

(Lacaze & Joly, 2020; Wang & Wang, 2014). Plant defense

mechanisms rely on cell-surface and intracellular systems

that detect specific pathogen-derived molecules

(Dodds, 2023). Cell-surface receptors can recognize com-

pounds of microbial origin, called P/MAMPs

(pathogen/microbe-associated molecular patterns), like

fungal chitin, bacterial flagellin, or oomycete cell wall

constituents. These receptors can also sense endogenous

molecules derived from plant tissue damage. Recognized

molecules are collectively named elicitors (Dodds, 2023).

The activation of cell-surface receptors initiates a com-

plex signaling cascade that includes Ca2+ increases in the

cytosol, bursts of reactive oxygen species (ROS) at

the plasma membrane and organelles, the activation of

several mitogen-activated protein kinases and a wide

transcriptional reprogramming leading to production of

the defense hormones jasmonic acid (JA), ethylene and

salicylic acid (SA). This response, called PTI (for

Pattern-Triggered Immunity), usually provides a

broad-spectrum resistance to a wide range of pathogens

(DeFalco & Zipfel, 2021; Ngou et al., 2022).
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As a countermeasure, adapted pathogens, including

oomycetes, secrete molecules called “effectors” that inter-

fere and rewire numerous plant metabolic pathways (Boe-

vink et al., 2020; He et al., 2020; Win et al., 2012).

Oomycete pathogens produce multiple types of effectors,

among them, the RxLR (Arg-x-Leu-Arg) family (Rehmany

et al., 2005; Win et al., 2012). These effectors are secreted

and translocated, probably via clathrin-mediated endocyto-

sis (Wang et al., 2023), into the cytoplasm of host cells.

RxLR effectors redundantly manipulate multiple compo-

nents of plant host cells, often referred to as “targets”

(Fabro, 2022; He et al., 2020). Many host targets are directly

involved in defense signaling while others are collaterally

required for nutrient acquisition, delivery of pathogenicity

factors, or generation of adequate reproductive niches and

are essential to maintain compatibility during invasion

(Boevink et al., 2020; He et al., 2020; Judelson & Ah-

Fong, 2019; Wang et al., 2019).

Effectors can interfere with plant metabolic pathways

that regulate plant growth and development. Both pro-

cesses depend on photosynthesis-derived energetic

resources which are also used to sustain plant defenses.

The compromise of resource investment in one or the

other process is known as the growth-defense tradeoff

(Han & Kahmann, 2019; Huot et al., 2014; Z€ust & Agra-

wal, 2017). Although healthy plants, without environmental

limitations, manage to balance active growth with an effec-

tive level of immunity, under sustained pathogen attack,

plants destinate more energy and nutrients towards

defense, leading to a reduced growth and alterations in

development and reproduction (Paik et al., 2017). For

example, it has been shown that the activation of PTI and

SA-signaling leads to growth inhibition (Navarro

et al., 2006; Van Butselaar & Van den Ackerveken, 2020).

Conversely, numerous hormones involved in growth and

development, such as auxins, gibberellins, cytokinins,

and brassinosteroids (BR), are able to modulate plant

defenses (Albrecht et al., 2012; Belkhadir et al., 2012; Igara-

shi et al., 2012; Mosher & Kemmerling, 2013;

Robert-Seilaniantz et al., 2011). Generally, rewiring of

growth hormone signaling pathways by effectors results in

a reduction in the level of plant defenses (Han and Kah-

mann, 2019; Dong & Ma, 2021; Figueroa et al., 2021;

Sperschneider & Dodds, 2022). BRs, in particular, which

are involved in cell elongation, vascular system differentia-

tion, flowering time, photomorphogenesis, and other pro-

cesses (Belkhadir & Jaillais, 2015), play a central role in

defenses against oomycete pathogens (Turnbull

et al., 2017, 2019).

The BR signaling pathway is activated upon percep-

tion of different BR hormones by the receptor BRASSINOS-

TEROID INSENSITIVE 1 (BRI1). This initiates a

phosphorylation cascade involving the GSK3-like kinase

BRASSINOSTEROID INSENSITIVE 2 (BIN2) that controls

signal transduction via two major transcription factors

(TFs): BRASSINAZOLE-RESISTANT 1 (BRZ1) and BR-

INSENSITIVE-EMS-SUPPRESSOR 1 (BES1)/BZR2 (Belkhadir

et al., 2006; Wang et al., 2014; Yin et al., 2002). BZR1 binds

to BRRE motifs in the promoters of several BR-responsive

genes, while BES1 forms heterodimers with another bHLH

transcription factor (TF) named BIM1 (BES1-interacting

MYC2-Like1, At5g08130) and together bind to E-boxes

(CACGTG) in the promoters of numerous genes (Yin

et al., 2005; Zhu et al., 2013). BIM1 positively modulates

hypocotyl elongation and the shade avoidance syndrome

in Arabidopsis seedlings via its interaction with the tran-

scription factor PHYTOCHROME RAPIDLY REGULATED1

(PAR1) (Cifuentes-Esquivel et al., 2013; Yin et al., 2005).

Activation of BR signaling can either increase or

antagonize defense responses against pathogens, depend-

ing on the pathosystem considered, and if the activation is

either endogenous or via an exogenous application

(Albrecht et al., 2012; Belkhadir et al., 2012; Lozano-Dur�an

et al., 2013; Malinovsky et al., 2014). In Arabidopsis, the

activation of BR signaling suppresses PTI-induced tran-

scriptional responses mainly through the activity of BRZ1,

which regulates the activation of WRKY TFs that negatively

impact on PTI-related gene expression (Lozano-Dur�an

et al., 2013). Similarly, BRZ1 also activates the bHLH tran-

scription factor HBI1, that negatively regulates the expres-

sion of PTI-marker genes (Fan et al., 2014; Malinovsky

et al., 2014). On the contrary, treatment with brassinazole

that inhibits BR biosynthesis increases the ROS burst in

response to PAMPs (Lozano-Dur�an et al., 2013). In fact,

there are numerous components shared between the BR

and PTI signaling, that have been proposed to modulate

the balance between growth and defenses (Chinchilla

et al., 2009; Lin et al., 2013; Fan et al., 2014; Kang

et al., 2015; B€ucherl et al., 2017;Ortiz-Morea et al., 2020).

Interestingly, regarding plant-oomycete interactions, trans-

genic plants overexpressing BRI1 show increased suscepti-

bility to the biotrophic oomycete Hyaloperonospora

arabidopsidis (Hpa) (Belkhadir et al., 2012). In line with this,

it has been reported that the overexpression of the oomy-

cete RxLR effector AVR2 from Phytophthora infestans

induces BR signaling in potato which leads to a suppres-

sion of PTI-dependent defenses (Turnbull et al., 2017,

2019).

By using the model pathosystem Arabidopsis-Hpa we

here report the role of a new target of the effector

HaRxL106, the transcription factor BIM1, in the regulation

of Arabidopsis growth-defense tradeoff. It was previously

described that HaRxL106 is actively transported into the

plant cell nucleus and inhibits PAMP-triggered ROS burst

as well as SA-dependent gene expression (Fabro

et al., 2011; Wirthmueller et al., 2015; Wirthmueller et al.,

2018) enhancing susceptibility to compatible Hpa isolate

NoCo2 (Wirthmueller et al., 2018) as well as to the virulent
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bacteria Pseudomonas syringae (Pst) (Fabro et al., 2011).

Moreover, HaRxL106 stable expression in Arabidopsis

(HaRxL106-OE) generates an altered growth phenotype,

with elongated petioles, and narrow, curved down leaves

that is reminiscent of plants displaying constitutive shade

avoidance syndrome (SAS) (Fabro et al., 2011; Wirthmuel-

ler et al., 2018). The C-terminal 58 amino acids of HaRxL106

are sufficient and required to suppress host defenses and

induce the SAS-like phenotype when expressed as trans-

gene (Wirthmueller et al., 2018). We here describe our

recent findings indicating that the SAS-like developmental

phenotypes may be explained by the interaction of

HaRxL106 with BIM1. HaRxL106-BIM1 interaction is direct

and occurs in plant nuclei. Our results indicate that

HaRxL106 affects the activity of BIM1 as a regulator of

BR-triggered gene expression, and that BIM1 is required

by the effector to confer enhanced susceptibility and alter

plant growth pattern.

