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Abstract 17 

Hormone signalling is important for plant adaptation to biotic stress. Karrikins (KARs), smoke-derived 18 

compounds, and strigolactones (SLs), endogenous plant hormones, are families of butenolide mole-19 

cules, sharing a convergent perception and signalling pathway to regulate a plethora of developmental 20 

processes and plant-symbiont relationships. Perception of KARs and SLs is mediated by the α/β-hydro-21 

lase KARRIKIN INSENSITIVE 2 (KAI2) and DWARF14 (D14), respectively, each resulting in the for-22 

mation of an E3 ubiquitin ligase complex with the F-Box protein MORE AXILLIARY GROWTH 2 (MAX2) 23 

to target transcriptional repressors of the SUPPRESSOR OF MAX2 (SMAX)/SMAX-LIKE (SMXL) family 24 

for degradation. Most likely, KAI2 additionally perceives a still elusive endogenous ligand (KAI2-ligand, 25 

KL). Recent reports suggest a role of KL/SL signalling in plant immunity, but how these pathways are 26 

involved in defence, while balancing appropriate symbiont interactions remains largely unknown. Here, 27 

we report that KL and SL signalling quantitatively modulate plant immune responses and pathogen re-28 

sistance. In Arabidopsis thaliana (hereafter Arabidopsis), disrupting or de-repressing KL or SL signalling 29 

affects plant susceptibility to a variety of plant pathogens. Furthermore, we describe a previously un-30 

known role for KL and SL signalling in modulating pattern-triggered immunity (PTI). Interfering with KL 31 

and SL perception in Arabidopsis had similar effects on microbe-associated molecular pattern (MAMP)-32 

triggered reactive oxygen species production, but transcriptomic profiling suggests a predominant role 33 

for KL signalling in regulating the extent of PTI. Importantly, KAI2- and D14-mediated regulation of 34 

MAMP-triggered ROS production extends to Lotus japonicus and, in the case of KAI2, to Nicotiana 35 

benthamiana, indicating conserved immuno-modulatory roles across dicotyledonous lineages. Together 36 

our data identify KL and SL signalling, with a predominant role for the KL pathway, as a conserved 37 

modulatory layer of plant immunity and provides a framework for understanding how developmental 38 

pathways intersect with immune regulation. 39 
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Introduction 40 

Plants are continuously exposed to a wide range of environmental challenges of both abiotic and biotic 41 

origin, which can adversely affect plant growth, development, yield and survival (1). Consequently, 42 

plants have evolved sophisticated and flexible adaptive strategies encompassing morphological, meta-43 

bolic and transcriptional responses. Many of these mechanisms are regulated by phytohormones, tightly 44 

coordinating the balance between plant developmental processes and stress adaptation. In the context 45 

of biotic stress, several phytohormones have been identified as central regulators of plant defence, with 46 

salicylic acid (SA), jasmonic acid (JA), and abscisic acid (ABA) playing a predominant role (2). Additional 47 

hormones such as ethylene, brassinosteroids, auxins, and gibberellins, further fine-tune plant immune 48 

responses by contributing to the complex crosstalk among defence signalling networks (3). In recent 49 

years, the karrikin (KAR) and strigolactone (SL) pathways have emerged as potential hormonal path-50 

ways sharing similar cross-regulatory functions (4). 51 

KARs are exogenous butenolides present in the smoke of burnt vegetation that promote seed germina-52 

tion and early seedling growth after wildfire events (5–7). Beyond these effects, the KAR signalling path-53 

way is involved in enhancing seedling responses to light (8), modulating drought resistance (9,10), and 54 

regulating root and root hair development (11–13). Perception of KAR is mediated by the non-canonical 55 

ɑ/β-hydrolase KARRIKIN INSENSITIVE2 (KAI2), however, KAR likely requires metabolization to facili-56 

tate KAI2 binding (14,15). Genetic evidence suggests the existence of a yet unidentified plant endoge-57 

nous hormone ligand for KAI2 (KAI2-ligand, KL), which likely accounts for the widespread presence of 58 

KAR/KL signalling pathways in plants from non-fire-prone environments (16,17). 59 

Upon ligand binding, KAI2 interacts with MORE AXILLARY GROWTH2 (MAX2), an F-box component 60 

of a Skp-Cullin-F-box (SCF) E3 ubiquitin ligase complex (18), to recruit SUPPRESSOR OF MAX2 1 61 

(SMAX1) and, in Arabidopsis, the partially redundant SMAX1-LIKE2 (SMXL2) (19,20). These proteins 62 

belong to the SMAX1 clade of the SMXL proteins (21), and their association stabilises the ligase-recep-63 

tor-substrate complex (22). This dynamic interaction results in the polyubiquitination of SMAX1/SMXL2, 64 

followed by degradation via the 26S proteasome (23–25). Proteasome-mediated degradation of SMXL 65 

proteins upon hormone perception then initiates downstream signalling responses by relieving transcrip-66 

tional repression. 67 

SLs comprise a group of endogenous, carotenoid-derived butenolides that regulate diverse aspects of 68 

plant physiology and are widespread throughout the plant kingdom (26). SLs influence root architecture 69 

(27,28), repress shoot branching (29,30), promote leaf senescence (31), and positively regulate sec-70 

ondary growth (32). SL perception is mechanistically analogous to KAR signalling as it is mediated by 71 

DWARF14 (D14) (33,34), a paralogue of the more ancient KAI2 (18,35,36). Ligand-bound D14 similarly 72 

interacts with SCFMAX2 to target the redundant growth regulators SMXL6, SMXL7 and SMXL8, which 73 

form the SMXL68 clade of SMXL proteins (37,38). Members of this clade exhibit partially overlapping 74 

expression patterns with SMAX1 and can display antagonistic effects (37), underscoring the context-75 

dependent regulation mediated by SMXL proteins. To confer functional specificity, members of the 76 

SMXL protein family have been shown to regulate distinct groups of genes through direct DNA binding 77 
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and/or selective interactions with transcription factors and transcriptional co-repressors, including TOP-78 

LESS (TPL) and TOPLESS-RELATED (TPR) proteins (39–43). 79 

Beyond their roles in growth regulation, both KAR and SL signalling pathways play important functions 80 

in plant-microbe interactions. KL perception is required for the establishment of symbiotic relationships 81 

with arbuscular mycorrhizal (AM) fungi in symbiosis-forming plant species (44–49). SLs in turn are ac-82 

tively secreted into the rhizosphere under nutrient-limiting conditions, where they promote the activity of 83 

AM fungi development and potentially provide a directional signal for root recognition (50–53).  84 

Increasing evidence challenges the traditional view of symbiosis and defence as strictly separate pro-85 

cesses, revealing extensive overlap between the pathways that distinguish beneficial symbionts from 86 

pathogens. Rather than acting in isolation, converging gene and signalling modules tightly cross-regu-87 

late plant-microbe interactions to balance symbiosis and immunity (54–60). 88 

To detect and withstand pathogen infection, plants have evolved a multi-layered innate immune system 89 

(61). The primary layer of induced plant immunity is referred to as pattern-triggered immunity (PTI), that 90 

relies on plasma membrane localised pattern recognition receptors (PRRs) for detection of conserved 91 

microbe-associated molecular patterns (MAMPs) (62). Recognition of MAMPs activates signalling re-92 

sponses, including MITOGEN-ACTIVATED PROTEIN KINASE (MAPK) cascades, the production of re-93 

active oxygen species (ROS), transcriptional reprogramming and stomatal closure, enabling plants to 94 

fend off most potential pathogens (63,64). Previous studies have suggested roles for KL and SL signal-95 

ling in immune- and defence-related processes (65–67); however, the underlying mechanisms remain 96 

largely elusive. 97 

Here, we investigated the role of KL and SL signalling pathways in modulating plant immunity across a 98 

variety of dicotyledonous plant lineages. We challenged Arabidopsis KL and SL signalling mutants with 99 

a diverse set of pathogens spanning multiple kingdoms. Our data reveal distinct pathogen-dependent 100 

involvement of KL signalling for infection outcomes on Arabidopsis, while SL signalling appears to play 101 

no role. However, we demonstrate that both KL and SL signalling mutants are defective in MAMP-trig-102 

gered production of ROS. By RNA-sequencing (RNAseq) and MAMP-induced resistance experiments, 103 

we demonstrate a predominant role for KL signalling in regulating the extent of PTI. Finally, we show 104 

that compromised ROS production extends to Lotus japonicus mutants defective in KL and SL signalling 105 

and kai2 mutants in Nicotiana benthamiana, suggesting a conserved regulatory module across diverse 106 

dicotyledonous species. Our data thus unravel a novel role for KL and SL signalling in the regulation of 107 

pathogenic plant-microbe-interactions and PTI with a predominant role for the KL pathway. 108 

