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ABSTRACT

Plants express an array of receptor-like kinases (RLKs) to control development and communicate with
their environment. Many RLKs are uncharacterized and some of them are expected to regulate plant
responses to plant growth-promoting rhizobacteria (PGPR). Despite documented effects induced by
Caulobacter RHG1, the underlying signaling pathways and the involved RLKs remain uncharted.
Through a targeted RLK mutant screening, we aimed to decipher the receptors that steer the
Caulobacter RHG1-induced growth promotion in Arabidopsis thaliana. We identified four RLKs that
are pivotal in the RHG1-Arabidopsis interaction, including the coreceptors SOMATIC
EMBRYOGENESIS RECEPTOR-LIKE KINASE 1 (SERK1) and BRASSINOSTEROID INSENSITIVE 1-
ASSOCIATED KINASE 1 (BAK1/SERK3), which act redundantly in the RHG1-Arabidopsis interaction,
possibly by interplaying with the unknown RLK AT3G28040 and the immunity-related
ELONGATION FACTOR-TU RECEPTOR (EFR). These results shed new light on the molecular
dynamics orchestrating plant responses to PGPR, and concurrently contribute a crucial piece to
the intricate puzzle of RLK interactions.
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Key policy highlights by enhancing leaf initiation and increasing cell division in
the leaf and in the root apical meristem of the primary

e Four RLKs; BAKI1, SERKI, EFR, and AT3G28040 root (Luo et al. 2019). Mode-of-action studies demonstrated
(RRHG) are involved in the RHGI1-Arabidopsis that brassinosteroid (BR) biosynthesis and signaling path-

interaction.

¢ BAKI and SERKI, two well-described co-receptors, act
redundantly and play a pivotal role in the RHGI1-driven
growth promotion, possibly by interplaying with the
unknown RLK AT3G28040 and the immunity-related
RLK EFR.

e Most known development - and immunity-related RLKs
barely influence RHG1-driven plant growth promotion in
Arabidopsis.

Introduction

Plant growth-promoting rhizobacteria (PGPR) offer sustain-
able alternatives to chemical fertilizers in agriculture, contri-
buting to enhanced plant growth and development
(Lugtenberg and Kamilova 2009; Vacheron et al. 2013).
Among these, Caulobacter RHG1 (RHG1), which has been
isolated from Zea mays (maize) roots (Beirinckx et al
2020), has been shown to instigate a plant growth-promoting
(PGP) effect in Arabidopsis thaliana (Arabidopsis), coloniz-
ing both leaf and root surfaces (Luo et al. 2019). Further-
more, RHG1 stimulates Arabidopsis shoot and root growth

ways are required for the PGP effect, whereas other classical
plant growth hormones such as auxin and cytokinins are not
involved (Luo et al. 2019).

Such intricate plant signaling networks are often initiated
by receptor-like kinases (RLKs), an extensive protein family
with more than 600 members in Arabidopsis (Lehti-Shiu
et al. 2009; Taj et al. 2010; Lehti-Shiu and Shiu 2012; Zipfel
2014; Zhang et al. 2018; Jose et al. 2020). Many of these
RLKs exert functions in processes that are influenced by
RHG]I, including microbial recognition and immunity,
growth and development and abiotic stress responses (Jose
et al. 2020). Despite their importance, the majority of RLKs
remain functionally uncharacterized (Wu et al. 2016).

RLKSs can be subdivided in various types or families based
on the signatures present in their extracellular domain. The
best described families include the leucine-rich repeat (LRR),
lectin (Lec), wall-associated kinase (WAK), self-incompat-
ibility domain (S-domain) and lysin motif (LysM) families
(Jose et al. 2020). Distinct RLK families can also be discerned
based on their functional specialization. Pattern recognition
receptors (PRRs) are RLKs that elicit immunity responses in
the plant upon the recognition of microbe-associated or
damage-associated molecular patterns (MAMPs or
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DAMPs) (Van Wees et al. 2008; Newman et al. 2013; Zipfel
2014; Saijo et al. 2018; Thoms et al. 2021). One of the best
characterized immunity eliciting PRRs is the ELONGATION
FACTOR-TU RECEPTOR (EFR), which recognizes
elongation factor-Tu (EF-Tu) and more specifically, the pep-
tide epitope elf18 (elf18) (Kunze et al. 2004; Zipfel et al.
2006). Other microbial ligands such as flagellin, peptidogly-
can, chitin, oligogalacturonides or lipopolysaccharide, are
recognized by specific RLK complexes including FLAGEL-
LIN-SENSITIVE2 (FLS2), LYSM DOMAIN PROTEIN
(LYM) 1, LYM3, and CHITIN ELICITOR RECEPTOR
KINASE 1 (CERK1), LYSM CONTAINING RECEPTOR-
LIKE KINASE (LYK) 4, LYK5 and LYM2 or CELL WALL
ASSOCIATED KINASE 1 (WAKI1) or S-DOMAIN 1-29
(SD1-29), respectively (Gomez-Gémez and Boller 2000;
Miya et al. 2007; Brutus et al. 2010; Willmann et al. 2011;
Wan et al. 2012; Cao et al. 2014; Ranf et al. 2015; Buendia
et al. 2018).

In addition, RLKs play important roles in plant develop-
ment, like the well-known BR receptor BRASSINOSTEROID
INSENSITIVE 1 (BRI1) (Nam and Li 2002; Russinova et al.
2004; Gou and Li 2020). BRs are steroid hormones with
essential roles in plant growth and development by regulat-
ing for example cell elongation and cell division (Nolan
et al. 2020). Furthermore, RLKs contribute to the perception
of abiotic stresses, such as drought and osmotic stress (Osa-
kabe et al. 2013; Ye et al. 2017).

The complexity of RLKs is further extended by the fact
that they form complexes with other receptors and corecep-
tors, triggering trans-autophosphorylation and activating
downstream signaling pathways (Chakraborty et al. 2019).
The coreceptors of the largest LRR-RLK family belong to
the SOMATIC EMBRYOGENESIS RECEPTOR-LIKE
KINASE (SERK) subfamily, represented by five members
in Arabidopsis (SERK1-5) (Chakraborty et al. 2019). SERK
proteins are highly homologous and often execute similar
functions in a plethora of processes, such as development
and immunity (Li 2010; Ma et al. 2016; Gou and Li 2020).
SERK3, also known as BRASSINOSTEROID INSENSITIVE
1-ASSOCIATED KINASE 1 (BAK1), is the most extensively
described LRR-RLK coreceptor and associates with FLS2 and
EFR, which are involved in immunity as well as with BRI1 to
activate BR signaling (Russinova et al. 2004; Sun et al. 2013;
Ma et al. 2016; Zhou et al. 2019). The pleiotropic, redundant
roles of coreceptors complicate research on their involve-
ment in specific processes. Interestingly, mutant alleles
specifically impaired in one function of the coreceptor are
available, such as bakl-5 that is impaired in the immunity
signaling activities of BAKI but not in BR signaling or cell
death control (Schwessinger et al. 2011).

Despite the fact that the downstream phenotypic effects
and the molecular changes that take place upon RHG1 treat-
ment have been described, the upstream receptors that steer
these responses remain elusive. To identify the RLKs
involved in RHG1-induced PGP, we assembled a rlk mutant
library based on RLK characteristics that were relevant for
the RHGI1-Arabidopsis interaction, such as expression in
the root and involvement in processes modulated by
RHGI (i.e. growth and development, immunity and abiotic
stress responses). To broaden our range and increase the
possibility in identifying a novel RLK with a role in Caulo-
bacter-induced growth promotion, we included unknown
RLKs in our library. By focusing on changes in fresh weight

increase, which is in our opinion the most relevant plant par-
ameter with regard to possible biostimulant applications, we
phenotypically screened a rlk mutant library. This way, we
identified potential receptors involved in RHGI-induced
PGP and found the coreceptor(s) necessary to initiate the
RLK-dependent signaling networks steered by RHG1.

Materials and methods
Bacterial strains and growth conditions

Caulobacter RHG1 is an in-house GFP-labeled bacterial
strain containing a kanamycin resistance gene (Luo et al.
2019; Beirinckx et al. 2020). The Bacillus sp. control strain
is part of the same in-house bacterial collection (Beirinckx
et al. 2020). To create a bacterial inoculum, strains were
grown overnight in a liquid culture of R2A medium (0.5 g/
1 proteose peptone, 0.5 g/l casamino acids, 0.5 g/l yeast
extract, 0.5 g/l dextrose, 0.5 g/l soluble starch, 0.3 g/l dipotas-
sium phosphate, 0.05 g/l magnesium sulfate heptahydrate,
0.3 g/l sodium pyruvate; pH 7) at 28°C, diluted the next
morning and again grown for 3-4 h to reach the exponential
growth phase. The culture was centrifuged at 2500 rcf for
10 min and the bacterial pellet was resuspended and diluted
to an optical density (ODgg0) of 0.01 with phosphate buffered
saline (PBS).