RESULTS

HaRxL106 interacts with BIM1

It was previously demonstrated that the SAS-like pheno-

type of HaRxL106-OEs depends on the interaction of the

effector with the transcriptional regulator RADICAL-

INDUCED CELL DEATH1 (RCD1) but due to the multiple

pleiotropic effects that the loss of RCD1 causes in Arabi-

dopsis, the underlying mechanism remains elusive (Wirth-

mueller et al., 2018). Looking for other HaRxL106

interactors whose function can be related to the above-

mentioned phenotype we took advantage of a preliminary

yeast-two-hybrid (Y2H) screen performed in Dr. Jonathan

D.G. Jones laboratory (personal communication) which

suggested that HaRxL106 interacted with BIM1. We also

observed that the E-box motif (CACGTG) was enriched in

the promoters of genes that showed upregulated expres-

sion in HaRxL106-OE Arabidopsis lines (Wirthmueller

et al., 2018, and table S6 therein), either in non-treated or

mock-treated plants as well as in those infected with Pst.

Therefore, we set up a directed Y2H experiment to verify

the HaRxL106-BIM1 interaction and determine which parts

of HaRxL106 are required for it. We thus evaluated BIM1

interaction with the full-length (FL) version of the effector,

with the last 58 amino acids of its carboxy-terminal domain

(c58) and with the amino-terminal part of HaRxL106 (DC),
lacking the last 58 amino acids. As it can be observed in

Figure 1A, the FL (HaRxL106-FL) and the C-terminal domain

of HaRxL106 (HaRxL106-c58) interact with BIM1 while the

N-terminal domain (HaRxL106-DC) does not interact.

The negative controls did not show autoactivation of nei-

ther BIM1 nor HaRXL106. To investigate if the interaction

between HaRxL106 and BIM1 was direct, as the Y2H result

suggested, we performed a pull-down experiment with

recombinant FL versions of these proteins expressed in E.

coli. We affinity-purified BIM1 tagged with MBP (MBP-

BIM1, Liang et al., 2018) and HIS-HaRxL106 (Wirthmueller

et al., 2015). As it can be observed in Figure S1, MBP-BIM1

bound to an amylose resin pulls down HIS-HaRxL106. This

interaction does not occur with MBP alone.

It was previously reported that HaRxL106 is trans-

ported into the nucleus by several IMPORTIN-a isoforms

that bind to its C-terminal nuclear localization sequence

(NLS) (Wirthmueller et al., 2015), and also that BIM1 has

a predicted NLS (Hooper et al., 2016). Given that the role

of BIM1 as a transcription factor depends on its nuclear

localization, we performed Bi-molecular fluorescence

complementation (BiFC) assays to verify if the interaction

with HaRxL106 takes place in the plant nucleus. For this,

we used the three versions of the effector (HaRxL106 FL,

HaRxL106 DC, and HaRxL106 c58) to express them tran-

siently in leaves of Nicotiana benthamiana (Figure 1B).

The variants of the effector were tagged at their

N-terminus with the YFPn protein fragment to avoid inter-

ference with the carboxy-terminal effector domain. BIM1

was tagged at its C-terminus with the CFPc fragment as it

was previously reported that this tag orientation did not

interfere with its activity (Yin et al., 2005). As positive con-

trol we used importin-a3/MODIFIER OF SNC1 6 (MOS6), a

known interactor of HaRxL106, tagged at its C-terminus

with YFPc (Wirthmueller et al., 2015). As a negative con-

trol we used another nuclear Hpa effector (HaRxLL445)

(Caillaud et al., 2012). As can be observed in Figure 1B,

HaRxL106-FL and HaRxL106-c58 interacted with BIM1 in

the nucleus of N. benthamiana epidermal cells. In con-

trast to the Y2H results, BiFC also showed interaction

between HaRxL106-DC and BIM1 (Figure 1B). This might

indicate a lower level of stringency in BiFC compared to

theY2H assay. On the other hand, BIM1 did not show

fluorescence complementation with the negative control

HaRxLL445.

BIM1 is part of a protein family that has two other

members, BIM2 (At1g69010) and BIM3 (At5g38860). The

major difference between them is that BIM1 has an amino-

terminal domain (N-term) that is absent in BIM2 and BIM3

(Yin et al., 2005). To assess if HaRxL106 also interacts with

these nuclear proteins, we performed a BiFC assay

with BIM2 and BIM3 (Figure S2A). We observed that both

interacted with HaRxL106-FL, suggesting that the N-term of

BIM1 is not the sole domain providing the interaction inter-

face for HaRxL106. This result is further substantiated by a

Y2H assay between the N-term of BIM1 (amino acids 1 to

278) and the C-terminus of HaRxL106 (HaRxL106-c58) that,

if at all, showed a very weak interaction (Figure S3). In con-

trast, the interaction between the N-term of BIM1 and the

FL version of the effector could be detected in this assay.

Although the combined in planta and Y2H results do not

define an unambiguous mode of interaction, our data is

consistent with a model in which the N-terminal part of
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HaRxL106 may bind to domain/s present in the C-terminus

of BIM1 and BIM2, that are not conserved in BIM3. As it

can be observed in Figure S2B, there is a region with 27

conserved amino acids at the C-terminus of BIM1 and

BIM2, starting from G455 of BIM1, that is absent in BIM3.

Based on the BiFC results (Figure 1B; Figure S2A), the C-

� 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,
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terminal 58 amino acids of the effector provide additional

specificity for the association with BIM1 although the

unique N-terminal part of BIM1 on its own is not sufficient

for binding HaRxL106-c58 in Y2H (Figure S3).

Given the caveats that BiFC techniques have (Ohad

et al., 2007), to further verify the interaction between

HaRxL106 and BIM1 and clearly determine the parts of the

effector that were necessary and sufficient for the interac-

tion in planta, we performed co-immunoprecipitation

assays (CoIP) by transiently expressing GFP-HaRxL106-FL

and GFP-HaRxL106-c58 together with BIM1-FLAG (Yin

et al., 2005) in leaves of N. benthamiana (Figure S4A,B).

Although BIM1 undergoes partial degradation during puri-

fication from N. benthamiana, a portion of the protein can

be co-immunoprecipitated by GFP-HaRxL106-FL

(Figure S4A) and also by the C-terminal domain of the

effector (Figure S4B). Another GFP-tagged nuclear Hpa

effector (HaRxLL445) did not immunoprecipitate BIM1-

FLAG (Figure S4A).

Finally, to verify if the effector indeed interacted with

BIM1 in Arabidopsis, we used transgenic plants generated

by other authors (Liang et al., 2018) that, as we verified,

constitutively expressed BIM1-FLAG (Figure S5). We stably

transformed these transgenics to introduce the different

domains of the effector, generating double transgenics that

co-expressed BIM1-FLAG and GFP-HaRxL106-FL or DC or

c58 to perform CoIP assays in Arabidopsis seedlings. We

observed that BIM1-FLAG could be immunoprecipitated by

GFP-HaRxL106-c58 as well as by HaRxL106-FL, even when

the full- FL version of the effector became rapidly degraded

during the IP process (Figure 1C). Conversely,

HaRxL106-DC did not interact with BIM1-FLAG (Figure 1C).

Thus, by using different techniques, our results strongly

suggest that HaRxL106 physically interacts with the tran-

scription factor BIM1. Consistent with the interaction

model presented above, the 58 C-terminal amino acids of

HaRxL106, that mediate suppression of plant defense and

confer the SAS-like phenotype (Wirthmueller et al., 2018),

are also necessary and sufficient for the interaction with FL

BIM1 but not with its N-terminal domain alone or with the

other Arabidopsis members of this transcription factor

family, BIM2 and BIM3.