 109 

Results 110 

Karrikin and strigolactone signalling affect resistance to specific pathogens 111 

Previous reports demonstrated that both SL production or exogenous application of KARs and SLs can 112 

influence plant-pathogen interactions (67–69). To determine how KL and SL perception pathways affect 113 

host-pathogen interactions, we performed infection assays in Arabidopsis KL and SL signalling mutants, 114 

namely the KL and SL receptor mutants kai2 and d14, the mutant of the KL/SL-shared F-box protein 115 
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max2 and mutants in the proteolytic targets of the two pathways smax1 smxl2 and smxl6,7,8 respec-116 

tively, with pathogens spanning multiple kingdoms of life. 117 

Infection of all genotypes with the obligate biotrophic powdery mildew fungus Erysiphe cruciferarum 118 

(Ecr), revealed that the KL receptor mutant kai2-2 and the F-box protein mutant max2-1 were more 119 

resistant, illustrated by the reduced numbers of conidiophores (Ecr reproductive structures) compared 120 

to the Col-0 control (Fig. 1A, B). Surprisingly, and in contrast to the canonical KL and SL signalling 121 

pathway configuration, the triple mutant of the proteolytic targets of SL signalling smxl6,7,8 displayed a 122 

similarly increased resistance to Ecr, whereas neither the SL receptor d14-1 mutant nor the mutant in 123 

canonical proteolytic targets of KL signalling smax1 smxl2 displayed altered Ecr susceptibility. These 124 

findings suggest that KL signalling acts as a susceptibility factor during Ecr infection, potentially in a 125 

non-canonical manner. 126 

To understand whether KL and/or SL signalling is involved in other obligate biotrophic pathogen inter-127 

actions, we infected plants with the biotrophic oomycete Hyaloperonospora arabidopsidis (Hpa). In con-128 

trast with our results from Ecr infections, we observed no significantly increased resistance in kai2 and 129 

max2 mutants (Fig. 1C; S1A). However, both smax1 smxl2 and smxl6,7,8 were more resistant to Hpa. 130 

This raises the question whether SMXL proteins may contribute to resistance against oomycetes inde-131 

pendently of canonical KAI2-MAX2 and D14-MAX2 signalling.  132 

Infections with necrotrophic fungi produced distinct phenotypes. Upon infection with Alternaria bras-133 

sicicola or Botrytis cinerea, kai2-2, d14-1 and max2-1 mutants did not exhibit altered disease pheno-134 

types. However, smxl6,7,8 displayed increased symptom development to both necrotrophic fungi (Fig. 135 

1D; S1B). In addition, smax1 smxl2 displayed increased susceptibility upon A. brassicicola compared to 136 

the wild type (Fig. 1D), but not upon B. cinerea infection (Fig. S1B). This further supports the existence 137 

of KAI2-MAX2 and D14-MAX2 independent signalling through SMXL proteins.  138 

Given that the observed infection phenotypes largely correlated with impaired KL signalling, we exam-139 

ined KL pathway mutants for altered susceptibility to the single-stranded DNA beet curly top virus 140 

(BCTV) (family Geminiviridae) (Fig. 1E). However, neither of the KL signalling mutants displayed altered 141 

infection phenotypes. Collectively, our data indicate pathogen specific effects of KL or SL signalling on 142 

susceptibility against diverse pathogens. 143 

Karrikin and strigolactone signalling pathways influence pattern-triggered immunity responses 144 

Primary pathogen perception is mediated by PTI and its regulation by plant hormones, such as SA and 145 

JA, shapes infection outcomes (2). We therefore addressed the question whether KL and SL signalling 146 

may be involved in PTI. 147 

We quantified ROS production after elicitation with the MAMP flg22, a conserved 22-amino-acid epitope 148 

derived from bacterial flagellin (70). Compared to Col-0, kai2-2, d14-1 and max2-1 displayed significantly 149 

reduced ROS accumulation (Fig. 2A, B). We observed comparable reduction in ROS production re-150 

sponses after treatment of plants with a diverse set of MAMPs, including bacterial elf18 (derived from 151 

elongation factor Tu), fungal chitin or the broadly conserved nlp20 peptide (derived from NECROSIS 152 

AND ETHYLENE-INDUCING PEPTIDE1‐like proteins) (Fig. 2C). This suggests a general impairment of 153 
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MAMP-triggered ROS bursts in KL and SL perception mutants. Reduced ROS production upon flg22 154 

treatment in kai2 and max2 mutants was confirmed with the independent alleles kai2-1 and max2-2 (Fig. 155 

2D). In contrast, smax1 smxl2 showed unaltered, while smxl6,7,8 had significantly enhanced flg22-trig-156 

gered ROS production (Fig. 2E, F), indicating specific regulatory roles for distinct SMXL clades in con-157 

trolling PTI-associated ROS production. 158 

To determine whether altered ROS production resulted from impaired protein accumulation or stability 159 

of key PTI signalling proteins, we analysed accumulation of the flg22 receptor FLAGELLIN SENSITIVE2 160 

(FLS2) (71) and the chitin binding CHITIN ELICITOR RECEPTOR KINASE1 (CERK1) (72) by immunob-161 

lotting. Neither FLS2 nor CERK1 levels were changed in KL/SL signalling mutants (Fig. S2A, C). We 162 

also analysed levels of the PTI-associated ROS producing NADPH oxidase RESPIRATORY BURST 163 

OXIDASE HOMOLOG PROTEIN D (RBOHD) (73). RBOHD levels displayed a trend towards reduced 164 

accumulation across KL and SL mutants. However, these changes did not correlate with the observed 165 

ROS phenotypes (Fig. S2B, C), as max2-1, d14-1, smax1 smxl2 and smxl6,7,8 mutants all displayed 166 

reduced RBOHD levels despite exhibiting opposing MAMP-triggered ROS responses. 167 

We next assessed MAPK activation upon flg22 treatment to test whether other early PTI responses are 168 

affected in SL and/or KL signalling mutants. However, we detected no differences in MAPK phosphory-169 

lation between genotypes (Fig. S3A, B), raising the question whether PTI modulation by KL and SL 170 

signalling is output specific. 171 

Another hallmark of PTI is the ability to mount MAMP-induced resistance (74). Prior MAMP exposure 172 

establishes a primed defensive state that enhances resistance against subsequent pathogens, such as 173 

the bacterial pathogen Pseudomonas syringae. While growth of P. syringae pv. tomato (Pto) strain 174 

DC3000 did not differ between mutants and wild type under mock conditions, flg22 pre-treatment 175 

showed reduced induced resistance in kai2-2 and max2-1 compared to the other genotypes (Fig. 2G). 176 

Interestingly, despite exhibiting ROS burst phenotypes that resembled those of kai2 and max2-1, d14-177 

1 did not display defects in flg22-induced resistance. Likewise, neither smax1 smxl2 nor smxl6,7,8 dis-178 

played altered flg22-induced resistance. Together, these results suggest that both KL and SL signalling 179 

contribute to MAMP-triggered ROS production, while the KAI2-MAX2 module plays a more prominent 180 

role in PTI by further affecting flg22-induced resistance, potentially through mechanisms independent of 181 

SMAX1, SMXL2 and SMXL6,7,8. 182 

Karrikin and strigolactone signalling modulate the strength of the transcriptional response to 183 