Arabidopsis genotypes and growth conditions

Seeds of Arabidopsis thaliana mutant lines (serkl-1, serk2-1,
serkd, serk5, shrk2, shrk1shrk2, lym1-1, lyml1-2, lym3-1, lym3-
2, cerkl-2 and wakl) were obtained from the NASC germ-
plasm stock center, from dr. ir. Heidstra (Wageningen Uni-
versity and Research, Wageningen, The Netherlands;
collection of 121 lines), from prof. dr. Russinova (VIB-
UGent Center for Plant Systems Biology, Ghent, Belgium)
(bakl1-5, bril, bril-301, fls2, efr-1, fls2efr-1 and cpd), from
prof. dr. Zipfel (University of Zurich, Zurich, Switzerland)
(serk2-2;bak1-4, serkl-3;bakl-4, bakl-5bkki-1 and fls2efr-
Icerkl1-2), prof. dr. Lipka (Georg-August-Universitit Gottin-
gen, Gottingen, Germany) (cerkI-4) or from prof. dr. Ranf
(Technical University of Munich, Munich, Germany) (sd1-
29) (see Dataset S1 and Supplementary Table S1 for details)
and upscaled together with their respective wild type (WT)
seeds. Seeds were surface-sterilized with chlorine gas fol-
lowed by stratification at 4°C in the dark for 2 days. Seeds
were sown on agar-solidified plant growth medium (2.3 g/l
MS, 0.5 g/l MES, 8 g/l plant tissue culture agar; pH 5.7)
and incubated vertically in a tissue culture room at 21°C
under long-day conditions (16 h light/8 h dark).

Establishment of the rlk mutant library

The rlk mutant library was assembled based on a literature
search focusing on root-expressed RLKs, as these form the
most likely interaction point with RHGI in the rhizo-
sphere. Our rlk mutant library comprised 145 lines corre-
sponding to 81 RLK genes belonging to five different
RLK families (LRR, LysM, S-domain, Lectin and WAK)
(Supplementary Table S1, Dataset S1). For 38 out of 81
candidate RLK genes, multiple (two to six) independent
single mutant lines were included, whereas for nine out
of 81 candidate RLK genes, (one to three) double mutant



lines were included. To guarantee the correct identity of the
mutants in the library, 10 mutants were randomly geno-
typed and mutants that were selected for further research
were also genotyped.

Next to classifying the RLKs according to their extracellu-
lar ligand-binding domain, we also categorized our library
according to function (Supplementary Table S1). From the
145 lines, 60 lines (corresponding to 30 genes) were shown
to be impaired in developmental processes (Scholl et al.
2000; Alonso et al. 2003; Xu et al. 2008; Jaillais et al. 2011;
Ten Hove et al. 2011; Lv et al. 2018; Luo et al. 2019).
Thirty-three lines (corresponding to 18 genes) were found
to be impaired in PAMP/DAMP recognition and immunity
processes (Scholl et al. 2000; Alonso et al. 2003; Rosso et al.
2003; Zipfel et al. 2006; Gimenez-Ibanez et al. 2009; Robin-
son et al. 2009; Schwessinger et al. 2011; Ten Hove et al.
2011; Kleinboelting et al. 2012; Ranf et al. 2015). Eleven
mutant lines (corresponding to five genes) were reported
to be impaired in (abiotic) stress responses (Scholl et al.
2000; Alonso et al. 2003; Ten Hove et al. 2011). Next, our
library contained 12 lines (corresponding to six genes)
impaired in multifunctional coreceptors (Rosso et al. 2003;
Roux et al. 2011; Schwessinger et al. 2011; Ten Hove et al.
2011; Kleinboelting et al. 2012; Petutschnig et al. 2014).
Finally, 51 lines (corresponding to 31 genes) impaired in
RLKs with a yet unknown function were included and thus
provide potential candidates in our quest for (novel) signal-
ing networks involved in beneficial plant-microbe
interactions.

Growth promotion bioassay and statistical analysis

One four-day-old WT and four different four-day-old
mutant seedlings (five plants of different genotypes per
plate, 15 plates per condition) were transferred to new plates
and inoculated by pipetting 8 pl of the bacterial inoculum
(ODggo = 0.01) or PBS in control conditions (Mock) on the
root tip and further grown vertically in the tissue culture
room. At 14 days post inoculation (dpi), the ratio of mutant
total fresh weight versus WT total fresh weight was calcu-
lated per plate, to account for a plate effect. Next, these values
were compared between mock and RHGI1 conditions by a
one-way ANOVA or Kruskal-Wallis test (if the assumptions
for a one-way ANOVA were not met). We screened for
mutants showing a significant increase, decrease or complete
loss of the RHG1-induced PGP phenotype when compared
with RHGI1-treated WT plants. Initially, all 146 mutant
lines (Dataset S1) were subjected once to the RHG1-induced
PGP bioassay. Mutant lines showing a significant change in
the RHG1-induced PGP effect were subsequently subjected
to multiple independent follow-up experiments.

RNA extraction and qRT-PCR analysis

Hundred WT Col-0 seeds were sown on plates (two plates
per treatment-time point condition), stratified for two days
in the dark and incubated vertically in a tissue culture
room for four days. Each row consisting of 20 four-day-old
seedlings was inoculated by pipetting 160 ul of Caulobacter
RHGI, the Bacillus sp. strain or PBS along the root tips
and further grown vertically in the tissue culture room. At
12 h post inoculation (hpi) and at 1, 2, 3, 5, 7 and 9 dpi
roots were cut and snap-frozen in liquid nitrogen. The

JOURNAL OF PLANT INTERACTIONS e 3

cells were disrupted by 3-mm metal beads in 2-ml tubes
(Eppendorf) with a mixer mill 400 (Retsch) for 3 min at
20 Hz. RNA was extracted with the Relia Prep RNA tissue
MiniPrep System (Promega) and RNA concentrations were
measured with a ND-1000 Spectrophotometer (Thermo
Fisher Scientific Nanodrop) and 1 ug was reverse transcribed
with the qScript cDNA SuperMix (Quantabio). The primer
sequences (Supplementary Table 2) were obtained from lit-
erature or designed with the Primer-BLAST tool from the
National Center for Biotechnology Information (NCBI).
The primers were diluted with water to a concentration of
2.5 uM. All gqRT-PCR experiments were performed in three
technical replicates on 384-multiwell plates with SYBR
Green detection. Reaction mixtures were composed by the
Janus Robot (PerkinElmer) with a final volume of 5 pl and
a 10% cDNA fraction with the SYBR Green Master Mix (Per-
kinElmer). The Roche Lightcycler 480 system (Roche Diag-
nostics) was used to execute all qRT-PCR reactions with
the following settings: 1x preincubation (95°C for 5 min),
45% amplification (95°C for 10's, 60°C for 10s and 72°C
for 10 s), 1x melting curve (95°C for 5, 65°C to 97°C for
1 min) and 1x cooling down (40°C for 10s). Threshold
cycle and efficiency values were determined by the Lightcy-
cler 480 software and analyzed by the 2*“* method
(Livak and Schmittgen 2001). The obtained expression data
were normalized to the expression levels of TUBULIN2
(TUB2) and PROTEIN PHOSPHATASE 2 (PP2A). The
experiment was repeated three times.

Ethics

This study did not require ethical approval or permission. No
animal or human participants were used.