HaRxL106 requires BIM1 to confer hyper-susceptibility to

Hpa and Pst

To investigate if BIM1 influences Arabidopsis immunity

towards Hpa, we first determined sporulation levels of Hpa

race NoCo2 on bim1 mutants (Figure 2A). For this we used

a line with a T-DNA insertion in the 9th exon of BIM1

(SALK_132178) (Figure S6A,C,D) and BIM1-FLAG overex-

pressing plants (Figure 2A). An independent, previously

published bim1 T-DNA line (SALK_085924, insertion in 1st

exon), did not harbor the reported T-DNA insertion and

was therefore excluded from the analysis (see Materials

and Methods section and Figure S6B). However, we were

able to characterize the SALK_085924 bim1 mutation in

context of the bim123 triple mutant including genetic com-

plementation, see below. We also assessed the susceptibil-

ity of bim2 and bim3 mutants to Hpa (Figure S7A). All

three single mutants bim1, bim2, and bim3 showed

decreased conidiospore production when compared to

Col-0 wild type plants (Figure 2A; Figure S7A). Hpa conidia-

tion was also reduced in the triple mutant bim123

(Figure 2A; Figure S7B) indicating that loss of single or

multiple BIM genes could either activate immune signaling

or BIM proteins might act as susceptibility factors for Hpa.

We observed a trend towards increased Hpa conidiation

on BIM1-FLAG overexpressing plants, similar to the one

observed in plants that overexpress the effector HaRxL106

although this was not always statistically significant for

BIM1-FLAG over-expressors (Figure 2A; Figure S7B). Com-

plementation of the triple mutant bim123 with BIM1-FLAG

restored the wild type levels of susceptibility to Hpa

(Figure S7B), indicating that BIM1 on its own is sufficient

to act as a “susceptibility factor” which could explain the

increased resistance observed in bim1 plants. We note that

our phenotyping results do not exclude possible additional

functions of BIM2 and BIM3 as susceptibility factors. How-

ever, based on the specific interaction between the

defense-manipulating C-terminal part of HaRxL106 and

BIM1, we focus here on BIM1 as a possible virulence target

of the effector.

Given the fact that we had already observed that

HaRxL106-OE lines, besides displaying hyper-susceptibility

Figure 1. HaRxL106 directly interacts with BIM1.

(A) Y2H assay using HaRxL106 effector FL (FL) sequence, and its carboxyl (HaRXL106-c58) and amino-terminal (HaRxL106-DC) domains. pDEST32: bait vector.

pDEST22: prey vector. SC-WL: medium Synthetic Complete for yeasts without Tryptophan and Leucine. SC-WLH + 25 mM 3AT: SC-WL and without Histidine,

supplemented with 25 mM 3-Aminotriazole. pDEST32-Krev1 + pDEST22-RalGDS: positive interaction control.

(B) Bi-molecular fluorescence complementation assay. Confocal microscopy images representative of the abaxial epidermis of N. benthamiana leaves co-

expressing the indicated constructs. Scale bars represent 20 lm.

(C) Co-Immunoprecipitation of GFP-HaRxL106 FL or GFP-HaRxL106-c58 with BIM1-FLAG in Arabidopsis. Left panels: SDS-PAGE of total protein extracts (inputs),

revealed with anti-GFP (upper panel) or anti-FLAG antibodies (lower panel). Right panels: proteins immunoprecipitated with Magne-Halo-anti-GFP, revealed with

anti-GFP (upper panel) or anti-FLAG antibodies (lower panel). Ponceau S staining shows RUBisCo loading. (/) indicates an empty well, white arrows point to

BIM1-FLAG degradation bands. (§) nonspecific anti-GFP antibody binding, (#) GFP-HaRxL106 degradation bands. Line 2 on the left of all blots, next to the MW

weight marker is Col-0 wild-type protein extract.
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Figure 2. bim1 and bim123 mutants are less susceptible to Hyaloperonospora arabidopsidis (Hpa) and Pseudomonas syringae pv. tomato DC3000 (Pst) and

BIM1 is necessary for the increased susceptibility to Pst of HaRxL106 overexpressing plants.

(A) Number of Hpa conidia produced by infected A. thaliana seedlings (n = 50) of the indicated genotypes. The asterisks indicate significant differences com-

pared to Col-0 according to a non-parametric ANOVA (Kruskal Wallis) with P < 0.05. This experiment was repeated 6 times with similar results.

(B, C) Bacterial titers in colony-forming units per square centimeter of leaf (CFU/cm2) at 1 and 3 days after infection with Pst in the genotypes mentioned. Signif-

icant differences with Col-0 or between the genotypes indicated according to the t-test for averages differences with P < 0.05 (*), P < 0.01 (**) and P < 0.001

(***) are indicated. n = 6 for B; n = 3 for C. The experiments were repeated 3 times with similar results.

� 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,
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6 Maria Florencia Bogino et al.

 1365313x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.17159 by W

ageningen U
niversity A

nd R
esearch Facilitair B

edrijf, W
iley O

nline L
ibrary on [05/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



to Hpa, were also more susceptible to virulent strains of

the bacterium Pst (Fabro et al., 2011), we decided to also

assess the response of bim1 mutant plants to Pst. This

pathogen inoculation is easier to synchronize and its

growth in planta is simpler to quantify over time. We veri-

fied the previous observation and noted that plants expres-

sing RFP-HaRxL106-C58 were the most susceptible

(Figure S7C; Figure 2C). We also observed that bim1 plants

supported lower bacterial growth by day 3 post-inoculation

(Figure 2B; Figure S7C). Moreover, bim123 triple mutants

showed an even greater decrease in bacterial titers from

day 1 that was maintained by day 3 post-infection

(Figure 2C; Figure S7C). To investigate if BIM1 was also

required for the enhanced bacterial susceptibility caused

by the expression of HaRxL106 in wild type plants, we gen-

erated transgenics that expressed the effector in the bim1

mutant background. We confirmed by qPCR and confocal

microscopy that HaRxL106 was indeed expressed in the

bim1 background (Figure S8A,B). To assess the potential

roles of BIM2 and BIM3 in HaRxL106-mediated bacterial

susceptibility, we also generated HaRxL106 overexpression

lines in the bim23 double and bim123 triple mutant back-

grounds. As can be observed in Figure 2B,C, when the

effector HaRxL106 is expressed in the absence of BIM1, it

cannot confer enhanced susceptibility to Pst. Additionally,

and in contrast to the phenotype observed for Hpa

(Figure S7A), BIM2 and BIM3 do not appear to be required

for HaRxL106 to enhance Arabidopsis susceptibility to the

bacteria (Figure S7D). Thus, the enhanced susceptibility to

both pathogens produced by the expression of HaRxL106

specifically requires BIM1, supporting the idea that this

protein may act as a susceptibility factor that is required to

establish a fully compatible interaction with Hpa and Pst.

bim1 mutants show altered PTI responses

The enhanced resistance of bim1 to Hpa and Pst could

either be due to some type of constitutive defense activa-

tion (e.g., PTI), indicating that BIM1 plays a role as a nega-

tive regulator of plant defenses, or to the requirement of

BIM1 as a susceptibility factor to establish a proper infec-

tion process (Fabro, 2022). To investigate this, we evalu-

ated if bim1 mutants showed signs of constitutive or

enhanced PTI by monitoring callose deposition induced by

the Pst hrcC- mutant strain (Pseudomonas syringae pv.

tomato DC3000 hrcC-, Yuan & He, 1996), ROS burst

induced by the bacterial PAMP flg22, and transcriptional

activation of defense marker genes. As shown in

Figure 3A, bim1 does not show increased basal levels of

callose deposition. Strikingly, while wild type plants

responded with elevated callose deposition to the infection

with Pst hrcC-, the bim1 mutant was completely devoid of

pathogen-induced callose deposits. Additionally, flg22-

induced ROS levels in bim1 mutants were 40% lower than

those observed in wild type plants (Figure 3B). Regarding

the expression levels of marker genes of the SA (ICS1 and

PR1) or JA (PDF1.2) defense pathways, their basal levels

were either undetectable or highly variable between geno-

types and experiments without a clear correlation with the

presence/absence of BIM1 (Figure S9). In line with this,

the transcriptional expression of these marker genes upon

Hpa infection showed no correlation with the susceptibility

or resistance phenotypes we observed previously

(Figure S9; Figure 2). Thus, the enhanced resistance of

bim1 mutants to Hpa and Pst does not appear to be due to

a direct effect of BIM1 as a negative regulator of plant

defenses (PTI or SA/JA pathways). Conversely, the reduced

susceptibility of bim1 mutant plants might be an indirect

consequence of impeded activation of the BR signaling

pathway, which prevents alterations in plant growth and

Figure 3. bim1 mutants show altered PTI responses.