PTI activation 184 

To investigate transcriptional changes connected to the altered PTI-associated ROS bursts observed in 185 

KL- and SL-signalling mutants, we performed transcriptome profiling of adult leaves from wild type and 186 

mutant plants infiltrated with water (mock), flg22 or chitin. To capture temporal dynamics of immune 187 

activation, samples were harvested at 30- and 180-minutes post infiltration (mpi). 188 

Prior to analysis of differentially expressed genes, samples were inspected through hierarchical cluster-189 

ing of sample distance and principal component analysis. Three samples were deemed outliers based 190 

on hierarchical clustering of sample distance and were removed before downstream analysis (Fig. S4A). 191 
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Principal component analysis revealed strong clustering primarily according to the timing of treatment, 192 

indicating that temporal progression of the immune response, rather than genotype, accounted for the 193 

largest proportion of transcriptional variation across samples (Fig. S4B). When samples collected at the 194 

two time points were analysed separately, elicitor-treated samples separated clearly from mock-treated 195 

controls at 30 mpi, whereas flg22- and chitin-treated samples largely overlapped (Fig. S4C). By contrast, 196 

transcriptional responses to flg22 and chitin diverged more strongly at 180 mpi, indicating increasing 197 

elicitor-specific signalling over time (Fig. S4D). Consistent with this observation, early responses at 30 198 

mpi included a shared set of 258 differentially expressed genes (DEGs) common to both flg22- and 199 

chitin-treated leaves across all genotypes (Fig. 3A). At 180 minutes, only flg22-treated leaves exhibited 200 

a shared group of 196 DEGs across genotypes (Fig. 3B). Notably, an additional set of 668 DEGs was 201 

shared among all genotypes after flg22 treatment, except d14-1, raising the question of a reduced tran-202 

scriptional response to flg22 in this mutant (Fig. 3B). 203 

Across both timepoints, Col-0 plants exhibited a larger number of DEGs in response to flg22 compared 204 

to chitin treatment, consistent with previous observations in MAMP-treated Arabidopsis seedlings (75) 205 

(Fig. 3A, B). This difference became more pronounced at 180 mpi, when flg22 continued to induce 206 

strong transcriptional reprogramming while chitin responses had largely subsided (Fig. 3B). Accordingly, 207 

all genotypes displayed stronger late transcriptional responses to flg22 than to chitin (Fig. 3B). At 30 208 

mpi, however, kai2-2, d14-1, and max2-1 mutants exhibited fewer flg22-responsive DEGs compared to 209 

the other genotypes (Fig. 3A). This reduction paralleled the impaired MAMP-triggered ROS burst ob-210 

served in these mutants (Fig. 2A-D). Consistently, leaves of smxl6,7,8, which had displayed enhanced 211 

ROS production, showed the largest number of flg22-responsive DEGs at both timepoints (Fig. 2E; 3A, 212 

B), supporting a link between ROS amplitude and transcriptional responsiveness. 213 

Overall, at 30 mpi, the different genotypes show a stronger variation in number of DEGs in response to 214 

flg22 treatment, whereas there was less of a genotype effect on the number of DEGs in response to 215 

chitin treatment (Fig. 3A). Additionally, we compared sets of DEGs across genotypes compared to Col-216 

0 under mock conditions at either 30 or 180 mpi (Fig. S5A, B). At both timepoints a number of DEGs 217 

were shared between kai2 and max2 (174 DEGs at 30 mpi, and 515 DEGs at 180 mpi), indicating that 218 

these DEGs are most likely related to perturbed KAR/KL signalling (Fig. S5A, B). Surprisingly, only few 219 

DEGs were observed in both smax1 smxl2 and smxl6,7,8 compared to Col-0 under mock conditions, at 220 

either timepoint (Fig. S5A, B).  221 

To uncover any contrasting transcriptional responses to flg22 or chitin across genotypes, we compiled 222 

all respective DEGs in response to flg22 or chitin treatment across genotypes per harvest time point and 223 

visualized the relative expression value (z-score) and log2 fold change (log2FC) in heatmaps upon k-224 

means clustering and Gene Ontology enrichment (Fig. 3C-D; S6-S8). GO term enrichment analysis 225 

revealed that clusters showing strong gene expression changes in response to flg22-treatment were 226 

enriched for immune-response processes associated with defence against bacteria (Fig. S8). In con-227 

trast, clusters of strongly downregulated genes were enriched for photosynthesis- and thylakoid-related 228 

genes, potentially indicating a metabolic shift from CO2 fixation and growth to defence during immune 229 

activation (Fig. S8). 230 
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Overall, little to no genes responded in a contrasting manner to flg22 or chitin across genotypes (Fig. 231 

3C, D; S6, S7). However, expression amplitudes in flg22-responsive gene clusters were highest in Col-232 

0 and smxl6,7,8 plants, and consistently weaker in kai2-2 and max2-1 mutants (Fig. 3C, D; Fig. S6). 233 

This correlates with the variations in PTI-triggered ROS responses we found across the mutants, and 234 

suggests that KAI2-MAX2- and SMXL6,7,8-mediated signalling modulates the strength rather than the 235 

identity of PTI (transcriptional) outputs. Although distinct from kai2-2 and max2-1, d14-1 leaves also 236 

exhibited weaker expression amplitudes of flg22-induced genes at 180 mpi compared to Col-0, (Fig. S6; 237 

S9B). Although kai2-2, d14-1 and max2-1 show similarly impaired MAMP-triggered ROS production, 238 

their transcriptional responses to flg22 treatment are differentially affected (Fig. 3C-H; 2; S9). 239 

We compared the relative expression of canonical immune regulators and found that baseline expres-240 

sion levels of several defence-associated genes, including ENHANCED DISEASE SUSCEPTIBILITY 1 241 

(EDS1), PHYTOALEXIN DEFICIENT 4 (PAD4), SENESCENCE-ASSOCIATED CARBOXYLESTER-242 

ASE 101 (SAG101), and ACTIVATED DISEASE RESISTANCE 1 (ADR1), differed among genotypes at 243 

180 mpi, but elicitor-induced fold changes were largely comparable (Fig. 3E, F). This suggests that the 244 

total abundance of defence-related transcripts are affected in our mutants, but the relative changes upon 245 

elicitation are similar to Col-0. Only PATHOGENESIS RELATED 1 (PR1) displayed reduced flg22-in-246 

duced expression in kai2-2 and max2-2 compared to the other genotypes, both in terms of relative 247 

expression and fold changes compared to mock treated samples at 30 and 180 mpi (Fig. 3E, F; S9A, 248 

B). Together, these results indicate that KL and SL signalling mutants primarily differ in basal transcrip-249 

tional states translating into lower relative abundance upon treatment, rather than in their general ca-250 

pacity to activate core PTI transcriptional programs (Fig. 3C-F; S9A, B). 251 

KUF1 is induced by MAMPs independently of KAI2 and MAX2 252 

To understand whether flg22 or chitin activates KL or SL signalling, we analysed the expression and 253 

fold-change of KL and SL signalling related genes upon mock or flg22 treatment (Fig. 3G, H; S9D, E). 254 

The KL-responsive genes DWARF14-LIKE2 (DLK2) and KARRIKIN UPREGULATED F-BOX1 (KUF1), 255 

which are transcriptionally induced upon activation of KAI2-mediated signalling, showed reduced basal 256 

expression in kai2-2 and max2-1 mutants and increased basal expression in smax1 smxl2 compared to 257 

the wild type, consistent with previous reports (Fig 3G, H) (6,15,18). Expression of KUF1 was upregu-258 

lated by flg22 treatment both at 30 and 180 mpi in all genotypes, with lower relative expression in kai2-259 

2 and max2-1 (Fig. 3G, H; S9D, E). KUF1 expression was only significantly induced at 30 mpi with chitin 260 