Results

Exploring the involvement of development - and
immunity-related RLKs in RHG1-driven plant growth
promotion

Because PGPR, including RHG1, are able to modulate devel-
opment responses in the plant, we included 60 mutant lines
impaired in genes with a known role in development in our
rlk library. Prior the library screen, we confirmed that appli-
cation of RGH1 on WT Arabidopsis Col-0 plants resulted in
an increase in root, shoot and total fresh weight (Supplemen-
tary Figure S1). Following an initial library screen, seven
mutant lines impaired in five genes (RH33, RH62, RH65,
RH67, RH68, RH86 and RH89, impaired in ZARI, BIR3,
BRI2, RGI5 and CEPR?2) involved in development exhibited
a significant change in the RHGI1-induced PGP compared
to the WT. However, because of the known variability
inherent to PGPR research (Luo et al. 2019), the seven
selected mutants were subjected to multiple independent
repeats of the bioassay to evaluate the consistency of the
observed significant change in PGP. None of these lines
showed a consistent significant change in RHGI-induced
PGP in independent follow-up experiments (Dataset S1; P-
value >0.05) and therefore we did not execute additional fol-
low-up experiments. Interestingly, we were not able to
confirm the results of Luo et al. 2019, since the null bril
and the weaker bril-301 mutants, previously suggested to
be involved in RHGI1-induced PGP (Luo et al. 2019), did
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not show a significant average change in RHGI-induced
PGP in total fresh weight compared with WT plants
(—22% and —23%, respectively) over all experiments, i.e.
the initial library screen and four independent follow-up
experiments (Figure 1A-B, Supplementary Figure S2A-B;
P-value > 0.05). Furthermore, Luo et al. 2019 also suggested
the involvement of BR biosynthesis in the RHG1-induced
PGP phenotype. As we were not able to confirm the BR sig-
naling data, we were wondering if this would also be the case
for the BR biosynthesis data. Therefore, although it is not an
rlk mutant, we decided to subject the BR biosynthesis mutant
cpd to our bioassay (Szekeres et al. 1996). The cpd mutant
exhibited a significant average decrease of 38% in the
RHGI-induced PGP effect in total fresh weight compared
with WT plants over all experiments, i.e. the initial library
screen and four independent follow-up experiments (Figure
1(C), Supplementary Figure S2C, P-value <0.001). Taken
together, our results show that none of the development-
related RLKs tested are involved in RHGI1-induced PGP
and further suggest that BR biosynthesis but not BR signaling
might be important for RHG1 to induce a PGP phenotype.

Next, 30 mutants in our library were known to play a role
in plant immunity. Only one mutant, efr-1, affected in recog-
nition of the MAMP EF-Tu, showed a significant average
increase of 31% in the RHGI1-induced PGP phenotype in
total fresh weight compared with WT plants over all exper-
iments, i.e. the initial library screen and three independent
follow-up experiments (Figure 2(A), Supplementary Figure
S3A, P-value <0.001). The efr-1 allele was also present in
the double mutant fls2efr-1, which exhibited inconsistent
changes (—50%, +32%, — 38% and +9%) during the initial
screen and three independent follow-up experiments and
therefore did not show a significant average change (—3%)
in RHGI-induced PGP in total fresh weight compared
with WT plants over all experiments (Figure 2(C), Sup-
plementary Figure 3C, P-value >0.05). In accordance, the
fls2 mutant showed inconsistent changes (+30%, - 26%,
+2% and +2%) during the initial screen and three indepen-
dent follow-up experiments and thus did not exhibit a sig-
nificant average change (+9%) in RHGI-induced PGP in

total fresh weight in comparison with WT plants over all
experiments (Figure 2(B), Supplementary Figure 3B, P-value
> 0.05). Furthermore, the efr-1 allele was also present in the
triple mutant fls2efr-1cerk1-2, which did not show a signifi-
cant change in the RHGI-induced PGP phenotype in total
fresh weight compared with WT plants in the initial library
screen and was therefore not subjected to follow-up exper-
iments (Dataset S1, P-value>0.05). Additionally, one (of
the four) peprl allele (designated RH91), affected in peptide
ligand recognition, exhibited a significant (—41%) and a non-
significant change (+8%) in the RHG1-induced PGP pheno-
type in total fresh weight in comparison with WT plants in
the initial library screen and an independent follow-up
experiment, respectively, and therefore we did not perform
additional follow-up experiments (Dataset S1; P-value<
0.05). The remaining 25 mutant rlk lines that are part of
the immunity category, among which the MAMP recog-
nition mutants lyml-1, lymlI-2, lym3-1, lym3-2, sd1-29 and
wakl, did not show a significant change in the RHGI-
induced PGP phenotype in total fresh weight compared
with WT plants in the initial library screen and were there-
fore not subjected to follow-up experiments (Dataset S1, P-
value > 0.05).

Together, these results demonstrate that from the devel-
opment and immunity-related rlk mutants, only efr-1 plants
showed a consistent change in the RHG1-induced PGP phe-
notype compared with WT, suggesting that knocking-out
known immunity RLKs only has a mild influence on
RHG1-induced PGP.

LRR coreceptors deliver further clues to unravel
unique RHG1-induced signaling pathways

As coreceptors have been shown to exert pleiotropic roles in
diverse signaling networks, we included 12 lines impaired in
one or several of the six LRR or LysM domain coreceptors
genes (SERKs and CERKs, respectively) in our library
(Albrecht et al. 2008; Li 2010; Ma et al. 2016; Buendia et al.
2018; Gou and Li 2020). For four of the six coreceptor
genes, SERK1, SERK2, SERK4 and SERKS5, we had one single
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Figure 1. RHG1-induced plant growth promotion in selected BR signaling and biosynthesis mutants. Four-day-old wild type (WT) and mutant (brassinosteroid
insensitive 1 (bri1, A), bri1-301 (B) and constitutive photomorphogenic dwarf (cpd, C)) seedlings were treated with a mock (light gray) or RHG1 (dark gray) solution
(OD 0.01) and total fresh weight values were determined at 14 days post inoculation (dpi). Values represent boxplots of five biological repeats with their mean (+)
and median (horizontal line). Asterisks indicate significant differences between mock and inoculated plants or between RHG1-induced effects in WT and mutant
plants (one-way ANOVA or Kruskal-Wallis test; ***P < 0.001; n.s., not significant).
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Figure 2. RHG1-induced plant growth promotion in selected immunity rlk mutants. Four-day-old wild type (WT) and mutant (elongation factor-Tu receptor 1 (efr-1,
A), flagellin-sensitive 2 (fls2, B) and fls2efr-1 (C)) seedlings were treated with a mock (light gray) or RHG1 (dark gray) solution (OD 0.01) and total fresh weight values
were determined at 14 days post inoculation (dpi). Values represent boxplots of four biological repeats with their mean (+) and median (horizontal line). Asterisks
indicate significant differences between mock and inoculated plants or between RHG1-induced effects in WT and mutant plants (one-way ANOVA or Kruskal-

Wallis test; ***P < 0.001; n.s., not significant).

mutant line available, i.e. serkl-1, serk2-1, serk4 (bkk1-1) and
serk5, respectively. For CERKI, we possessed two indepen-
dent single mutant lines, cerkl-2 and cerkl-4, and for
BAK1 we collected the immunity-comprised baklI-5 allele
and two other single mutant alleles, bakl-3 and bakl-4.
The mutant line bakI-3 contains a hypomorphic intronic
T-DNA insertion and is therefore not a null allele, whereas
bakl-4 represents a true null allele (Wierzba and Tax
2016). As SERK coreceptors are known to operate in a
redundant way, we included three double coreceptor mutant
lines, i.e. serkl-3;bakl-4, serk2-2;bak1-4 and bakl-5;bkk1-1,
in our library.

Over all experiments, i.e. the initial library screen and
eight independent follow-up experiments, bakl-4 plants
showed a significant average decrease of 29% in RHGI-
induced PGP in total fresh weight compared with WT
plants (Figure 4(A), Supplementary Figure S6A-B; P-value
<0.001). Mutant lines serkl-3;bakl-4 showed a significant
average decrease of 32% in RHGI-induced PGP in total
fresh weight in comparison to WT plants, over all exper-
iments, i.e. the initial library screen and two independent
follow-up experiments (Figure 4(B); Supplementary Figure
S6C, P-value < 0.001). Additionally, bakl-5 exhibited a sig-
nificant increase (+45%, P-value<0.01) in the RHGI-
induced PGP phenotype in total fresh weight in compari-
son with WT plants in the initial library screen, but none
of these showed a significant change in RHGI-induced
PGP in three independent follow-up experiments (Dataset
S1; Figure 4(C); Supplementary Figure S6D). The remain-
ing single coreceptor mutants (serkI-1, serk2-1, serk4
(bkk1-1), serk5, cerkl-2, cerkl-4 and bakl-3) and two
double coreceptor mutants (serk2-2;bakl-4 and baklI-5;
bkk1-1) did not exhibit a consistent significant change in
RHG1-induced PGP in total fresh weight compared with
WT conditions in the initial library screen and were there-
fore not subjected to follow-up experiments (Dataset S1; P-
value > 0.05).