(A) Callose deposits on the abaxial epidermis of leaves of the indicated

genotypes treated with buffer (MgCl2 10 mM) or infected with Pseudomo-

nas syringae pv. tomato DC3000 (Pst) mutant hrcC-. The asterisk indicates

significant differences with P < 0.05 according to a non-parametric ANOVA

(Kruskal Wallis), n = 36.

(B) Kinetics of the oxidative burst (ROS) after treatment with flg22 of leaf

discs (n = 24) of the indicated genotypes. Measure of luminescence is

expressed in Relative Luminescence Units (RLUs).

� 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,
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development that hijack resources that could be invested

in plant defense, weakening plant cell walls, facilitating

pathogen penetration and/or promoting metabolic changes

that favor pathogen nutrition and reproduction. This could

also explain why the reduced susceptibility is observed for

two pathogens from different kingdoms and different life-

styles (Hpa, an oomycete obligate biotroph, Pst, a bacterial

hemibiotroph).

BIM1 is necessary for HaRxL106 to cause SAS-like

developmental phenotypes

As mentioned, expression of HaRxL106 as a transgene in

the Col-0 background induces a constitutive shade avoid-

ance syndrome (SAS)-like phenotype (Fabro et al., 2011;

Wirthmueller et al., 2018). It was previously demonstrated

that this phenotype depends on the interaction of

HaRxL106 with the transcriptional co-regulator RADICAL-

INDUCED CELL DEATH1 (RCD1) but due to the multiple

pleiotropic effects that the loss of RCD1 causes in

Arabidopsis, the mechanism by which HaRxL106 triggers a

SAS-like developmental phenotype remains elusive (Wirth-

mueller et al., 2018).

Thus, to determine whether BIM1 was required by

HaRxL106 for the development of the SAS-like phenotype,

we evaluated developmental parameters on bim1 and

bim123 plants expressing the FL YFP-tagged version of

HaRxL106 (35S:YFP-HaRxL106). Only one of the two inde-

pendent lines, bim1/35S:YFP-HaRxL106 (line #3), had a

slightly greater hypocotyl length than Col-0 and bim1 seed-

lings (Figure 4A). However, as adult plants, none of the

lines recapitulated the phenotype observed in 35S:YFP-

HaRxL106 over-expressors in wild type Col-0 background

(Figure 4B).

Col-0 constitutively expressing HaRxL106-FL (35S:YFP-

HaRxL106) also shows leaves with elongated petioles,

which are inserted into the rosette at larger angles (leaf

hyponasty). Thus, we also evaluated the petiole length and

leaf insertion angle in young (3-week-old) or adult (2-

months-old) bim1 mutants comparing them with plants

expressing HaRxL106 (Figure 4B bar graphs and

Figure 4C). bim1 mutants showed no significant differ-

ences in petiole length regarding wild type plants either at

2 months (Figure 4B) or 3 weeks (Figure 4C) of age. We

could observe that 2-month-old bim1 rosettes were flatten

with a smaller insertion angle than wild type plants. The

plants that expressed the oomycete effector also showed a

higher chlorophyll content per square centimeter of leaf

lamina (Figure 4B, far right graph). On the contrary, bim1

mutant plants were similar to Col-0 plants in their chloro-

phyll content. Young BIM1-FLAG plants (3-weeks-old)

showed elongated petioles, similar to plants expressing

HaRxL106 (Figure 4C) but this phenotype disappeared over

time. Two-month-old BIM1-FLAG plants were identical to

Col-0 (Figure 4B, petiole length graph and Figure S10).

When the HaRxL106 effector was expressed constitutively

in the bim1 mutant background, the resulting lines #1 and

#3 were similar to bim1 regarding petiole length, petiole

insertion angle, and chlorophyll content (Figure 4B, bar

graphs). Furthermore, we examined the petiole length of

three-week-old bim123/35S:YFP-HaRxL106 plants

(Figure 4C). According to Yin et al. (2005), bim123

plants were dwarf. This experiment revealed that this

dwarfism is maintained even when expressing 35S:YFP-

HaRxL106 in this background. Together, our results sug-

gest that BIM1 is necessary for HaRxL106 to stimulate

hypocotyl and petiole growth, as well as to increase leaf

insertion angle. These HaRXL106-induced BIM1-dependent

developmental modifications likely cause the observed

constitutive SAS-like phenotype.

HaRxL106 alters BIM1 activity generating an increase in

the expression of BR-responsive genes

Collectively, our results pointed to a role of BIM1 as a sus-

ceptibility factor. One possible scenario was that the altered

defense/immunity in bim1 mutants is due to the reported

function of BIM1 as a regulator of BR signaling (Liang

et al., 2018). Thus, we wondered whether activation of this

hormonal pathway occurred upon Hpa infection on suscep-

tible wild type plants. We assessed the expression of known

BR-responsive and SAS-related genes (BR6OX, DWF4,

ARF6, XTH19, IAA19) (Bai et al., 2012; Liang et al., 2018; Oh

et al., 2014; Sun et al., 2010; Xu et al., 2020; Yu et al., 2011)

by qRT-PCR in wild type Col-0 seedlings infected with Hpa

NoCo2. As shown in Figure 5A, at 96 h after infection, the

BR biosynthesis genes BR6OX and DWF4, as well as a gene

linked to SAS responses mediated by BRs and auxins

(IAA19) (Romanowski et al., 2021), were markedly induced

in response to Hpa invasion.

Figure 4. HaRxL106 expression in planta alters plant development in a BIM1-dependent manner.

(A) Representative images of 10-day-old seedlings of the indicated genotypes and quantification of their hypocotyl length. Different letters indicate significant

differences with P < 0.05 according to non-parametric ANOVA (Kruskal Wallis) n = 26. Scale bars represent 2 mm.

(B) Representative images of two-month-old adult plants overexpressing HaRxL106 in wild type (Col-0) or bim1 mutant background, (Col-0/YFP-HaRxL106 #12

and bim1/YFP-HaRxL106 #3). Scale bars represent 2 cm. Quantification of petiole length, petiole insertion angle, and chlorophyll content of adult plants of the

genotypes (color coded as in A) is shown. Different letters indicate significant differences according to non-parametric ANOVA (Kruskal Wallis, P < 0.001); and

asterisks according to a parametric ANOVA with Tukey post hoc test (P < 0.001).

(C) Representative images of 3-week-old seedlings and petiole length quantification. Different letters indicate significant differences with P < 0.05 according to

non-parametric ANOVA (Kruskal Wallis). Scale bars represent 5 mm.
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Taking into account the above results, we then investi-

gated if HaRxL106 was one of the effectors that Hpa

deploys to alter the expression of the aforementioned

genes. To avoid the known transcriptional feedback loop

inhibition that controls the expression of many BR-

responsive genes (Belkhadir et al., 2012), we decided to

first study transcriptional changes of BR-responsive genes

in Arabidopsis lines that expressed HaRxL106 under an

estradiol-inducible promoter (Zuo et al., 2000), we called

these lines pER8:HA-HaRxL106 (Figure S11). We observed

that the induction of HaRxL106 expression stimulated the

transcription of BR-responsive developmental genes as

BR6OX and DWF4, as well as of ARF6 and XTH19, genes

that also respond to BRs-induced Auxins upregulation (Oh

et al., 2014; Xu et al., 2020) (Figure 5B). Interestingly, the

expression pattern of BR-responsive genes was different

from the one observed with Hpa infection (Figure 5A). This

could be a consequence of the presence of other Hpa-

delivered effectors or activation of PTI that possibly influ-

ences the expression of these genes.

Additionally, to ascertain if the expression of

HaRxL106 could alter BIM1 activity as transcription factor,

we also measured the expression of its direct targets, the

TFs PACLOBUTRAZOL RESISTANCE (PREs) PRE1, PRE5,

and MYB30 (Bai et al., 2012; Buti et al., 2020; Li et al., 2009;

Liang et al., 2018; Yin et al., 2002). As it can be observed in

Figure 5B, the effector induction affected the expression of

BIM1 targets PRE1, PRE5, and MYB30 although to a lower

extent, probably due to the tight positive and negative

transcriptional regulation that these TFs are subject to

(Zhang et al., 2009).