(Fig. S9D, E). Unexpectedly, fold change induction of KUF1 upon flg22 treatment in both kai2-2 and 261 

max2-1 was comparable to wild type (especially at 180 mpi), indicating that immune activation can either 262 

bypass canonical KL-signalling that normally restricts KUF1 induction during treatments with KARs or 263 

the synthetic SL GR24 (Fig. S9C, D) (8,18), or that KUF1 may be induced by independent pathways. In 264 

contrast, DLK2 and the SL marker gene BRANCHED1 (BRC1) were not induced in Col-0 by flg22, but 265 

at basal levels smxl6,7,8 plants exhibited the highest relative expression of BRC1. 266 

Overall, transcriptome profiling showed that both the kai2-2 and max2-1 mutants cluster separately from 267 

other genotypes following elicitor treatment, despite exhibiting qualitatively similar gene expression 268 
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changes (Fig. S4C;3C-H). Combined with ROS phenotypes observed in kai2-2, max2-1, and d14-1 mu-269 

tants, these results suggest that reduced PTI outputs likely arise from multiple regulatory mechanisms 270 

rather than a single transcriptional defect (e. g. due to reduced ROS production). 271 

KL and SL signalling affect genes involved in phytohormone biosynthesis and catabolism 272 

KL- and SL-signalling are known to interact with several other hormonal pathways, including ABA (9), 273 

auxin and ethylene (12,13,44), as well as SA signalling (67,76,77). To assess whether potential interac-274 

tions are reflected in our transcriptomic dataset, we examined transcript abundance of genes associated 275 

with the biosynthesis and signalling of JA, SA, ABA and ethylene (Fig. S10-S13). 276 

In kai2-2 and max2-1 several SA-signalling, -biosynthesis and -marker genes displayed reduced basal 277 

expression and also lower expression after flg22 and chitin treatment at 30 and 180 mpi (Fig. S10A, B). 278 

Fold change values in response to flg22 or chitin treatment, however, were comparable across geno-279 

types (Fig. S10C-E). MAMP-induced expression of JA-associated genes was largely comparable among 280 

genotypes (Fig. S11A-D). Interestingly though, basal expression of JA-associated genes, including the 281 

biosynthesis enzyme encoding genes ALLENE OXIDASE SYNTHASE (AOS), ALLENE OXIDASE 282 

CYCLASE 1 (AOC1), were enhanced in kai2-2, d14-1 and max2-1 at 180 mpi, but reduced in both 283 

smax1 smxl2 and smxl6,7,8, compared to Col-0 (Fig. S11E). Expression of ABA and ethylene biosyn-284 

thesis and response genes was largely comparable across all genotypes, both in terms of relative ex-285 

pression, basal expression and fold change values (Fig. S12, S13). This suggests a predominant role 286 

of the SL and KL pathway components in the modulation of both JA and SA biosynthesis and signalling. 287 

Modulation of PTI by KAI2- and D14- signalling is conserved across dicotyledons 288 

KAI2 genes are present throughout land plants and Charophyte algae, whereas the SL receptor gene 289 

D14 emerged in basal embryophytes through a gene duplication event of ancient KAI2 (35,36). Con-290 

sistent with this evolutionary conservation, developmental and symbiosis-related functions of KAI2- and 291 

D14-signalling have been reported across diverse plant families, including Poaceae (40,45,47,48,78) 292 

Fabaceae (50,52), Solanaceae (33,79) and Brassicaceae (11,28). This raises the question, whether the 293 

regulatory role of these receptors in immune responses is likewise conserved. 294 

To address this, we analysed KL- and SL- mutants in selected plant species for altered ROS production 295 

upon MAMP treatment. The legume Lotus japonicus, a model species for studying symbiotic interactions 296 

with arbuscular mycorrhizal fungi and nitrogen-fixing rhizobia, has predominantly been investigated in 297 

the context of root-associated ROS responses (80). As the pathogens examined in this study primarily 298 

infect aerial tissues, we assessed ROS production in leaves by challenging leaf discs of mature plants 299 

with flg22. Similar to our observations in Arabidopsis, kai2a-1 kai2b-1, d14-1 and max2-3 mutants 300 

showed reduced flg22-triggered ROS production compared to the wild type (Fig. 4A). However, flg22-301 

induced ROS production was not affected in the smax1-3 mutant (Fig. 4A). We also examined the Ni-302 

cotiana benthamiana KAI2 quadruple mutant kai2a,b,c,d for altered MAMP-triggered ROS production. 303 

Consistent with our results from Arabidopsis and L. japonicus, the N. benthamiana quadruple mutant 304 

showed strongly reduced flg22- and chitin-triggered ROS production (Fig. 4B, C). Collectively, these 305 
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findings indicate that KAI2- and D14-mediated regulation of PTI signalling represents a conserved im-306 

mune-modulatory mechanism across diverse dicotyledonous lineages. 307 

Discussion 308 

Multiple phytohormones play central roles during plant adaptation to biotic stress (2). Our work identifies 309 

a new role for the KL and SL signalling modules within this regulatory network. Disruption of both KL 310 

and SL receptor complexes resulted in a strong reduction of MAMP-triggered ROS production, while 311 

effects on MAMP-triggered transcriptional responses and resistance against pathogens were specific to 312 

KL receptor components. Surprisingly, smxl6,7,8 displayed enhanced ROS production and stronger 313 

transcriptional responses to flg22 and chitin. By contrast, smax1 smxl2 showed ROS and transcriptional 314 

responses largely comparable to wild type. The opposing ROS and transcriptional phenotypes observed 315 

between smxl6,7,8 and receptor complex mutants support a potentially unconventional mechanistic in-316 

teraction between the KAI2-MAX2 module and SMXL6,7,8 transcriptional repressors during PTI. KAI2-317 

MAX2 primarily interacts with and targets SMAX1 for MAX2-dependent proteasomal degradation, while 318 

SMXL6,7,8 are primarily targeted by the D14-MAX2-signalling module (20,37). Although both pathways 319 

share MAX2, non-canonical SMXL targeting has previously primarily been reported for D14 (25). How-320 

ever, recent research demonstrated that the SMAX1 and the SMXL68 clade are not exclusively targeted 321 

by the KAR/KL or SL pathway, respectively. Both SMAX1 and SMXL2 can be ubiquitylated and de-322 

graded after SL recognition in a D14-dependent manner, demonstrating cross-regulation at the level of 323 

SMAX/SMXLs between the KAR and SL pathway (24,25). Moreover, the previously considered SL-324 

specific SMXL6,7,8 interact with DDB1-BINDING WD-REPEAT DOMAIN HYPERSENSITIVE TO ABA 325 

DEFICIENT1 (DWA1), conferring substrate specificity to a CULLIN4 (CUL4)-type E3 ubiquitin ligase, 326 

which is involved in translational de-repression of ABA- and drought responsive genes (81). These find-327 

ings support the suggested existence of a MAX2-independent mechanism for SMXL turnover (23). Fur-328 

thermore, genetic studies imply SMXL6,7,8 as potential growth-condition-dependent targets of KAI2 329 

mediated turnover, as smxl6,7,8 mutants showed similar root skewing phenotypes to smax1 smxl2 mu-330 

tants and opposite phenotypes to kai2 and max2 mutants (11,12). Our data further support a potential 331 

mechanistic connection between SMXL6,7,8 and KAI2-MAX2 signalling during PTI, but the mechanistic 332 

basis remains unknown.  333 

Our transcriptome data suggest that KL signalling primarily influences the amplitude of PTI rather than 334 

its qualitative identity. SA signalling represents a central determinant of resistance against (hemi-)bio-335 

trophic pathogens (82) and has previously been linked to immune phenotypes in KL receptor mutants 336 

(76). Earlier studies reported reduced basal expression of SA-associated genes in KL receptor mutants 337 

together with initially delayed, yet ultimately stronger, SA induction after 6 hours of Pto infection (76). 338 

Consistent with this observation, our transcriptomic data reveals reduced basal expression of SA and 339 

JA biosynthesis and marker genes in KL signalling mutants (Fig. S10, S11). Across wild type and the 340 

mutants, fold change in expression of SA- and JA- related genes were comparable between mock and 341 