In summary, the single coreceptor mutant bak1-4 and the
double coreceptor mutant serkI-3;bakl-4 exhibited a signifi-
cant decrease in the RHG1-induced PGP phenotype in total

fresh weight in comparison with WT plants. Interestingly,
the decreased PGP phenotype in bakI-4 plants exhibited a
certain degree of variability throughout the nine indepen-
dent experiments, while a similar decreased PGP phenotype
could be observed in all three independent experiments in
serk1-3;bak1-4 plants (Supplementary Figure S6A-C). The
consistent change in PGP phenotype in the double mutant
compared with the single mutant could be due to functional
redundancy which is characteristic for SERK family mem-
bers (Albrecht et al. 2008; Li 2010; Sun et al. 2013; Ma
et al. 2016; Gou and Li 2020). Our data thus suggest a role
for the LRR coreceptors BAK1 and SERK1 in signaling pro-
cesses elicited upon RHG1 inoculation that influence the
PGP phenotype.

An unknown RLK, seemingly involved in abiotic
stress, plays a role in RHG1-induced PGP

Because RHGI has been isolated from the roots of maize
plants grown at chilling temperatures and as several PGPR
strains, including RHGI, are known to help plants cope
with abiotic stresses, we included 11 rlk mutant lines
impaired in genes known to be involved in stress responses
in our library (Cohen et al. 2008; Yang et al. 2009; Ilangu-
maran and Smith 2017; Beirinckx et al. 2020; Goswami and
Deka 2020; Arora et al. 2020). One mutant line (cepr2 mutant
RH89) showed a significant change (—39%) in the RHGI-
induced PGP phenotype in total fresh weight compared
with WT plants in the initial library screen. However, in
an independent follow-up experiment, a non-significant
change (—18%) was observed (Dataset S1). Therefore, this
line was not selected for further experiments.

As the majority of the RLKs exert yet unknown functions
and might be interesting targets to identify (novel) signaling
networks at play during beneficial plant-microbe inter-
actions, we included 51 mutant lines impaired in root
expressed RLKs with a yet unknown function in our mutant
rlk library (Dataset S1) (Wu et al. 2016). Following an initial
screen of the library, 10 mutant lines impaired in unknown
RLK genes (RH6, RH7, RH31, RH43, RH54, RH55, RH83,
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RH101, RHI102, RH131, impaired in AT5G58300,
AT5G58300, AT2G15300, AT5G58150, AT3G28040,
AT1G28440, AT2G33170, AT2G33170, and AT4G03230,
respectively) exhibited a significant change in the RHGI-
induced PGP phenotype in total (or root in the case of
RH83) fresh weight in comparison with WT plants. Only
two mutant lines, at3g28040a and at3g28040b showed a sig-
nificant average decrease of —29% and —36%, respectively, in
follow-up experiments (Figure 3, Supplementary Figures S4-
5; P-value < 0.01). AT3G28040 is an LRR-RLK and part of
the Ser/Thr protein kinase family (Figure 3(C)). This protein
was shown to interact with AT4G34220, also known as
RECEPTOR DEAD KINASE 1 (RDK1), an RLK involved
in ABA-mediated seedling development and drought toler-
ance (Szklarczyk et al. 2019; Kumar et al. 2017). The remain-
ing 43 rlk mutants impaired in functionally unknown RLKs
that did not show a significant change in RHGI-induced
PGP in total fresh weight in comparison with WT plants
in the initial library screen were not subjected to follow-up
experiments (Dataset S1).

In summary, our data suggest a potential role for an
unknown RLK, AT3G28040, seemingly involved in abiotic
stress response, in eliciting signaling pathways that are
necessary for a RHG1-induced PGP phenotype.

Transcript levels of selected RLKs do not show major
changes in response to RHG1 inoculation

It has been shown that the expression of the RLKs FLS2 and
WAKI1 are induced upon treatment with flagellin or oligoga-
lacturonides, respectively (Shiu and Bleecker 2001; Zipfel
et al., 2006; Denoux et al., 2008). To explore the involvement
of the four RLK genes impaired in the mutant lines that
showed a significant change in RHG1-induced PGP in total
fresh weight compared with WT plants in multiple repeats
of the bioassay (EFRI, BAKI, SERKI and AT3G28040,
respectively impaired in the mutants efr-1, bakl-4, serk1-3;
bakl-4 and at3g28040a and at3g28040b), we performed
expression analyses of the selected genes at different time
points after treatment with RHGI using qRT-PCR analysis.
In the qRT-PCR analyses, we included treatment with a neu-
tral Bacillus sp. strain (Bacillus) without a phenotypic effect
on Arabidopsis growth as an extra control to filter out gen-
eral plant responses to bacteria. Roots of four-day-old WT
seedlings were harvested at 12 h post inoculation (hpi) and
at 1, 2, 3, 5, 7 and 9 days after treatment with mock, Bacillus
or RHG1, RNA was extracted and used for qRT-PCR ana-
lyses. During the entire time course (at 12h and 1, 2, 3, 5,
7 and 9 days after treatment), no consistent changes in the
gene expression levels of EFRI, BAKI, SERKI and
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Figure 3. RHG1-induced plant growth promotion in selected two unknown rlk mutants. Four-day-old wild type (WT) and mutant (at3g28040a (A), at3g28040b (B))
seedlings were treated with a mock (light gray) or RHG1 (dark gray) solution (OD 0.01) and total fresh weight values were determined at 14 days post inoculation
(dpi). Values represent boxplots of three biological repeats with their mean (+) and median (horizontal line). Asterisks indicate significant differences between
mock and inoculated plants or between RHG1-induced effects in WT and mutant plants plants (one-way ANOVA or Kruskal-Wallis test; *P < 0.05, **P < 0.01,
***¥P < 0.001; n.s., not significant). (C) Schematic representation of AT3G28040 protein structure with amino acid number marked for the different domains.
LRRs: leucine-rich repeats, TD: transmembrane domain, KD: kinase domain.
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Figure 4. RHG1-induced plant growth promotion in selected rlk coreceptor mutants. Four-day-old wild type (WT) and mutant (brassinosteroid insensitive 1-associ-
ated kinase 1-4 (bak1-4, R), somatic embryogenesis receptor-like kinase 1-3; bak1-4 (serk1-3;bak1-4, B) and brassinosteroid insensitive 1-associated kinase 1-5 (bak1-5,
Q)) seedlings were treated with a mock (light gray) or RHG1 (dark gray) solution (OD 0.01) and total fresh weight values were determined at 14 days post inocu-
lation (dpi). Values represent boxplots of nine (A) three (B) or four (C) biological repeats with their mean (+) and median (horizontal line). Asterisks indicate sig-
nificant differences between mock and inoculated plants or between RHG1-induced effects in WT and mutant plants (one-way ANOVA or Kruskal-Wallis test; *P <

0.05, **P < 0.01, ***P < 0.001; n.s., not significant).

AT3G28040 could be determined between mock, RHG1 -
and Bacillus-treated samples (Supplementary Figure 7A-D).

Together, these results indicate that although EFRI,
BAKI, SERKI1, and AT3G28040 are suggested to play a
role in RHG1-induced PGP, their gene expression levels do
not show consistent RHG1-induced changes during a time
frame from 12 hpi until 9 dpi.

Discussion

In this study, we investigated the perception and signaling
networks influenced during the beneficial RHGI-Arabidop-
sis interaction by phenotypically screening a rlk mutant
library consisting of 145 mutant lines corresponding to 81
root-expressed RLK genes, mainly belonging to the LRR-
RLK subfamily. Since we know from previous research that
Caulobacter triggers plant responses in different physiologi-
cal areas (Luo et al. 2019; Beirinckx et al. 2020; Berrios and
Ely 2021), we included RLKs involved in development,
microbial recognition and immunity responses, abiotic stress
responses, multifunctional coreceptors and functionally
unknown RLKs. In an initial library screen, 27 mutant
lines (7 involved in development, 5 in immunity responses,
4 in coreceptors, 1 in abiotic stress responses and 10 in
unknown RLKs, see also Dataset S1) were picked up that
showed a significant change in the RHG1-induced PGP phe-
notype compared with WT plants. After multiple indepen-
dent follow-up experiments with these 27 mutant lines,
only five mutants showed a consistently changed PGP phe-
notype. These mutant lines are the immunity-linked PRR
mutant efr-1, the multifunctional coreceptor mutants bakI-
4 and serkl-3;bakl-4 and the unknown RLK mutants
at3g28040a and at3g28040b.