Moreover, to determine if BIM1 was necessary for

the activation of BR-responsive genes by HaRxL106, the

expression levels of these genes were compared between

Col-0 wild type seedlings, bim1 mutants, and plants over-

expressing HaRxL106 either in the wild-type or bim1

mutant background. As shown in Figure 5C, constitutive

expression of HaRxL106 in wild-type background induces

the expression of BR6OX, DWF4, PRE1, and PRE5 (orange

bars). On the contrary, seedlings that overexpress

HaRxL106 in bim1 background (green bars) exhibit levels

of expression comparable to the bim1 mutants (purple

bars). In order to complement these data, we investigated

how the binding of HaRxL106 to BIM1 might affect its

direct activity as a transcription factor. For this, we per-

formed promoter transactivation assays with a dual-

luciferase system that consists of a vector where a given

promoter can be cloned to direct the expression of the fire-

fly luciferase gene (Promoter X:fLUC). Following the previ-

ous sequence there is an in-frame construct to

constitutively express the Renilla luciferase reporter (35S:

rLUC). As reporters, we used the BIM1-specific promoters

PRE5pro and SAUR-ACpro fused to the firefly luciferase

gene (PRE5pro:fLUC and SAUR-ACpro:fLUC) built by Liang

et al. (2018). BIM1-FLAG binding to the promoters of PRE5

and SAUR-AC genes has been previously reported by

ChIP-qPCR (Liang et al., 2018). We also collected data indi-

cating that BIM1-FLAG upregulated the expression of

SAUR-AC, while YFP-HaRxL106 slightly decreased SAUR-

AC mRNA levels (Figure S12). We then transiently

expressed our promoter-reporter genes in N. benthamiana

leaves via A. tumefaciens, co-infiltrating with or without

the appropriate vectors to express BIM1-GFP and/or GFP-

HaRxL106 and recorded the luminescence levels with a

luminometer. Firefly luciferase activity (luminescence) was

normalized to the Renilla Luciferase luminescence (fLUC/r-

LUC). As it can be observed in Figure 6A, the PRE5 pro-

moter is activated by GFP-HaRxL106, presumably acting

through BIM1’s ortholog in N. benthamiana, but not by

GFP alone. When both proteins, BIM1 and HaRxL106 are

present, their effect is additive. Conversely, in the case of

SAUR-AC (Figure 6B) the negative effect of GFP-HaRxL106

is compensated by BIM1-GFP co-expression, while BIM1-

GFP alone enhances the expression of SAUR-AC, in con-

cordance with the data obtained by qRT-PCR (Figure S12).

In summary, our results indicate that the transcription fac-

tor activity of BIM1 can be affected by HaRxL106 to effec-

tively modulate a sector of the BR signaling pathway

linked to the development of the SAS phenotype by up or

downregulating different BR-responsive genes.

DISCUSSION

Cytoplasmic RxLR effector proteins interact with different

types of plant targets (Fabro, 2022; T€or et al., 2023). Many

of the targets described to date are proteins directly or

indirectly linked to plant immune responses and several

are indeed manipulated by other types of effectors pro-

duced by bacterial or fungal pathogens (McLellan

Figure 5. Hpa infection and HaRxL106 expression induce BR-responsive genes in a BIM1-dependent manner.

(A) Gene of interest (GOI) expression normalized to a reference gene (AtUBI5) at 96 h post-infection with Hpa NoCo2. Values are relative to each gene expres-

sion in uninfected plants of the same age (11-day old).

(B) Normalized GOI expression in pER8:HA-HaRxL106 seedlings treated with the vehicle DMSO (mock) or DMSO solution containing 1.25 lM b-Estradiol. In
panels (A, B), asterisks indicate statistically significant differences between treatments with *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 according to a

two-factor ANOVA (Uncorrected Fisher’s LSD post hoc test).

(C) Expression of the indicated genes normalized to the reference gene in 10-day-old seedlings of different genotypes. *Indicates statistically significant differ-

ences regarding genotype Col-0; # indicates differences between bim1/35S:HaRxL106 plants and 35S:YFP-HaRXL106, according to a one-factor ANOVA (Tukey

post hoc test, P < 0.05).
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et al., 2022; Mukthar et al., 2011; Weßling et al., 2014). On

the other hand, effector targets that participate in host met-

abolic processes other than immune responses have been

less studied (Toru~no et al., 2016). In this work, we provide

evidence that BIM1, a transcription factor involved in BR

signaling, is targeted by the effector HaRxL106. We con-

sider BIM1 as a plant susceptibility factor that HaRxL106

exploits to selectively induce the transcriptional activation

of the BR signaling network. BR-dependent changes in

gene expression correlate with morphological and physio-

logical changes in aerial plant organs that generate a SAS-

like phenotype. Plants with this phenotype show enhanced

susceptibility not only to the obligate biotroph Hpa but

also to a hemi-biotrophic bacteria (Pst), suggesting that the

transcriptional alterations caused by HaRxL106 contribute

to modify the morphology and probably the metabolic sta-

tus of plant tissues making them more susceptible to dif-

ferent types of pathogens.

An analysis of our results in the context of the existing

bibliography about effector target roles, first led us to con-

sider that BIM1 was a negative regulator of immunity,

manipulated by HaRxL106 to suppress plant defense sig-

naling. Previous RNAseq data of adult plants expressing

HaRxL106 (HaRxL106-OE) infected with Pst revealed a sup-

pression of SA-signaling (Wirthmueller et al., 2018), and

the fact that bim1 mutants were more resistant to Hpa

and Pst fitted in this context. Other studies indicated that

there is a negative crosstalk between the upregulation of

Figure 6. HaRxL106 affects the promoter activity of BIM1 targets.

Transactivation assay in N. benthamiana leaves. A. tumefaciens AGL1 carrying the reporter plasmids (PRE5pro:LUC in (A) and SAUR-ACpro:LUC in (B)) were co-

infiltrated with AGL1 expressing the indicated constructs at OD = 0.2 of each strain. 35S:GFP-GW and 35S:GW-GFP are the empty vector controls where

HaRxL106 and BIM1 CDS were cloned, respectively. Leaf tissues were harvested at 72 hpi and Firefly luciferase/Renilla luciferase ratio (fLUC/rLUC) was mea-

sured. Asterisks indicate statistically significant differences between treatments with *P < 0.05 and **P < 0.01 according to a parametric ANOVA (uncorrected

Fisher’s LSD post hoc test) for (A) and non-parametric ANOVA (uncorrected Dunn’s post hoc test) for (B), n = 6 for both panels.
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BR-responsive TFs and PTI (Lozano-Dur�an et al., 2013;

Malinovsky et al., 2014). Constitutive activation of BZR1

suppresses PAMP-triggered ROS production, PAMP-

triggered gene expression, and flg22-induced seedling

growth inhibition. This suppression of PTI by BZR1 was

particularly pronounced during fast seedling growth. Anal-

ysis of RNAseq and ChIP data led those authors to suggest

that BZR1 may interact with WRKY TFs that suppress

PAMP-triggered ROS and downregulate transcription of

defense genes. Furthermore, another BZR1 target gene,

the bHLH transcription factor HBI1, negatively regulates

the expression of PTI-marker genes (Fan et al., 2014; Mali-

novsky et al., 2014). In this sense, BIM1 functioning as a

negative regulator of defenses might be mediated by one

of its direct targets, the PRE TFs. It has been reported that

PRE1 interacts with IBH1 (ILI1 BINDING BHLH 1). This pro-

tein inhibits HBI1. Upregulation of PRE1 would inactivate

IBH1, thus increasing the activity of HBI1, causing a reduc-

tion in defense responses (Paik et al., 2017). However, we

found that bim1 mutants do not show an increased basal

or infection-induced expression of SA-marker genes com-

pared to the one observed in wild-type and HaRxL106-OE

plants (Figure S9). Indeed, the phenotype of enhanced

resistance we observed in bim1 mutant plants (Figure 2;

Figure S7) occurs with a diminished level of PTI responses

(flg22- triggered ROS and callose deposition Figure 3).

Thus, it seems unlikely that BIM1 functions as a negative

regulator of early PTI responses or defense gene

transcription.