MAMP treatments (Fig. S10, S11). This raises the question whether the difference across basal expres-342 

sion explains the reduced PTI phenotypes of KL signalling mutants. 343 
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Our data show that flg22-induced resistance was compromised in both kai2-2 and max2-1 (Fig. 2G). 344 

This suggests a functional contribution of KL signalling to PTI-induced resistance. Interestingly, MAPK 345 

activation remained unaffected across the analysed genotypes, indicating that disruption of KL- or SL- 346 

signalling selectively affects distinct PTI-associated outputs (Fig. S3). This is consistent with previous 347 

findings, showing that MAPK activation and ROS production are mechanistically uncoupled PTI outputs. 348 

For example, RBOHD, required for MAMP-triggered ROS production, does not contribute to flg22-in-349 

duced MAPK activation (83). Interestingly, ROS is important for long distance communication during 350 

stress responses (84–86). This raises the question whether the role of MAX2-function in systemic ac-351 

quired resistance is associated with defects in stimulus-triggered ROS production (67,77). Previous 352 

studies also reported a link between increased bacterial pathogen susceptibility of max2 to altered sto-353 

matal regulation and ROS sensitivity (66), further corroborating our findings of ROS-related PTI signal-354 

ling defects of KL signalling mutants. 355 

Despite the general involvement of KL and SL signalling components in PTI, their influence on pathogen 356 

resistance was diverse (Fig. 1). Mutants defective in KL signalling (kai2 and max2) displayed enhanced 357 

resistance to Ecr relative to Col-0 (Fig. 1A, B). Surprisingly, smxl6,7,8 mutants showed a comparable 358 

Ecr resistance phenotype, raising the question whether their role for Ecr accommodation is independent 359 

of their canonical mutual cross-regulation during SL/KL signalling. These findings indicate that KL-re-360 

lated signalling components can function as susceptibility factors for certain obligate biotrophic patho-361 

gens. It remains unclear how reduced PTI responses in kai2 and max2 are correlated with enhanced 362 

resistance to powdery mildew. It is possible that powdery mildew hijacks a yet elusive endogenous KL-363 

dependent pathway for its own benefit. KL signalling is important for accommodation of AM fungi, raising 364 

the question whether KL signalling may be hijacked by powdery mildew. Interestingly, mutants in the 365 

receptor kinase FERONIA also display reduced PTI responses, but increased resistance to powdery 366 

mildew fungi (87–89). However, whether both pathways converge remains elusive.  367 

By contrast, constitutive de-repression of KL and SL signalling in smax1 smxl2 and smxl6,7,8 mutants 368 

resulted in increased susceptibility to necrotrophic fungal pathogens (Fig. 1D; S1B). Reduced basal JA 369 

biosynthesis in these mutants may compromise defence against necrotrophs, providing a potential ex-370 

planation for their enhanced susceptibility. Interestingly, this contrasts with observations in tomato, 371 

where SL-deficient plants display increased susceptibility to A. alternata and B. cinerea, raising the 372 

question of species-specific differences in the integration of SL signalling with immune networks (90). 373 

Conversely, smax1 smxl2 and smxl6,7,8 mutants resulted in increased resistance to biotrophic Hpa, 374 

suggesting that SMXL-mediated regulatory mechanisms contribute to host susceptibility in this interac-375 

tion (Fig. 1C; S1A). 376 

Importantly, the involvement of KL and SL signalling in the regulation of PTI responses appears evolu-377 

tionary conserved in dicotyledonous species, including L. japonicus and N. benthamiana. KAI2 is evo-378 

lutionarily ancient and appeared in green algae, while emergence of the SL receptor D14 occurred via 379 

a KAI2 gene duplication event in angiosperms (35,36). This suggests that regulation of MAMP-triggered 380 

ROS responses may have occurred at latest in the last common ancestor of dicotyledons. It will be 381 

interesting to test whether this regulatory function can be found in monocotyledons and further traced 382 
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back in the green lineage. Throughout land plant evolution the KAR/KL signalling pathway has changed 383 

to regulate distinct biological processes. For example, KL signalling contributes to the regulation of SL 384 

biosynthesis in AM-competent angiosperms but not in Arabidopsis or liverworts, that lost KL signalling 385 

target genes involved in AM fungal accommodation (44,46,91,92). Notably, Arabidopsis kai2-2 mutants 386 

shared more transcriptional similarities with max2-1 than with d14-1, suggesting that KAI2-dependent 387 

signalling represents a major branch of MAX2-mediated signalling in Arabidopsis leaves. This observa-388 

tion is consistent with the earlier emergence of KAI2 relative to D14 and a longer co-evolutionary history 389 

between KAI2 and MAX2 (16,35,36) 390 

Collectively, our findings identify KL and SL signalling as conserved modulators of plant immunity that 391 

do not influence the identity but the amplitude of early PTI responses and alter pathogen resistance. 392 

The integration of these signalling pathways that are also involved in regulation of plant development, 393 

with immune and hormonal networks highlights the complexity of regulatory mechanisms balancing 394 

growth, symbiosis, and defence in plants. The mechanistic basis of KL and SL-dependent modulation 395 

of PTI and pathogen infection outcomes remains to be determined in future studies. 396 

Materials and Methods 397 

Plant material and growth conditions  398 

Arabidopsis seeds were stratified on soil for 2 - 3 days in the dark at 4 °C prior to transfer to growth 399 

conditions. For soil-based assays (CL ED73, Einheitserde(R)), two plants per pot were cultivated in 400 

controlled environmental conditions (20/18 °C, 60% relative humidity, 8 h photoperiod) for 5 - 6 weeks. 401 

Nicotiana benthamiana plants grown in controlled environmental conditions with one plant per pot (21 402 

°C, 60% relative humidity, 16 h photoperiod) without stratification. Lotus japonicus seeds were sterilised 403 

with 1% NaClO and 0.1% SDS and then washed five times with MilliQ water. Imbibed seeds germinated 404 

on 0.8% plant agar plates. 10-day-old seedlings were initially planted in soil (CL ED73, Einheitserde(R)), 405 

and consequently moved to a mixture of potting soil and quartz sand (1/2 sand/soil; potting Ein-406 

heitserde). 407 

Detection of ROS accumulation 408 

For Arabidopsis and N. benthamiana, leaf discs (⌀ 4 mm) from five- to six-week-old plants were incu-409 

bated floating on water overnight in white 96-well plates in the same temperature and light conditions in 410 

which the plants were grown. The water was replaced by a solution containing 2 µg/ml horseradish 411 

peroxidase and 5 µM L-012. Emitted luminescence was recorded as relative light units (RLU) in 1 min 412 

intervals after 10 min background reading followed by elicitor treatment for 1 h. For L. japonicus, leaf 413 

discs (⌀ 3 mm) were taken from four- to five-week-old plants. The same procedure was followed for 414 

Arabidopsis and N. benthamiana. The substrate solution for ROS detection in L. japonicus leaf discs 415 

contained 40 nM L-012 and 8 ng/ml HRP. Luminescence values were normalised to average back-416 

ground luminescence per well.  417 

Analysis of flg22-induced resistance 418 
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Leaves of five- to six-week-old Arabidopsis plants were syringe infiltrated with either mock or flg22 24 h 419 

prior to infection. Pseudomonas syringae pv. tomato DC3000 was grown on King’s B agar plates con-420 

taining 50 μg/ml rifampicin at 28ºC. After two-to-three days, bacteria were resuspended in ddH2O con-421 

taining 0.04% Silwet L77. The bacterial suspension was adjusted to an OD600= 0.0002 (=1 x 105 cfu/ml) 422 

before syringe infiltrating pre-treated leaves. Bacterial counts were determined two days after infection 423 

by re-isolation and plating of colonies with subsequent colony counting. Bacterial growth was calculated 424 

as cfu/cm2 of leaf area. 425 

MAPK activation and Western blot analysis 426 

Five- to six-week-old Arabidopsis plants were used for MAPK-assay. One leaf each from four plants was 427 

syringe infiltrated per timepoint with either mock or 1 µM flg22. Samples were frozen in liquid nitrogen 428 

and homogenized using a tissue lyser. Proteins were extracted using a 50 mM Tris-HCl (pH 7.5) buffer 429 

containing 50 mM NaCl, 10% glycerol, 5 mM DTT, 1% protease inhibitor cocktail, 1 mM phenylmethyl-430 

sulfonyl fluoride (PMSF), 1% IGEPAL, 10 mM EGTA, 3 mM NaF, 3 mM Na3VO4, 4 mM Na2MoO4, 431 