We showed that efr-1 exhibited a significant increase in
RHGI-induced PGP, hinting at a possible negative role for
plant immunity in the RHG1-induced PGP effect. However,
another immunity-related RLK mutant, fIs2, did not show a
consistent change in RHG1-induced PGP. Next to efr-1 and
fls2, we tested additional rlk mutants impaired in microbial
perception and immunity, including the higher order

mutants fls2efr-1 and fls2efr-1cerkl-2 and the immunity-
compromised coreceptor allele bakl-5. None of these
mutants showed an altered PGP response, again illustrating
the complex, pleiotropic nature of RLK interactions. This
observation might as well be caused by the fact that RHG1
mainly colonizes the root surface epiphytically (Luo et al.
2019) and therefore elicits only a confined immune response
and/or RHG1 might be able to dampen immune responses, a
second strategy often applied by PGPR (and pathogens) to
overcome immunity and allow interaction with the host
plant (Abramovitch and Martin 2004; Teixeira et al. 2019;
Yu et al. 2019a; Yu et al. 2019b; Colaianni et al. 2021; Ma
et al. 2021). We therefore conclude that bacterial recognition
and immunity barely influence RHG1-induced PGP effects
in Arabidopsis. It is important to note that multiple percep-
tion/immunity receptors might be involved in this inter-
action which could all be linked to the initiation of growth
promotion in yet-to-be revealed downstream pathways.

We identified two coreceptor mutants, bakI-4 and serk1-3;
bak1-4, showing a significantly reduced RHG1-induced PGP.
Remarkably, the single mutant bak1-4 exhibited variation in
this phenotype throughout independent experiments, whereas
the double mutant serk1-3;bakI-4 showed a consistent loss of
the PGP effect. These data show that BAKI and SERK1 act
redundantly and fulfill a crucial role in the RHG1-Arabidopsis
interaction. Notably, the serk1-1 single mutant in our library
did not show a significantly altered PGP phenotype upon
RHGI treatment. A similar observation was made by Van
Esse et al. (2016), who described that loss of SERKI only
affects root growth in the absence of SERK3 (BAK1I). Further-
more, it has also been shown that the compromised immunity
phenotype in a serk3 single mutant is enhanced in a serk3;
serk4 double mutant, while the serk4 single mutant is not
affected (Chinchilla et al. 2007; Heese et al. 2007; Roux et al.
2011). Together, these observations highlight the complexity
and redundancy of RLK signaling which could mask putative
RLK involvement in the observed phenotype. To tackle this
problem, CRISPR libraries could be used that target multiple
RIK in a single multiplex gene editing event (Jacobs et al.
2017).
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We also tested another bakl allele (bakl-3) in our bioas-
say, which showed a normal PGP effect. However, bakI-3 has
been shown to be a weak bak1 allele, whereas bak1-4 is a true
null allele, which might explain these allele-specific results
(Li et al. 2002; He et al. 2007; Albrecht et al. 2008; Roux
et al. 2011; Schwessinger et al. 2011; Gou et al. 2012; Wierzba
and Tax 2016).

As Luo et al. (2019) already suggested a role for BR signal-
ing in RHGI-induced PGP, we further investigated the
importance of BR signaling by testing different bril alleles
and other BR receptor mutants, brl2 and brl3, in our bioas-
say. While BRI1 is proposed to be the major BR receptor
functioning throughout the whole plant in normal con-
ditions to drive growth and development, BRLs have been
suggested to regulate cell-specific BR responses activated
during environmental stress conditions (Planas-Riverola
et al. 2019). However, none of the tested mutants, bril,
bril-301, four individual bri2 lines and bri3, exhibited a con-
sistent significant change in RHG1-induced PGP, which is in
contrast with the previously obtained results from Luo et al.
(2019). It should be noted that, in contrast to Luo et al.
(2019), we inoculated 4-day-old seedlings instead of seeds
and that, due to the epiphytic, loose’ interaction of RHG1
with the root, variation in the PGP effect is to be expected.
Indeed, although significant, the changes in PGP that were
observed by Luo et al. (2019) in the bril mutant were also
variable (fold changes of 0.97, 1.06 and 1.15 in three biologi-
cal repeats, respectively). Collectively, these BR receptor data
suggest that the role of BAK1 in the RHGI-Arabidopsis
interaction is likely also not predominantly associated with
BR signaling. In view of this, we investigated a BR biosyn-
thesis mutant, constitutive photomorphogenic dwarf (cpd),
because its involvement in RHGI-induced PGP was also
suggested before (Luo et al. 2019). In contrast to our data
on BR signaling, we could confirm that BR biosynthesis
indeed plays a role in RHGI-induced PGP, since the cpd
mutant significantly lost the PGP effect in our bioassay.
Taken together, our data suggest that BR biosynthesis, but
not BR signaling, might be involved in RHGI-induced
PGP. More BR biosynthesis mutants should be tested to sub-
stantiate this hypothesis.

In our quest to find other possible RLKs acting upstream
of BAK1 and SERK1, we also considered the unknown RLK
gene, AT3G28040, because corresponding mutant lines
showed a significant decrease in RHGI1-induced PGP in
our bioassay, which was similar to the phenotype observed
in the coreceptor mutants. As its function is currently not
known, this receptor provides an interesting target to unra-
vel (novel) signaling networks at play during the RHGI-
Arabidopsis interaction. AT3G28040 belongs to LRR sub-
family VII and its expression in the root is mainly restricted
to meristematic cortical cells (Shiu and Bleecker 2001; Win-
ter et al. 2007; Ten Hove et al. 2011). Upon cold, osmotic,
salt and heat stress, and upon ABA treatment, the
expression of AT3G28040 is downregulated and at3g28040
mutants are suggested to be mannitol (drought stress)
resistant (Winter et al. 2007; Ten Hove et al. 2011). Exper-
imental data support protein-protein associations of
AT3G28040 with RDKI1, an RLK involved in ABA-
mediated seedling development and drought tolerance
(Szklarczyk et al. 2019; Kumar et al. 2017). These data
suggest that AT3G28040 might play a role in abiotic,
ABA-dependent stress responses. To further examine the

exact role of this unknown RLK in RHGI-induced PGP,
marker lines should be constructed to investigate its subcel-
lular localization and expression in control and RHG1-trea-
ted samples. Furthermore, its potential interaction with
BAK1 and SERK1 could be investigated by binary protein
interaction analyses.

Finally, we showed that RHGI1 treatment does not influ-
ence the transcript levels of the identified RLKs, suggesting
that the modulation of signaling networks upon RHG1 treat-
ment is situated at the post-translational level. A phospho-
proteomics analysis should provide more insight.

In conclusion, by phenotypically analyzing a rlk mutant
library we revealed that the coreceptors BAKI and SERK1
play a redundant, but pivotal role in RHG1-induced PGP.
Notably, our investigation reveals that the well-established
roles of BAK1 in microbial recognition, immunity, and BR
signaling, do not emerge as crucial for the observed PGP
effect. Therefore, we hypothesize that BAK1, in cooperation
with SERKI1, play a yet unknown but essential role in the
RHGI-Arabidopsis interaction, possibly by interacting with
the uncharacterized RLK AT3G28040. Although inherent
variability in observed PGP effects is a consistent challenge
in studying plant-microbe interactions, which, in this
study, is fueled by the enigmatic, complex nature of RLK-
mediated signaling pathways, it is paramount to further
explore the perception mechanisms governing plant-
microbe associations. Our findings provide only a small
piece of the larger puzzle and therefore, we hypothesize
that the identified RLKs might be involved in novel pathways
at play in the beneficial interaction between RHG1 or other
PGPR, and the host plant Arabidopsis.

Acknowledgements

We thank Annick De Keyser for technical advice during the exper-
iments and Annick Bleys for critically reading and helping in preparing
the manuscript.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The work was supported by the Ghent University ‘Bijzonder Onder-
zoekfonds’ [BOF grant 01D24517 to A.L].

Author contributions

A L. designed, performed and analyzed the experiments. A.L.
together with M.V. wrote and revised the manuscript and
made the figures. Guided by A.L., M.B. and V.D. performed
part of the mutant assays. ].V.D. provided suggestions during
writing. A.L., K.G. and S.G. coordinated the research.

Notes on contributors

Amber Lampens obtained her Master degree Biochemistry and Biotech-
nology in 2017 and moved on to pursue a PhD degree in the Goormach-
tig lab, which she obtained in 2022.

Michiel Vandecasteele his PhD degree in Bioscience Engineering in
2019. Now he is a postdoc in the Goormachtig lab.

Marjon Braem obtained her master’s degree in biology in 2021. Now,
she performs her PhD study in the Goormachtig lab.



Viktor Devlieghere obtained his Biochemistry and Biotechnology Mas-
ter’s degree in 2022. Now he pursues a PhD degree at ILVO.