Another possibility was that HaRxL106-mediated

BIM1-dependent transcriptional activation of certain BR-

responsive genes (BR6OX, DWF4, Figure 5) would induce

the synthesis of BR hormones, initiating and/or sustaining

the execution of specific developmental programs like the

SAS, deviating resources from defenses to growth and

altering metabolic and physiological processes in the plant

that may facilitate colonization. Plants that develop SAS

decrease SA-dependent defenses, although the exact

molecular mechanism is still unknown (de Wit et al., 2013).

It is possible that actively dividing and elongating tissues

(i.e., hypocotyls) display softer remodeled cell walls, easier

to penetrate to establish haustoria, as well as perturbed

nutrient pools that pathogens may thrive on. Indeed, the

increase in chlorophyll content that we observe in

HaRxL106-OE plants (Figure 4B) could be indicating

enhanced photosynthesis as it has been reported to occur

surrounding infection sites of the oomycete Albugo can-

dida in Arabidopsis at early stages of interaction (Chou

et al., 2000). Enhanced photosynthesis produces changes

in soluble carbohydrates availability that can be used for

pathogen nutrition and growth (Berger et al., 2007; Herlihy

et al., 2019). In support of this hypothesis, plants that over-

express BIM1-FLAG show some of the early developmental

features of HaRxL106-OEs (e.g., petiole length; Figure 4C)

and also exhibit enhanced susceptibility to Hpa (Figure 2A;

Figure S7B). Additionally, it was previously observed that

endogenous induction of BR signaling by overexpressing

the receptor BRI1 (BRI1-OE), or its hypermorphic allele

BRI1sud1, promotes the SAS-like growth and increased sus-

ceptibility to Hpa virulent race NoCo2. This enhanced spor-

ulation is more pronounced on the first true leaves, organs

in which BR-driven cell elongation programs are hyperac-

tive (Belkhadir et al., 2012). Arabidopsis BRI1-OE, mutants

BRI1sud1 or those constitutively expressing DWF4, a gene

encoding the BR biosynthetic enzyme C-22 hydroxylase,

display elongated petioles and narrow curved leaf laminas

and show reduced flg22-induced ROS burst and callose

deposition (Belkhadir et al., 2012). Interestingly, these phe-

notypes are all present in HaRxL106-OE plants.

The detailed molecular mechanism by which

HaRxL106 promotes the transcriptional activity of BIM1

still remains elusive and merits further investigation. BIM1

is post-translationally modified by phosphorylation (Phos-

PhAt, https://www.psb.ugent.be/webtools/ptm-viewer/protein.

php?id=AT5G08130.5) and sumoylation (Miller et al., 2010).

These protein modifications might be modulated by

HaRxL106 affecting BIM1 function as a transcription factor.

Alternatively, the effector might be altering BIM1 subcellu-

lar localization, retaining it into the nucleus, or stabilizing

BIM1 binding to the DNA or modulating BIM1-BES1 het-

erodimer formation or even acting as a scaffold for the

recruitment of co-transcriptional regulators, like other

HaRxL106-interactors, such as RCD1 (Wirthmueller

et al., 2018). RCD1 localizes to the plant cell nucleus and

binds several TFs (Jaspers et al., 2009). Loss of RCD1

affects plant development and several stresses signaling

pathways causing alterations in plant growth and develop-

ment, likely mediated by its interaction with PHYTO-

CHROME INTERACTING FACTORS (PIFs) 3, 5, and 7

(Jaspers et al., 2009). In fact, HaRxL106-mediated SAS-like

phenotype is also largely suppressed in rcd1, and both

bim1 and rcd1 mutants are impaired in activating the SAS

developmental program (Cifuentes-Esquivel et al., 2013;

Salazar-Sarmiento, 2010). It remains possible that

HaRxL106 interacts with both targets at the same time in

the plant host nucleus to promote alterations in plant

development (via BIM1) while causing SA-pathway depen-

dent defense suppression (via RCD1) (see graphical

abstract model). Whether these interactions are mutually

exclusive and whether they act additively or synergistically

to promote host colonization deserves further investiga-

tion. In our hands, Y2H assays indicate that both effector

targets, RCD1 and BIM1, can indeed interact in the absence

of HaRxL106 (Figure S13). Future experiments will help us

to determine if this interaction can be altered by the pres-

ence of HaRxL106.

Targeting of TFs involved in plant growth and devel-

opment has been previously reported for oomycete

� 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2024), doi: 10.1111/tpj.17159
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effectors. Hpa effector HaRxL21 expression in Arabidopsis

or N. benthamiana generates enhanced susceptibility to

Hpa or P. infestans, respectively (McLellan et al., 2022).

This effector interacts with the transcriptional co-repressor

TOPLESS (TPL) which participates in numerous processes

of plant development. Arabidopsis lacking TPL shows

enhanced susceptibility to Pst, Hpa, and the fungus Botry-

tis cinerea (Harvey et al., 2020; Zhu et al., 2010). Similarly,

HaRxLL470, interacts with ELONGATED HYPOCOTYL 5

(AtHY5) a TF involved in photomorphogenesis. The effec-

tor reduces HY5 binding to DNA, compromising transcrip-

tion of defense marker genes (Chen et al., 2021). P.

infestans effector Pi03192 and Bremia lactucae effectors

BRLs 04,05,08, and 09 target NAC (NAM/ATAF/CUC) TFs

involved in germination and stress responses, preventing

their translocation to the nucleus and hindering host

defenses (McLellan et al. 2013; Meisrimler et al., 2019). The

P. capsici effector CRN12-997 binds a tomato TCP

(Teosinte-Branched-Cycloidea and PCF 14, SlTCP14-2),

inhibiting its binding to DNA and immunity-associated

activity (Stam et al., 2021). The ortholog of TCP14 in Arabi-

dopsis positively regulates photo- and thermo-

morphogenesis, and is targeted by Hpa effector HaRxL45,

but the consequences of this interaction have not been

described (Yang et al., 2017). Regarding manipulation of

TFs specifically involved in the BR-pathway, there is only

one previous report, the effector AVR2 of Phytophthora

infestans, which upregulates potato TF StCHL1, a positive

regulator of BR signaling. Potato plants overexpressing

AVR2 show an altered growth morphology, increased BR

marker gene expression, and enhanced susceptibility to P.

infestans (Turnbull et al., 2017). In all the above-mentioned

examples, the consequences that effector-target interac-

tions had over different types of plant defense responses

were clearly established, supporting the hypothesis that

the crosstalk existing between growth and defenses is skill-

fully exploited by adapted pathogens. On the contrary, the

influences that effector-target interaction had on plant

growth/development were not investigated. We consider

that our studies can contribute to clarify how effectors are

able to manipulate the developmental pattern of the plant

host and the consequences this has on pathogen fitness.

Regarding the proposed role of BIM1 as a susceptibil-

ity factor and envisaging possible application of these find-

ings to plant disease management, it remains to be

determined if economically relevant pathogens also

require BIM1 to establish a compatible interaction. BIM1 is

conserved across the green plant lineage (Viridiplantae)

(https://phylogenes.arabidopsis.org/tree/PTHR46412). Genes

that encode BIM1 homologs/orthologs are found in crop

plants such as cotton, cocoa, castor bean, and walnut. In

tomato, the closest sequence to BIM1, SlBIM1a, has been

proposed as a negative regulator of cell size in fruit peri-

carp cells. Indeed, SlBIM1a silencing specifically increased

fruit and pericarp cell size, as well as plant stem length

(Mori et al., 2021). Other orthologs are found in soybean,

wheat, sorghum, sunflower, rapeseed, grapevine, and other

edible species whose economic value does not lie in the fl-

ower/fruit/seed such as cabbage, lettuce, spinach, and

potato (Solanum tuberosum). In this last species, there is a

gene annotated as transcription factor StBIM1 (ID:

PGSC0003DMG400024523; The Potato Genome Sequencing

Consortium, 2011). Interestingly, it was recently reported

that transient expression of HaRxL106 in N. benthamiana

leaves promoted susceptibility to P. infestans, an oomycete

of huge economical relevance (McLellan et al., 2022). Thus,

it might be worth studying the role of BIM1 in the P.