30 mM ß-Glycerophosphate and 30 mM p-nitrophenylphosphate before analysis by SDS-PAGE and 432 

Western blot. Phosphorylated MAPKs were detected using 1:2000 α-p44/42 primary antibodies (Cell 433 

Signaling Technology, Cat. 9101S) and 1:10.000 secondary mouse α-rabbit IgG-HRP (Santa Cruz, sc-434 

2357) antibodies. Band intensities of MPKs were quantified using ImageJ and normalised to the Rubisco 435 

band (CBB stain) for each lane. Normalised values were expressed relative to the calibrator sample 436 

which was set to 1 and is indicated in the respective figure legend. 437 

Detection of protein accumulation by Western Blot 438 

Leaves of five- to six-week-old Arabidopsis plants were harvested and total protein extracted with a 439 

50 mM Tris-HCl (pH 7.5) buffer containing 50 mM NaCl, 10% glycerol, 2 mM EDTA, 2 mM DTT, 1% 440 

protease inhibitor cocktail, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1% IGEPAL. Analysis was 441 

performed by SDS-PAGE and Western blot, detecting protein accumulation with specific α-RBOHD (1: 442 

500, Agrisera, AS15 2962), α-FLS2 (1:2000, Agrisera, AS12 1857) and α-CERK1 (1:2000, Agrisera, 443 

AS16 4037) and secondary mouse α-rabbit IgG-HRP antibodies (Santa Cruz, sc-2357). Band intensities 444 

were quantified using ImageJ and normalised to the Rubisco band (CBB stain) for each lane. Normalised 445 

values were expressed relative to the calibrator sample which was set to 1 and is indicated in the re-446 

spective figure legend. 447 

RNA-sequencing and data analysis 448 

Leaves of five- to six-week-old Arabidopsis plants were syringe infiltrated with either mock, 1 µM flg22 449 

or 75 µg/ml chitin for 30 min or 180 min. One leaf each from four plants per genotype was harvested, 450 

ground and total RNA isolated using the Spectrum Plant Total RNA Kit (Sigma-Aldrich, USA). RNA was 451 

sent to Novogene for paired-end sequencing, with sequencing of up to 20 million reads per sample. 452 

Reads were mapped to Araport 11 using Salmon as previously described in (93). Mapped reads were 453 

imported into an R studio pipeline using Tximport. We used DESeq2 (94) to identify differentially ex-454 

pressed genes (|Log2FC| ≥ 1; padj < 0.05) after treatment as well as create to a relative expression 455 

matrix using a variance stabilizing transformation (VST). Heatmaps based on relative expression values 456 
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or Log2FC were plotted using the ComplexHeatmap package, and the number of clusters for K-means 457 

clustering was decided after inspecting silhouette and elbow scores. Subsequent GO term enrichment 458 

analysis was performed using the clusterProfiler package. 459 

Powdery mildew propagation, plant infection and conidiophore quantification 460 

Powdery mildew fungi of the species Erysiphe cruciferarum (Ecr) were propagated weekly by transfer-461 

ring spores to four- to five-week-old uninfected Col-0 and pad4 plants. Powdery mildew spores were 462 

used for further inoculation 2 - 3 weeks after propagation. Powdery mildew propagation and infection 463 

experiments were performed in an environmentally controlled growth cabinet (22 °C, 70% relative hu-464 

midity, 8 h photoperiod). Conidiophore production was analysed 5 days after infection. To this end, four 465 

leaves per genotype were harvested from individual infected plants. The leaves were destained using 466 

EtOH:Acetic Acid (6:1) and subsequently stained using ink (ink:25% acetic acid; 9:1). Ink-stained fungal 467 

structures were visualized using the Zeiss AXIO Lab microscope with a 20x magnification for conidio-468 

phore counting.  469 

Infection with Hyaloperonospora arabidopsidis (Hpa) and spore quantification 470 

For Hpa infection assays, seeds were stratified on soil for 2 - 3 days in the dark at 4 °C and grown in 471 

environmentally controlled conditions (22 °C, 60% relative humidity, 16 h photoperiod). 12-day-old seed-472 

lings were spray-inoculated with a spore suspension of Hpa isolate Noco2 (5 × 104 spores/ml) (95). After 473 

inoculation, plants were kept in trays covered with sealed lids to maintain high humidity (18 °C, near-474 

saturation humidity). At 6 days post inoculation, infected aerial parts were harvested in water and vor-475 

texed to release spores. Spores were counted using a hemocytometer and normalised to leaf fresh 476 

weight. For imaging, cotyledons or leaves were harvested and stained in 0.01% (w/v) trypan blue in 477 

lactophenol for 3 min at 95 °C followed by incubation for 5 h at room temperature. Samples were sub-478 

sequently cleared overnight in chloral hydrate (2.5 g/ml) and mounted in glycerol. Pictures were obtained 479 

using the Zeiss Apotome II system. 480 

Infection with Alternaria brassicicola and Botrytis cinerea and scoring of disease symptoms 481 

A. brassicicola and B. cinerea spores were diluted with water to a final density of 5 x 105 spores/ml. 482 

Plants were inoculated by placing two 5 µl droplets of spore suspension onto the leaf surface. Inoculated 483 

plants were kept at 100% relative humidity at 22 °C at an 8 h light/16 h dark cycle. Growth of A. bras-484 

sicicola was scored after 13 days by classifying symptom severity ranging from 1 (no symptoms), 2 (light 485 

necrotic lesions), 3 (severe necrotic lesions), 4 (spreading of lesions beyond infection site), 5 (whole 486 

leaf affected) to 6 (sporulation of the fungus). A disease index (DI) was calculated using the following 487 

formula: DI = Si x ni; Si is the symptom category, ni is the percentage of leaves in i. Pictures of detached 488 

leaves were taken after 13 days. Botrytis cinerea infection was scored by measuring the lesion size at 489 

the inoculation site with ImageJ on images taken after 4 days. 490 

Viral infection assays 491 

Viral infection assays were performed as previously described (96). In short, Arabidopsis seeds were 492 

germinated on half-strength Murashige and Skoog (MS) medium and transplanted to soil after one week. 493 
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Plants were grown in a controlled growth chamber under long-day conditions (16 h light/8 h dark) at 494 

24°C. Agrobacterium tumefaciens strain GV3101 carrying pBin1.2_BCTV (97) or pBIN-plus vector with 495 

a C-terminal GFP tag (98) was grown on Petri dishes with LB agar supplemented with appropriate anti-496 

biotics. Bacterial cells were scraped from plates and inoculated into the centre of the rosette of 2- to 3-497 

week-old plants by mechanical wounding using an entomology pin, with 20 punctures per plant. Samples 498 

were collected at 21 days post-inoculation (dpi). Total DNA was extracted using a CTAB-based method 499 

(99) from infected flower tissues or systemic leaves, and viral DNA accumulation was quantified by 500 

qPCR using primers targeting BCTV Rep gene (Fw: ATGCAAGAATGGGCTGATGC, Rv: TCTGCCAC-501 

TCCTTTTGTGCT), normalised to AtActin2 (Fw: CAGTGTCTGGATCGGTGGTT, Rv: TGAACGAT-502 

TCCTGGACCTGC). The reactions were performed as follows: 2 min at 95°C, 40 cycles consisting of 503 