Judith Van Dingenen obtained her PhD in Plant Biotechnology in 2016
after which she performed a postdoc study in the Max Planck Institute
of Molecular Plant Physiology at Potsdam, Germany. Now she is a post-
doc in the Goormachtig lab.

Kris Gevaert became UGent professor in 2004 and leads the proteomics
lab at the VIB Center for Medical Biotechnology. In 2018, he became
head of the UGent department of Biomolecular Medicine.

Sofie Goormachtig became professor at UGent in 2005 and full pro-
fessor in 2017. She leads the Rhizosphere lab at VIB Center for Plant
Systems Biology and contributed to the start-up of VIB spin-off compa-
nies Protealis and Aphea. Bio. Since 2023, she became adjunct director
of VIB Center for Plant Systems Biology.

References

Abramovitch RB, Martin GB. 2004. Strategies used by bacterial patho-
gens to suppress plant defenses. Curr Opin Plant Biol. 7:356-364.
doi:10.1016/.pbi.2004.05.002.

Albrecht C, Russinova E, Kemmerling B, Kwaaitaal M, De Vries SC.
2008. Arabidopsis somatic embryogenesis receptor kinase proteins
serve brassinosteroid-dependent and -independent signaling path-
ways. Plant Physiol. 148:611-619. doi:10.1104/pp.108.123216.

Alonso JM, Stepanova AN, Leisse TJ, et al. 2003. Genome-wide inser-
tional mutagenesis of Arabidopsis thaliana. Science. 301:653-657.
doi:10.1126/science.1086391.

Arora NK, Fatima T, Mishra ], et al. 2020. Halo-tolerant plant growth
promoting rhizobacteria for improving productivity and remedia-
tion of saline soils. ] Adv Res. 26:69-82. doi:10.1016/j.jare.2020.07.
003.

Beirinckx S, Viaene T, Haegeman A, et al. 2020. Tapping into the maize
root microbiome to identify bacteria that promote growth under
chilling conditions. Microbiome. 8:54. doi:10.1186/540168-020-
00833-w.

Berrios L, Ely B. 2021. Genes related to redox and cell curvature facili-
tate interactions between Caulobacter strains and Arabidopsis. PLoS
One. 16:€0249227. doi:10.1371/journal.pone.0249227.

Brutus A, Sicilia F, Macone A, Cervone F, De Lorenzo G. 2010. A
domain swap approach reveals a role of the plant wall-associated
kinase 1 (WAKI1) as a receptor of oligogalacturonides. Proc Natl
Acad Sci U S A. 107:9452-9457. doi:10.1073/pnas.1000675107.

Buendia L, Girardin A, Wang T, Cottret L, Lefebvre B. 2018. LysM
receptor-like kinase and LysM receptor-like protein families: an
update on phylogeny and functional characterization. Front Plant
Sci. 9:1531. doi:10.3389/fpls.2018.01531.

Cao YR, Liang Y, Tanaka K, et al. 2014. The kinase LYKS5 is a major
chitin receptor in Arabidopsis and forms a chitin-induced complex
with related kinase CERK1. Elife. 3:¢03766.

Chakraborty S, Nguyen B, Wasti SD, Xu G. 2019. Plant leucine-rich
repeat receptor kinase (LRR-RK): structure, ligand perception, and
activation = mechanism.  Molecules.  24:3081.  doi:10.3390/
molecules24173081.

Chinchilla D, Zipfel C, Robatzek S, et al. 2007. A flagellin-induced com-
plex of the receptor FLS2 and BAK1 initiates plant defence. Nature.
448:497-500. doi:10.1038/nature05999.

Cohen AC, Bottini R, Piccoli PN. 2008. Azospirillum brasilense Sp 245
produces ABA in chemically-defined culture medium and increases
ABA content in arabidopsis plants. Plant Growth Regul. 54:97-103.
doi:10.1007/s10725-007-9232-9.

Colaianni NR, Parys K, Lee H-S, et al. 2021. A complex immune
response to flagellin epitope variation in commensal communities.
Cell Host Microbe. 29:635-649. doi:10.1016/j.chom.2021.02.006.

Denoux C., Galletti R., Mammarella N., Gopalan S., Werck D., De
Lorenzo G., Ferrari S., Ausubel F. M., Dewdney J. 2008. Activation
of defense response pathways by OGs and Flg22 elicitors in
Arabidopsis seedlings. Molecular Plant. 3:423-445.

Gimenez-Ibanez S, Ntoukakis V, Rathjen JP. 2009. The LysM receptor
kinase CERK1 mediates bacterial perception in Arabidopsis. Plant
Signal Behav. 4:539-541. doi:10.4161/psb.4.6.8697.

Go6mez-Gomez L, Boller T. 2000. FLS2: an LRR receptor-like kinase
involved in the perception of the bacterial elicitor flagellin in

JOURNAL OF PLANT INTERACTIONS . 9

Arabidopsis. Mol Cell. 5:1003-1011. doi:10.1016/S1097-2765
(00)80265-8.

Goswami M, Deka S. 2020. Plant growth-promoting rhizobacteria-alle-
viators of abiotic stresses in soil: a review. Pedosphere. 30:40-61.
doi:10.1016/S1002-0160(19)60839-8.

Gou X, Li J. 2020. Paired receptor and coreceptor kinases perceive
extracellular signals to control plant development. Plant Physiol.
182:1667-1681. doi:10.1104/pp.19.01343.

Gou X, Yin H, He K, et al. 2012. Genetic evidence for an indispensable
role of somatic embryogenesis receptor kinases in brassinosteroid
signaling. PLoS Genet. 8:€1002452. doi:10.1371/journal.pgen.
1002452.

He K, Gou X, Yuan T, et al. 2007. BAK1 and BKK1 regulate brassinos-
teroid-dependent growth and brassinosteroid-independent cell-
death pathways. Curr Biol. 17:1109-1115. do0i:10.1016/j.cub.2007.
05.036.

Heese A, Hann DR, Gimenez-Ibanez S, et al. 2007. The receptor-like
kinase SERK3/BAKI1 is a central regulator of innate immunity in
plants. Proc Natl Acad Sci U S A. 104:12217-12222. d0i:10.1073/
pnas.0705306104.

Tlangumaran G, Smith DL. 2017. Plant growth promoting rhizobacteria
in amelioration of salinity stress: a systems biology perspective. Front
Plant Sci. 8. doi:10.3389/fpls.2017.01768.

Jacobs TB, Zhang N, Patel D, Martin GB. 2017. Generation of a collec-
tion of mutant tomato lines using pooled CRISPR libraries. Plant
Physiol. 174:2023-2037. doi:10.1104/pp.17.00489.

Jaillais Y, Belkhadir Y, Balseméo-Pires E, Dangl JL, Chory J. 2011.
Extracellular leucine-rich repeats as a platform for receptor/corecep-
tor complex formation. Proc Natl Acad Sci U S A. 108:8503-8507.
doi:10.1073/pnas.1103556108.

Jose ], Ghantasala S, Choudhury SR. 2020. Arabidopsis transmembrane
receptor-like kinases (RLKs): a bridge between extracellular signal
and intracellular regulatory machinery. Int J Mol Sci. 21:4000.
doi:10.3390/ijms21114000.

Kleinboelting N, Huep G, Kloetgen A, Viehoever P, Weisshaar B. 2012.
GABI-Kat SimpleSearch: new features of the Arabidopsis thaliana T-
DNA mutant database. Nucleic Acids Res. 40:D1211. doi:10.1093/
nar/gkr1047.

Kumar D, Kumar R, Baek D, et al. 2017. Arabidopsis thaliana
RECEPTOR DEAD KINASEI functions as a positive regulator in
plant responses to ABA. Mol Plant. 10:223-243. doi:10.1016/].
molp.2016.11.011.

Kunze G, Zipfel C, Robatzek S, Niehaus K, Boller T, Felix G. 2004. The
N terminus of bacterial elongation factor Tu elicits innate immunity
in Arabidopsis plants. Plant Cell. 16:3496-3507. doi:10.1105/tpc.104.
026765.

Lehti-Shiu MD, Shiu SH. 2012. Diversity, classification and function of
the plant protein kinase superfamily. Philosophical Transactions of
the Royal Society B-Biological Sciences. 367:2619-2639. doi:10.
1098/rstb.2012.0003.

Lehti-Shiu MD, Zou C, Hanada K, Shiu SH. 2009. Evolutionary history
and stress regulation of plant receptor-like kinase/Pelle Genes. Plant
Physiol. 150:12-26. doi:10.1104/pp.108.134353.