infestans-potato or tomato interaction. Additionally, to reli-

ably determine if the elimination or modification of BIM1

does not have deleterious effects in plant growth and yield,

it is necessary to carry out analyses that investigate BIM1

involvement in flowering and seed production. Absence of

BIM1 in Arabidopsis does not cause major growth pattern

alterations in plant shape or size (Figure 4) but we observed

an early flowering phenotype. This is consistent with a

described function of BIM1 on reproductive development,

where together with BES1, it binds to a BRRE cis-element

in the first intron of the key floral repressor FLOWERING

LOCUS C (FLC). BES1/BIM1 binding recruits a histone

demethylase to promote FLC expression, blocking floral

transition and favoring vegetative development (Li

et al., 2018; Li & He, 2020). Xing et al. (2013) described that

bim1 mutants are only slightly less fertile than wild Col-0

plants. Likewise, bim1 mutants show minor defects in

embryo development (Chandler et al., 2009). If it turns out

that BIM1 orthologs in Solanaceae are required for suscep-

tibility to oomycetes or other pathogens, then editing BIM1

in potato, which reproduces clonally through its tubers,

constitutes an attractive strategy to achieve greater resis-

tance without the energetic cost associated with imple-

menting active defense responses (Canet et al., 2010;

Groszmann et al., 2015; Van Butselaar & Van den Ackerve-

ken, 2020; Wang et al., 2007). We consider that our results

could be a starting point for potential biotechnological

applications in order to improve cultivar defenses without

dampening growth, thus supporting food security.

EXPERIMENTAL PROCEDURES

Plant material and growth conditions

Wild-type Arabidopsis seeds ecotype Columbia-0 (Col-0) wild type
and 35S:YFP-HaRxL106 were described previously (Fabro
et al., 2011; Wirthmueller et al., 2015, 2018). In the case of bim1
mutants, we first obtained seeds of allegedly bim1 mutant plants
from Yin et al., 2005 and also from the ABRC (line SALK_085924).
After careful genotyping we found out that this line did not carry
the expected T-DNA insertion in the BIM1 ORF, while another line
requested to Dr. John Chandler, SALK_132178, was a homozygous
mutant, and thus in this work, we refer to this line as bim1 mutant

� 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2024), doi: 10.1111/tpj.17159
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(Figure S6A–C). We also quantified BIM1 expression in this
mutant line by RT-qPCR (Figure S6D). bim1 mutants expressed a
transcript to a significantly lower level (P < 0.001) than wild plants.
Even when the expression of BIM1 in the mutants is not zero; the
transcript detected is likely to be truncated as the primers used for
the PCR hybridize upstream of the T-DNA inserted at the end of
the 9th exon. The bim123 triple mutant from Yin et al., 2005 was
developed with SALK_085924 line (insertion in BIM1 CDS at 50

end, 1st exon) crossed by SALK_074689C: insertion in BIM2 and
SALK_079683: insertion in BIM3. The BIM1-FLAG overexpressing
line was obtained from Dr. Hongtao Liu (Liang et al., 2018). bim23
double mutants were obtained by genotypic analysis of presumed
bim123 triple mutants sent by the ABRC, deposited there by the
authors of Yin et al., 2005. It turned out that many of these plants
had the wild-type allele of BIM1 gene. We selected homozygous
mutants for the insertion on the BIM1 50 end using primers
designed to screen the SALK_085924 line (Figure S6E). We called
these lines bim123 and are the ones we complemented with
BIM1-FLAG or with HaRxL106. A summary of these data is pre-
sented in Table S1.

Stable Arabidopsis 35S:GFP-HaRxL106 expressing lines
were developed as follows: pENTR4 clone containing HaRxL106
CDS (Wirthmueller et al., 2018) was recombined in pK7WGF2
destination vector (Ghent University) by Gateway cloning using
LR clonase II (Invitrogen), obtaining GFP-HaRxL106 expression
clones resistant to spectinomycin. Transgenic plants were devel-
oped according to the floral dip method (Clough & Bent, 1998).
Col-0 wild-type plants were dipped in a suspension containing
5% sucrose, 0.05% Silwet L77 and Agrobacterium tumefaciens
GV3101 carrying these vectors. Transgenic lines were selected
by their kanamycin resistance on MS Agar plates over 3 genera-
tions (T3s). Similarly, bim1(23)/35S:YFP-HaRxL106 lines were
made by dipping the inflorescences of bim1, bim23 or bim123
plants in a suspension of A. tumefaciens carrying 35S:YFP-
HaRxL106, and selected by their glufosinate/BASTA resistance.

For hypocotyl measurements and estradiol induction experi-
ments, Arabidopsis seeds were sterilized in Triton X-100 0.05%,
ethanol 70% for 10 min, then washed two times in ethanol 96%
for 5 min and dried in a laminar flow chamber. They were sown in
0.5x Murashige-Skoog medium (MS), 1% agar plates, pH = 5.7,
and stratified at 4°C for 2–5 days. Plates were placed vertically in a
growth chamber with 12:12 h photoperiod, 22°C and 70% relative
humidity and 5500 lux light intensity (LED warm light, 6500 K),
and hypocotyl length was measured after 7 days using ImageJ
software. For estradiol treatment, a 5 mM stock solution was pre-
pared in DMSO, which was diluted in MQ water to a final concen-
tration of 1.25 lM. One millilitre of this was used to spray the
seedlings in each 90 mm MS plate. This treatment was applied 5
times every 48 h, from day 2 after germination. On day 11, seed-
lings were harvested, total RNA was extracted and 2 lg used for
reverse transcription and gene expression assessed by qPCR as
described below.

For other experiments, seeds were stratified for 2–5 days
at 4°C, directly sown in a commercial substrate (Grow Mix
Multipro, Terrafertil SA) and placed in a plant growth chamber
(Demetra 380 L, J3 Desarrollos, Mar del Plata, Argentina) with
12:12 photoperiod, 22°C (except for Hpa infection experiments
in which plants were grown at 18°C), 70% humidity and 7000
lux. The same growth conditions were used for N. benthami-
ana plants. Images of 2-3-week-old plants were used to mea-
sure petiole length by ImageJ. In 8-week-old adult plants,
angles of insertion to the rosette were measured using a pro-
tractor, then the leaves were detached and the petioles mea-
sured with a caliper.

RNA purification and qPCR

RNA was purified using the SDS-LiCl RNA method (Verwoerd
et al., 1989) and reverse transcription performed as previously
described (Cambiagno et al., 2015). TransStart� Green qPCR
SuperMix (Transbiotec) was used to perform qPCR with a first
denaturation step at 95°C for 3 min, then 40–50 cycles of 95°C for
20 sec, annealing at 58°C for 30 sec and extension at 72°C
for 15 sec. AtUBI5 (Ubiquitin 5; At3g62250) was used as a refer-
ence gene. Specific primers for defense and BR-related marker
genes are listed in Table S2. The amplification efficiency for each
well was calculated using LinRegPCR Software (Ramakers
et al., 2003), then the average efficiency (E) for each primer
pair was used to estimate the relative quantity according to:
E(Ct control sample - Ct test). Three technical replicates (qPCR) were per-
formed per sample and their average used to evaluate the normal-
ized expression of the genes of interest (GOI) relative to the
quantity of the GOI/relative quantity of the reference.

Constructs used for BiFC, Co-IP and transactivation assays

The constructs of HaRxL106 FL, SV40NLS-HaRxL106-DC, and
HaRxL106Cterm58 cloned in pENTR-D-TOPO were generated pre-
viously (Wirthmueller et al., 2015) (Table S1). In this work, we
used those pENTR clones to recombine in different destination
vectors. For BiFC, Gateway-compatible pAM-PAT-35S-YFPN/C
plasmids were used (Lefebvre et al., 2010), leaving the tag (YFPn)
at the N-terminal domain of the effector and at the C-terminal
(YFPc) at the C-term of the interactor, in order not to interfere with
the functionality and subcellular localization of these proteins.
BIM1-CFPc and BIM1-FLAG plasmids were kindly sent by Dr. Hon-
gtao Liu (Liang et al., 2018). BIM2 and BIM3 CDS were cloned into
pENTR4 by Gibson cloning using the primers listed on Table S2.
These pENTR4 clones were used to recombine into pAM-PAT-35S-
YFPc with the fluorescent tag at the C-term of the protein. For
CoIP, we tagged the different versions of HaRxL106 at its N-
terminal with GFP using the destination vector pK7WGF2. For the
transactivation assays, BIM1 was cloned into pENTR-D-TOPO
amplifying the FL sequence from the BIM1-CFPc plasmid, and
then recombined with pB7FWG2. Destination vectors were intro-
duced in E. coli for amplification, purification, sequence verifica-
tion and then transformed into A. tumefaciens GV3101 to develop
transient and stable transformation of plants.