15 s at 95°C, 1 min at 60°C. The experiment was independently repeated four times with each treatment 504 

including at least nine plants per experiment. Each sample was analysed in three technical replicates 505 

for qPCR. Relative viral DNA levels were calculated using the 2−ΔΔCt method. 506 

Elicitors 507 

The flg22 peptide (QRLSTGSRINSAKDDAAGLQIA) was synthesized by Biomatik (Canada), elf18 508 

(SKEKFERTKPHVNVGTIG) by Pepmic (China) and Fonlp20 (AIMYAWYWPKDQPADGNLVSGHR), 509 

derived from Fusarium oxysporum, was kindly provided by Dr. Justin Lee (IPB Halle). Shrimp shell-510 

derived chitin (Sigma-Aldrich, Germany) was ground and extracted with ddH2O. Concentrations refer to 511 

µg chitin powder dissolved per ml of water before extraction. 512 

Statistical analysis  513 

GraphPad Prism (Version 8.0.1) was used to perform statistical analysis (except for RNA-seq data anal-514 

ysis). Detailed descriptions of the sample size, p-values and statistical methods are indicated in the 515 

respective figure legends.  516 
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Figures 845 

 846 

Figure 1: KL signalling modulates diverse plant-pathogen interactions. A) Representative ink-847 
stained Ecr colonies 5 days post-infection (dpi) on mature plants of the indicated genotypes. Black ar-848 
rows indicate conidiophores. Scale bar represents 100 µm. B) Number of conidiophores per field of view 849 
(5 dpi) of Ecr colonies grown upon infection of the indicated genotypes. Mean ± SD, n ≥ 249, pooled 850 
from four independent experiments (Kruskal-Wallis test; Dunn’s post-hoc test, a/c-b: p < 0.005; a-c: p < 851 
0.0001). C) Number of spores of H. arabidopsidis counted on 12-day-old plants of the indicated geno-852 
types per mg fresh weight 6 dpi. Mean ± SD, n ≥ 8, data from one experiment, which was performed 853 
two more times with similar results (one-way ANOVA, Dunnett’s post-hoc test; p-values are indicated in 854 
the figure). D) Representative images of detached leaves of the indicated Arabidopsis genotypes (left) 855 
and disease index (right) 13 dpi with A. brassicicola. Mean ± SD, n = 72, pooled from 3 independent 856 
experiments (one-way ANOVA, Tukey’s post-hoc test; a-b: p < 0.0001). E) Accumulation of viral DNA 857 
scored by qPCR in leaves of 2- to 3-week-old Arabidopsis plants infected with BCTV at 21 dpi. Mean ± 858 
SD, n = 9 - 31, pooled from 4 independent experiments (one-way ANOVA, Tukey’s post-hoc test; a-b: 859 
p < 0.0001). 860 
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 862 

Figure 2: KL and SL signalling components modulate distinct PTI responses. A-F) Production of 863 
reactive oxygen species (ROS) in leaf discs of the indicated genotypes represented in relative light units 864 
(RLU). A) Accumulation kinetics after elicitation with flg22 (100 nM) over 60 min; mean ± SD, n = 4. B) 865 
Total RLU after elicitation with flg22 (100 nM); mean ± SD, n = 20, pooled from 5 independent replicates 866 
(one-way ANOVA, Tukey’s post-hoc test; a-b: p ≤ 0.002; a/b-c: p < 0.0001). C) Total RLU after elicitation 867 
with flg22 (100 nM); mean ± SD, n = 32, pooled from four independent replicates (one-way ANOVA, 868 
Tukey’s post-hoc test; a-b-c, p < 0.0001). D) Total RLU after treatment with elf18 (100 nM), chitin (20 869 
ng/µl), Pep1 (1 µM) or Fonlp20 (1 µM). Mean ± SD, n = 20, pooled from five biological replicates (one-870 
way ANOVA, Tukey’s post-hoc test, performed separately for each treatment, a-b: p ≤ 0.045). E) ROS 871 
kinetics after elicitation with flg22 (100 nM); mean ± SD, n = 16. F) Total RLU after elicitation with flg22 872 
(100 nM); mean ± SD, n = 96, with data pooled from six independent replicates (one-way ANOVA, 873 
Tukey’s post-hoc test; a-b-c: p < 0.002). G) flg22 induced resistance against Pto DC3000 infection. 874 
Leaves of the indicated genotypes were infiltrated with mock or flg22 (1 µM) before syringe infiltration 875 
with Pto DC3000 after 24 hours. 2 days post-inoculation (2 dpi) leaf discs were sampled to determine 876 
bacterial titres by counting colony forming units (CFU); Mean ± SD, n = 14-15, data pooled from four 877 
independent replicates (two-way ANOVA, Tukey’s post-hoc test, a-b-c: p < 0.02; two-tailed Student’s t-878 
test, *: p < 0.03, **: p < 0.002). 879 
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 881 

Figure 3: The amplitude of the transcriptional response to flg22 and chitin is modulated in adult 882 
leaves of KL and SL signalling mutants. A-B) Upset plots comparing the sets of differentially ex-883 
pressed genes (DEGs; |Log2FC| > 1 & padj < 0.05) in flg22 or chitin vs mock treated leaves across 884 
genotypes A) 30 min or B) 180 min after infiltration. Vertical black bars and numbers correspond to the 885 
number of genes that are present in sets indicated at the x-axis, and connected dots below the bar 886 
indicate in which genotype and treatment combination these genes are differentially expressed. C-D) k-887 
means clustered heatmaps of all DEGs in response to flg22 treatment across genotypes at C) 30 mpi 888 
(1831 DEGs) or D) 180 mpi (7070 DEGs), depicted as relative expression (z-score). These clusters 889 
were used for Gene Ontology enrichment in supplementary Figure S8. Hierarchically clustered 890 
heatmaps showing expression levels (z-score) of genes associated with (E-F) pattern- and effector-891 
triggered immunity, and (G-H) karrikin or strigolactone signalling at 30 mpi and 180 mpi with and without 892 
flg22 treatment.   893 
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 894 

Figure 4: Regulation of flg22-triggered ROS by KAI2 and D14 extends to other dicotyledonous 895 
species. ROS productioni in leaf discs of the indicated genotypes as relative light units (RLU). A) Total 896 
RLU after elicitation with flg22 (1 µM) in L. japonicus; mean ± SD, n ≥ 35, with data pooled from six 897 
independent replicates (one-way ANOVA, Tukey’s post-hoc test; a-b/c: p < 0.0001, b-c: p ≤ 0.01). B) 898 
ROS kinetics of N. benthamiana leaf discs after elicitation with flg22 (100 nM); mean ± SD, n = 12. C) 899 
Total RLU after elicitation with flg22 (100 nM) or chitin (20 ng/µl) in N. benthamiana; mean ± SD, n = 48, 900 
data pooled from four independent replicates (two-tailed Student’s t-test; **: p < 0.005, ****: p < 0.0001). 901 
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Supplemental Figures 903 

 904 

Figure S1: Increased susceptibility of smxl6,7,8 mutants to B. cinerea. A) Representative images 905 
of detached infected leaves of the indicated genotypes. Lesion size of B. cinerea infected leaves 4 days 906 
post-infection. Mean ± SD, n = 14 - 17, pooled from three independent experiments (Student’s t-test; p-907 
value is indicated in the figure).   908 
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 912 

Figure S2: Protein accumulation of FLS2, CERK1 and RBOHD in KL and SL signalling mutants. 913 
A-B) Total protein of mature plants assayed by Western Blot using specific antibodies raised against A) 914 
FLS2 and CERK1 or B) RBOHD. CBB = Coomassie Brilliant Blue. C) Relative band intensities detected 915 
in A) and B). Band intensities of six experiments were measured using ImageJ software and normalized 916 
against CBB and relative to Col-0. Data points indicate individual experiments with points from the same 917 
experiment being marked with the same color. 918 