LiJ. 2010. Multi-tasking of somatic embryogenesis receptor-like protein
kinases. Curr Opin Plant Biol. 13:509-514. doi:10.1016/j.pbi.2010.09.
004.

Li J, Wen ], Lease KA, Doke JT, Tax FE, Walker JC. 2002. BAK1, an
Arabidopsis LRR receptor-like protein kinase, interacts with BRI1
and modulates brassinosteroid signaling. Cell. 110:213-222. doi:10.
1016/S0092-8674(02)00812-7.

Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression
data using real-time quantitative PCR and the 274" method.
Methods. 25:402-408. doi:10.1006/meth.2001.1262.

Lugtenberg B, Kamilova F. 2009. Plant-growth-promoting rhizobac-
teria. Annu Rev Microbiol. 63:541-556. doi:10.1146/annurev.
micro.62.081307.162918.

Luo D, Langendries S, Garcia Mendez S, et al. 2019. Plant growth pro-
motion driven by a novel Caulobacter strain. Mol Plant-Microbe
Interact. 32:1162-1174. doi:10.1094/MPMI-12-18-0347-R.

Lv MH, Li MZ, Chen WY, et al. 2018. Thermal-enhanced bril-301
instability reveals a plasma membrane protein quality control system
in plants. Front Plant Sci. 9:1620. doi:10.3389/fpls.2018.01620.

Ma K-W, Niu Y, Jia Y, et al. 2021. Coordination of microbe-host
homeostasis by crosstalk with plant innate immunity. Nat Plants.
7:814-825. doi:10.1038/s41477-021-00920-2.


https://doi.org/10.1016/j.pbi.2004.05.002
https://doi.org/10.1104/pp.108.123216
https://doi.org/10.1126/science.1086391
https://doi.org/10.1016/j.jare.2020.07.003
https://doi.org/10.1016/j.jare.2020.07.003
https://doi.org/10.1186/s40168-020-00833-w
https://doi.org/10.1186/s40168-020-00833-w
https://doi.org/10.1371/journal.pone.0249227
https://doi.org/10.1073/pnas.1000675107
https://doi.org/10.3389/fpls.2018.01531
https://doi.org/10.3390/molecules24173081
https://doi.org/10.3390/molecules24173081
https://doi.org/10.1038/nature05999
https://doi.org/10.1007/s10725-007-9232-9
https://doi.org/10.1016/j.chom.2021.02.006
https://doi.org/10.4161/psb.4.6.8697
https://doi.org/10.1016/S1097-2765(00)80265-8
https://doi.org/10.1016/S1097-2765(00)80265-8
https://doi.org/10.1016/S1002-0160(19)60839-8
https://doi.org/10.1104/pp.19.01343
https://doi.org/10.1371/journal.pgen.1002452
https://doi.org/10.1371/journal.pgen.1002452
https://doi.org/10.1016/j.cub.2007.05.036
https://doi.org/10.1016/j.cub.2007.05.036
https://doi.org/10.1073/pnas.0705306104
https://doi.org/10.1073/pnas.0705306104
https://doi.org/10.3389/fpls.2017.01768
https://doi.org/10.1104/pp.17.00489
https://doi.org/10.1073/pnas.1103556108
https://doi.org/10.3390/ijms21114000
https://doi.org/10.1093/nar/gkr1047
https://doi.org/10.1093/nar/gkr1047
https://doi.org/10.1016/j.molp.2016.11.011
https://doi.org/10.1016/j.molp.2016.11.011
https://doi.org/10.1105/tpc.104.026765
https://doi.org/10.1105/tpc.104.026765
https://doi.org/10.1098/rstb.2012.0003
https://doi.org/10.1098/rstb.2012.0003
https://doi.org/10.1104/pp.108.134353
https://doi.org/10.1016/j.pbi.2010.09.004
https://doi.org/10.1016/j.pbi.2010.09.004
https://doi.org/10.1016/S0092-8674(02)00812-7
https://doi.org/10.1016/S0092-8674(02)00812-7
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1146/annurev.micro.62.081307.162918
https://doi.org/10.1146/annurev.micro.62.081307.162918
https://doi.org/10.1094/MPMI-12-18-0347-R
https://doi.org/10.3389/fpls.2018.01620
https://doi.org/10.1038/s41477-021-00920-2

10 A. LAMPENS ET AL.

Ma X, Xu G, He P, Shan L. 2016. SERKing coreceptors for
receptors. Trends Plant Sci. 21:1017-1033. doi:10.1016/j.tplants.
2016.08.014.

Miya A, Albert P, Shinya T, et al. 2007. CERK1, a LysM receptor kinase,
is essential for chitin elicitor signaling in Arabidopsis. Proc Natl
Acad Sci U S A. 104:19613-8. doi:10.1073/pnas.0705147104.

Nam KH, Li J. 2002. BRI1/BAKI, a receptor kinase pair mediating bras-
sinosteroid signaling. Cell. 110:203-212. doi:10.1016/S0092-8674
(02)00814-0.

Newman M-A, Sundelin T, Nielsen JT, Erbs G. 2013. MAMP (microbe-
associated molecular pattern) triggered immunity in plants. Front
Plant Sci. 4:139.

Nolan TM, Vukasinovic N, Liu DR, Russinova E, Yin YH. 2020.
Brassinosteroids: multidimensional regulators of plant growth,
development, and stress responses. Plant Cell. 32:295-318. doi:10.
1105/tpc.19.00335.

Osakabe Y, Yamaguchi-Shinozaki K, Shinozaki K, Tran LSP. 2013.
Sensing the environment: key roles of membrane-localized kinases
in plant perception and response to abiotic stress. ] Exp Bot.
64:445-458. doi:10.1093/jxb/ers354.

Petutschnig EK, Stolze M, Lipka U, et al. 2014. A novel Arabidopsis
CHITIN ELICITOR RECEPTOR KINASE 1 (CERK1) mutant with
enhanced pathogen-induced cell death and altered receptor proces-
sing. New Phytol. 204:955-967. doi:10.1111/nph.12920.

Planas-Riverola A, Gupta A, Betegén-Putze I, Bosch N, Ibanes M,
Cafio-Delgado AL 2019. Brassinosteroid signaling in plant develop-
ment and adaptation to stress. Development. 146:dev151894. doi:10.
1242/dev.151894.

Ranf S, Gisch N, Schiffer M, et al. 2015. A lectin S-domain receptor
kinase mediates lipopolysaccharide sensing in Arabidopsis thaliana.
Nat Immunol. 16:426-433. doi:10.1038/ni.3124.

Robinson SJ, Tang LH, BaG M, et al. 2009. An archived activation
tagged population of Arabidopsis thaliana to facilitate forward gen-
etics approaches. BMC Plant Biol. 9:101. doi:10.1186/1471-2229-9-
101.

Rosso MG, Li Y, Strizhov N, Reiss B, Dekker K, Weisshaar B. 2003. An
Arabidopsis thaliana T-DNA mutagenized population (GABI-Kat)
for flanking sequence tag-based reverse genetics. Plant Mol Biol.
53:247-259. doi:10.1023/B:PLAN.0000009297.37235.4a.

Roux M, Schwessinger B, Albrecht C, et al. 2011. The Arabidopsis leucine-
rich repeat receptor-like kinases BAK1/SERK3 and BKK1/SERK4 are
required for innate immunity to hemibiotrophic and biotrophic patho-
gens. Plant Cell. 23:2440-2455. doi:10.1105/tpc.111.084301.

Russinova E, Borst J-W, Kwaaitaal M, et al. 2004. Heterodimerization
and endocytosis of Arabidopsis brassinosteroid receptors BRI1 and
AtSERK3 (BAK1). Plant Cell. 16:3216-3229. doi:10.1105/tpc.104.
025387.

Saijo Y, Loo EP-L, Yasuda S. 2018. Pattern recognition receptors and
signaling in plant-microbe interactions. Plant J. 93:592-613.
doi:10.1111/tpj.13808.

Scholl RL, May ST, Ware DH. 2000. Seed and molecular resources for
Arabidopsis. Plant Physiol. 124:1477-1480. doi:10.1104/pp.124.4.
1477.

Schwessinger B, Roux M, Kadota Y, et al. 2011. Phosphorylation-depen-
dent differential regulation of plant growth, cell death, and innate
immunity by the regulatory receptor-like kinase BAKI1. PLoS
Genet. 7:e1002046. doi:10.1371/journal.pgen.1002046.