Transient expression of proteins in planta

N. benthamiana plants (1-month old) were infiltrated with a sus-
pension of 10 mM MgCl2, 10 mM MES buffer pH = 5.7, 150 lM
acetosyringone and the A. tumefaciens carrying the above-
mentioned plasmids. When two proteins were co-expressed, the
suspension contained OD600 = 0.3 of each strain; if they were
expressed alone the OD600 was 0.4. In all cases, A. tumefaciens
carrying P19 silencing suppressor was co-infiltrated at OD600 0.05.
Confocal microscopy images were taken after 48–72 h post-
infiltration.

CoIP assays

Total protein contents were isolated using extraction buffer
(50 mM Tris–HCl pH = 7.4, 150 mM NaCl, 10% (v/v) glycerol,
5 mM DTT, 19 plant PIC, 0.2% NP-40, 10 lM MG132, 100 lg/mL
DNAse, 5 mM CaCl2 and 10 mM MgCl2). GFP-tagged proteins
were immunoprecipitated by an ad hoc produced anti-GFP nano-
body (pOPINE GFP nanobody:Halo:His6; Addgene plasmid
#111090; Chen et al., 2018) covalently bound to magnetic beads

� 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,
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(Magne HaloTag� Beads, Promega). The magnetic beads were
thoroughly washed 3 times with 2 mL of extraction buffer, resus-
pended in 20 uL 29 Laemmli buffer, and boiled for 5 min. Total
extracts and IPs were run in SDS-PAGE and Western blot was per-
formed using anti-GFP (Polyclonal, made in rabbit, #3999–100,
AMSBIO, AMS biotechnology-Europe-Ltd) and anti-FLAG
(ANTI-FLAG� M2, monoclonal mouse, #F3165-2MG, Sigma
Aldrich) antibodies. Secondary antibodies were LICOR IRDye�
800CW anti-rabbit IgG -926-32 211- or anti-mouse IgG-926-32 210-
and were used at 1:10.000 dilution. WB membranes were scanned
with an Odyssey Infrared Imaging System (LI-COR, Inc., Lincoln,
NE, USA).

Transactivation assay

Dual-luciferase assay was performed in. N. benthamiana leaves.
A. tumefaciens AGL1 carrying the reporter plasmids (PRE5pro:
LUC and SAUR-ACpro:LUC, Liang et al., 2018) were co-infiltrated
with AGL1 expressing the empty vectors 35S:GFP-GW (pK7WGF2)
and 35S:GW-GFP (pB7FWG2) or the 35S:GFP-HaRxL106 and 35S:
BIM1-GFP constructs at OD = 0.2 each in 10 mM MgCl2, 10 mM
MES buffer pH = 5.7, 150 lM acetosyringone. Three days later (72
hpi), 6 leaf discs (0.23 cm2) of each combination were flash frozen
in liquid nitrogen and treated subsequently as technical replicates.
Tissues were ground and the Firefly luciferase/Renilla luciferase
ratio (fLUC/rLUC) assessed using the Dual-Luciferase� Reporter
Assay System (Promega) according to manufacturer instructions.

Y2H experiments

The Y2H assay was carried out using the ProQuestTM Two-Hybrid
System (Invitrogen). For this purpose, pENTR4 containing the FL
BIM1 CDS (1599 bp, splicing variant 5, At5g08130.5) or the N-
terminal domain of BIM1 (835 bp) was recombined via Gateway in
the pDEST22 prey vector. To clone into the pDEST32 bait vector
we used FL construct of HaRxL106 as well as the N-terminal
domain (SV40NLS-HaRxL106DC) or C-terminal domain (HaRxL106-
c58) (Wirthmueller et al., 2015; Wirthmueller et al., 2018). These
plasmids were introduced into the yeast strain MAV203 according
to the manufacturer instructions, and the transformed cells
selected in WL commercial medium (SC-WL, Synthetic Defined
Yeast Media, MP BiomedicalsTM). Subsequently, they were plated
on the selective medium for clones carrying both plasmids (SC-
WL) and media to select clones expressing interactive proteins
(SC-WLH) containing different concentrations of 3-Aminotriazole.
Ten and 25 mM 3-AT were used for all experiments but some-
times only one concentration is shown in figures. The plates were
incubated at 28–30°C and photographed after 2–3 days. As posi-
tive controls, we used Krev1 and RalGDS following manufacturer
instructions (Invitrogen, USA). As negative control mutant (m) ver-
sions of Krev1 and RaIGDS that do not interact were used. Addi-
tional negative controls were generated to monitor autoactivation,
by co-transforming yeasts with combinations of one interactor
and one empty vector, or both empty vectors.

In vitro pull-down assay

The FL sequence of BIM1, cloned into pMAL5c to generate MBP-
BIM1, was obtained from Dr. Hongtao Liu (Liang et al., 2018). This
recombinant protein was expressed in E. coli BL21 and affinity
purified using amylose resin (NEB #E8021L) as previously
described for other MBP-tagged proteins (Fabro et al., 2020; Liang
et al., 2018). HIS-HaRxL106 cloned into pOPINF was expressed into
SoluBL21 and purified as previously described (Wirthmueller
et al., 2015) using a Ni-NTA resin (Probond, Invitrogen 46–0019).
The purified effector protein was applied to the column with the

amylose bound MBP or MBP1-BIM1 and let interact for 1 h in
binding buffer (Tris–HCl 50 mM pH = 7.4, 150 mM NaCl, 1 mM
EDTA, 0.2%Triton X-100, 10% glycerol, and 0.5 mM PMSF). Then
four 10 X column volume washes were performed with the same
binding buffer and finally proteins were eluted with 15 mM Malt-
ose. A 30 lL fraction of the washed amylose beads and a concen-
trated eluate (10 X, performed via a10 KDa cut-off Amicon ultracel
filter) were loaded onto two twin SDS-PAGE gels. One gel was
stained with coomassie brilliant blue to reveal MBP and MBP-
BIM1 and the other was transferred to a PVDF membrane perform
Western blot analysis using primary antibody anti-HIS made in
mouse (SIGMA, H1029 dilution 1:3000), and the secondary anti-
body anti-mouse IgG used for the CoIPs.

Hpa and Pst infection and quantification

Hyaloperonospora arabidopsidis isolate NoCo2 conidiospores at a
concentration of 1–5 9 105 spores/mL were inoculated on
7/10-day-old Arabidopsis seedlings of different genotypes. The
seedlings stayed 7–10 days in a high-humidity plastic dome and
conidiospore proliferation was counted using a Neubauer cham-
ber and made relative to the collected seedlings’ fresh weight. For
Pseudomonas syringae pv. tomato (DC3000, Pst) infection assays,
1.5- to 2-month-old plants were inoculated at a concentration of
5 9 105 or 106 CFU/mL in 10 mM MgCl2, infiltrating them through
the abaxial side of the leaves with a needleless syringe. At 1 and 3
dpi, three infected leaf discs were cut from inoculated leaves from
three different plants of each genotype and pooled as one sample.
Three technical replicates of these pools were performed per
genotype per time point (total number of leaf discs per genotype
per time point = 9). Pooled leaf discs were ground in 10 mM
MgCl2 and serial dilutions were plated in LB Agar plates supple-
mented with 100 lg/mL Rifampicin and 50 lg/mL Kanamycin. Bac-
terial titers were counted after 48–72 h incubation at room
temperature. Growth curves experiments were repeated three
times to account for reproducibility across biological replicates.

Chlorophyll quantification

To estimate the total chlorophyll content, leaf discs of 0.307 cm2

(cork borer #2) were cut, discolored on 70% ethanol at 80°C for
10 min, and centrifuged at 14000 rpm for 5 min. The optical den-
sity of the supernatants was read at 654 nm following the protocol
proposed by Vernon (1960).

Statistical analysis

Statistical analyses were performed using InfoStat (Balzarini
et al., 2008) and Graph Pad Softwares (GraphPad Software Inc.;
San Diego, CA, USA).
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