  919 

A

B

C

α- CERK1

CBB

70 -

55 -

kDa

α- FLS2130 -

α- RBOHD

CBB55 -

130 -

kDa

C
ol
-0

ka
i2
-2

m
ax

2-
1

d1
4-

1

sm
ax

1 
sm

xl
2

sm
xl
6,

7,
8

C
ol
-0

ka
i2
-2

m
ax

2-
1

d1
4-

1

sm
ax

1 
sm

xl
2

sm
xl
6,

7,
8

C
ol
-0

ka
i2
-2

m
ax

2-
1

d1
4-

1

sm
ax

1 
sm

xl
2

sm
xl
6,

7,
8

-2

0

2

4

6

re
la

ti
v
e
 b

a
n
d
 i
n
te

n
s
it
y

FLS2 CERK1RBOHD

.CC-BY-ND 4.0 International licensemade available under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 7, 2026. ; https://doi.org/10.64898/2026.05.05.722863doi: bioRxiv preprint 

https://doi.org/10.64898/2026.05.05.722863
http://creativecommons.org/licenses/by-nd/4.0/


28 
 

 920 

Figure S3: flg22-triggered MAPK activation is not altered in KL and SL signalling mutants. MAPK 921 
activation in indicated genotypes 20 min after syringe-infiltration of 1 µM flg22 into mature rosette leaves. 922 
Western blots were probed with α-p44/42. CBB = Coomassie Brilliant Blue. B) Band intensities of 3 ex-923 
periments were measured using ImageJ software and normalized against CBB and relative to Col-0. 924 
Data points indicate individual experiments with points from the same experiment being marked with the 925 
same color (one-way ANOVA, Tukey’s post-hoc test; ns: not significant). 926 
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 929 

Figure S4: Hierarchical clustering and principal component analysis of global transcriptome pro-930 
files across genotypes, treatments, and timepoints. A) Hierarchical clustering of distance between 931 
samples in the RNA-seq dataset. Red rows and sample labels indicate samples removed prior to down-932 
stream analysis due to separate clustering (109_c_1_m) or clustering with samples from the opposite 933 
timepoint (71_s678_1_c and 72_s678_2_c). B) Principal component analysis (PCA) of variance-stabi-934 
lised gene expression values for all samples included in the dataset. Each point represents one biolog-935 
ical replicate. The percentage of variance explained by each principal component is indicated on the 936 
respective axes. All points within -80 and 0 of PC1 are samples taken at 30 minutes post infiltration 937 
(mpi), and all points clustering upward of 0 of PC1 were harvested at 180 mpi. C) PCA of samples 938 
collected at 30 mpi using variance-stabilized expression values of all samples at 30 mpi. D) PCA of 939 
samples collected at using variance-stabilized expression values of all samples at 30 mpi. All panels 940 
display the first two principal components derived from the respective datasets. 941 
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 943 

Fig. S5: Upset plot of DEGs in mutant vs Col-0 leaves. Upset plots comparing the sets of differentially 944 
expressed genes (DEGs; padj < 0.05) in mutant vs Col-0 leaves under mock conditions at A) 30 minutes 945 
post infiltration (mpi) or B) 180 mpi. Vertical black bars and numbers correspond to the number of genes 946 
that are present in a set that can intersect across genotypes and connected dots below the bar indicate 947 
across which genotype vs Col-0 comparison genes are differentially expressed. Horizontal coloured 948 
bars indicate total amount of DEGs in genotype vs Col-0 comparison. 949 
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 951 

Fig. S6: MAMP-induced and basal expression profile of all DEGs in leaves of Arabidopsis mu-952 
tants treated with flg22 or chitin. Heatmaps showing Log2FC of all DEGs (DEGs; |Log2FC| > 1 & padj 953 
< 0.05) after flg22 or chitin infiltration at A) 30 minutes post infiltration (mpi) or C) 180 mpi and the basal 954 
expression across genotypes compared to Col-0 in B) and D) for the set of genes differentially regulated 955 
in A) or C) respectively.   956 
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 957 

Fig. S7: Chitin infiltration has a stronger effect on all genotypes at 30 compared to 180 minutes 958 
after infiltration. k-means clustered heatmaps of all DEGs (DEGs; |Log2FC| > 1 & padj < 0.05) with 959 
fold-change displayed as z-score in response to chitin treatment across genotypes at A) 30 minutes 960 
post infiltration (mpi) (1825 DEGs) and B) 180 mpi (1938 DEGs). Clusters were used for Gene Ontology 961 
enrichment in supplementary Figure S8.  962 
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Fig. S8: Gene Ontology term enrichment for gene clusters at 30 and 180 mpi after MAMP treat-965 
ment. The 8 most significant Gene Ontology terms per cluster are shown for leaves treated with flg22 966 
for A) 30 minutes post infiltration (mpi) or B) 180 mpi and with chitin for C) 30 mpi or D) 180 mpi. Colour 967 
of dot (blue to yellow) indicates enrichment significance (padj.) and size of dot indicates number of genes 968 
within the GO term. The x-axis indicates Log2Fold Enrichment. GO terms marked with a red dot indicate 969 
molecular function (MF). All other terms fall are categorized as biological process (BP). 970 
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 972 

Fig. S9: Basal and MAMP-induced expression profile of immunity, karrikin and strigolactone sig-973 
nalling-related genes. Log2FC of gene expression in flg22- or chitin-treated vs. mock-treated leaves 974 
across genotypes for immunity-related (A-C) or KL and SL signalling/biosynthesis related genes (D-F) 975 
at A, D) 30 or B, E) 180 mpi. Log2FC of gene expression in mock-treated mutant vs. Col-0 leaves at 30 976 
and 180 mpi for C) immunity-related or F) KL and SL signalling/biosynthesis genes.   977 
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 978 

Fig. S10: Basal and MAMP-induced expression profiles of SA biosynthesis and signalling genes. 979 
Median relative expression values (Z-values) A-B) or Log2FC C-D) of SA biosynthesis and signalling 980 
genes across leaves of all genotypes after mock-, flg22- or chitin-treatment at A, C) 30 or B, D) 180 mpi. 981 
E) Log2FC of SA biosynthesis and signalling genes in mutant vs. Col-0 leaves at 30 and 180 mpi after 982 
mock treatment.  983 
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 985 

Fig. S11: Basal and MAMP-induced expression profile of JA biosynthesis and signalling genes. 986 
Median relative expression values (Z-values) A-B) or Log2FC C-D) of JA biosynthesis and signalling 987 
genes across genotypes after mock-, flg22- or chitin-treatments at A, C) 30 or B, D) 180 mpi. E) Log2FC 988 
of JA biosynthesis and signalling genes in mutant vs Col-0 leaves at 30 and 180 mpi after mock treat-989 
ment.  990 
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 992 

Fig. S12: Basal and MAMP-induced expression profile of ethylene biosynthesis genes. Median 993 
relative expression values (Z-values) A-B) or Log2FC C-D) of ethylene biosynthesis genes across gen-994 
otypes after mock-, flg22- or chitin-treatment at A, C) 30 or B, D) 180 mpi. E) Log2FC of ethylene bio-995 
synthesis and signalling genes in mutant vs Col-0 leaves at 30 and 180 mpi after mock treatment.   996 
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 997 

Fig. S13: Basal and MAMP-induced expression profile of ABA biosynthesis genes. Median relative 998 
expression values (Z-values) A-B) or Log2FC C-D) of ABA biosynthesis genes across genotypes after 999 
mock-, flg22- or chitin-treatment at A, C) 30 or B, D) 180 mpi. E) Log2FC of ABA biosynthesis genes in 1000 
mutant vs Col-0 leaves at 30 and 180 mpi after mock treatment.   1001 
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Tables 1002 

Table 1: Plant lines used in this study. 1003 

Plant line Reference 

Arabidopsis thaliana 

kai2-1 (100) 

kai2-2 (100) 

max2-1 (101) 

max2-2 (101) 

d14-1 (18) 

smax1-2 smxl2-1 (19) 

smxl6 smxl7 smxl8 (37) 

L. japonicus 

kai2a-1 kai2b-1 (13) 

d14-1 (13) 

max2-3 (13) 

smax1-3 (13) 

N. benthamiana 

kai2a kai2b kai2c kai2d (49) 
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