Shiu S-H, Bleecker AB. 2001. Receptor-like kinases from Arabidopsis
form a monophyletic gene family related to animal receptor kinases.
Proc Natl Acad Sci U S A. 98:10763-8. d0i:10.1073/pnas.181141598.

Sun Y, Li L, Macho AP, et al. 2013. Structural basis for flg22-induced
activation of the Arabidopsis FLS2-BAK1 immune complex.
Science. 342:624-628. doi:10.1126/science.1243825.

Szekeres M, Nemeth K, Konczkalman Z, et al. 1996. Brassinosteroids
rescue the deficiency of CYP90, a cytochrome P450, controlling
cell elongation and de-etiolation in arabidopsis. Cell. 85:171-182.
doi:10.1016/50092-8674(00)81094-6.

Szklarczyk D, Gable AL, Lyon D, et al. 2019. STRING v11: protein-
protein association networks with increased coverage, supporting
functional discovery in genome-wide experimental datasets.
Nucleic Acids Res. 47:D607-DD13. doi:10.1093/nar/gky1131.

Taj G, Agarwal P, Grant M, Kumar A. 2010. MAPK machinery in
plants: recognition and response to different stresses through mul-
tiple signal transduction pathways. Plant Signal Behav. 5:1370-
1378. d0i:10.4161/psb.5.11.13020.

Teixeira PJPL, Colaianni NR, Fitzpatrick CR, Dangl JL. 2019. Beyond
pathogens: microbiota interactions with the plant immune system.
Curr Opin Microbiol. 49:7-17. doi:10.1016/j.mib.2019.08.003.

Ten Hove CA, Bochdanovits Z, Jansweijer VMA, et al. 2011. Probing
the roles of LRR RLK genes in Arabidopsis thaliana roots using a cus-
tom T-DNA insertion set. Plant Mol Biol. 76:69-83. do0i:10.1007/
s11103-011-9769-x.

Thoms D, Liang Y, Haney CH. 2021. Maintaining symbiotic homeosta-
sis: how do plants engage with beneficial microorganisms while at
the same time restricting pathogens? Mol Plant-Microbe Interact.
34:462-469. do0i:10.1094/MPMI-11-20-0318-FI.

Vacheron J, Desbrosses G, Bouffaud ML, et al. 2013. Plant growth-pro-
moting rhizobacteria and root system functioning. Front Plant Sci.
4:356. doi:10.3389/fpls.2013.00356.

Van Esse GW, Ten Hove CA, Guzzonato F, et al. 2016. Transcriptional
analysis of serkl and serk3 coreceptor mutants. Plant Physiol.
172:2516-2529. doi:10.1104/pp.16.01478.

Van Wees SCM, Van Der Ent S, Pieterse CM]J. 2008. Plant immune
responses triggered by beneficial microbes. Curr Opin Plant Biol.
11:443-448. do0i:10.1016/j.pbi.2008.05.005.

Wan JR, Tanaka K, Zhang XC, et al. 2012. Lyk4, a Lysin Motif Receptor-
Like Kinase, Is Important for Chitin Signaling and Plant Innate
Immunity in Arabidopsis. Plant Physiol. 160:396-406. doi:10.1104/
pp.112.201699.

Wierzba MP, Tax FE. 2016. An allelic series of bakl mutations differen-
tially alter birl cell death, immune response, growth, and root devel-
opment phenotypes in Arabidopsis thaliana. Genetics. 202:689-702.
doi:10.1534/genetics.115.180380.

Willmann R, Lajunen HM, Erbs G, et al. 2011. Arabidopsis lysin-motif
proteins LYM1 LYM3 CERK1 mediate bacterial peptidoglycan sen-
sing and immunity to bacterial infection. Proc Natl Acad Sci U S A.
108:19824-9. doi:10.1073/pnas.1112862108.

Winter D, Vinegar B, Nahal H, Ammar R, Wilson GV, Provart NJ.
2007. An ‘electronic Fluorescent Pictograph’ browser for exploring
and analyzing large-scale biological data sets. PLoS One. 2:¢718.
doi:10.1371/journal.pone.0000718.

WuY, Xun Q, Guo Y, et al. 2016. Genome-wide expression pattern ana-
lyses of the Arabidopsis leucine-rich repeat receptor-like kinases. Mol
Plant. 9:289-300. doi:10.1016/j.molp.2015.12.011.

Xu W, Huang J, Li B, Li ], Wang Y. 2008. Is kinase activity essential for
biological functions of BRI1? Cell Res. 18:472-478. doi:10.1038/cr.
2008.36.

Yang J, Kloepper JW, Ryu CM. 2009. Rhizosphere bacteria help plants
tolerate abiotic stress. Trends Plant Sci. 14:1-4. doi:10.1016/j.tplants.
2008.10.004.

Ye YY, Ding YF, Jiang Q, Wang FJ, Sun JW, Zhu C. 2017. The role of
receptor-like protein kinases (RLKs) in abiotic stress response in
plants. Plant Cell Rep. 36:235-242. d0i:10.1007/500299-016-2084-x.

Yu K, Liu Y, Tichelaar R, et al. 2019a. Rhizosphere-associated
Pseudomonas suppress local root immune responses by gluconic
acid-mediated lowering of environmental pH. Curr Biol. 29:3913-
3920. doi:10.1016/j.cub.2019.09.015.

Yu K, Pieterse CMJ, Bakker PaHM, Berendsen RL. 2019b. Beneficial
microbes going underground of root immunity. Plant Cell
Environ. 42:2860-2870. doi:10.1111/pce.13632.

Zhang M, Su J, Zhang Y, Xu J, Zhang S. 2018. Conveying endogenous
and exogenous signals: MAPK cascades in plant growth and defense.
Curr Opin Plant Biol. 45:1-10. doi:10.1016/j.pbi.2018.04.012.

Zhou ], Wang P, LaN C, et al. 2019. Proteolytic processing of SERK3/
BAK1 regulates plant immunity, development, and cell death.
Plant Physiol. 180:543-558. doi:10.1104/pp.18.01503.

Zipfel C. 2014. Plant pattern-recognition receptors. Trends Immunol.
35:345-351. doi:10.1016/}.it.2014.05.004.

Zipfel C, Kunze G, Chinchilla D, et al. 2006. Perception of the
bacterial PAMP EF-Tu by the receptor EFR restricts
Agrobacterium-mediated transformation. Cell. 125:749-760. doi:10.
1016/j.cell.2006.03.037.


https://doi.org/10.1016/j.tplants.2016.08.014
https://doi.org/10.1016/j.tplants.2016.08.014
https://doi.org/10.1073/pnas.0705147104
https://doi.org/10.1016/S0092-8674(02)00814-0
https://doi.org/10.1016/S0092-8674(02)00814-0
https://doi.org/10.1105/tpc.19.00335
https://doi.org/10.1105/tpc.19.00335
https://doi.org/10.1093/jxb/ers354
https://doi.org/10.1111/nph.12920
https://doi.org/10.1242/dev.151894
https://doi.org/10.1242/dev.151894
https://doi.org/10.1038/ni.3124
https://doi.org/10.1186/1471-2229-9-101
https://doi.org/10.1186/1471-2229-9-101
https://doi.org/10.1023/B:PLAN.0000009297.37235.4a
https://doi.org/10.1105/tpc.111.084301
https://doi.org/10.1105/tpc.104.025387
https://doi.org/10.1105/tpc.104.025387
https://doi.org/10.1111/tpj.13808
https://doi.org/10.1104/pp.124.4.1477
https://doi.org/10.1104/pp.124.4.1477
https://doi.org/10.1371/journal.pgen.1002046
https://doi.org/10.1073/pnas.181141598
https://doi.org/10.1126/science.1243825
https://doi.org/10.1016/S0092-8674(00)81094-6
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.4161/psb.5.11.13020
https://doi.org/10.1016/j.mib.2019.08.003
https://doi.org/10.1007/s11103-011-9769-x
https://doi.org/10.1007/s11103-011-9769-x
https://doi.org/10.1094/MPMI-11-20-0318-FI
https://doi.org/10.3389/fpls.2013.00356
https://doi.org/10.1104/pp.16.01478
https://doi.org/10.1016/j.pbi.2008.05.005
https://doi.org/10.1104/pp.112.201699
https://doi.org/10.1104/pp.112.201699
https://doi.org/10.1534/genetics.115.180380
https://doi.org/10.1073/pnas.1112862108
https://doi.org/10.1371/journal.pone.0000718
https://doi.org/10.1016/j.molp.2015.12.011
https://doi.org/10.1038/cr.2008.36
https://doi.org/10.1038/cr.2008.36
https://doi.org/10.1016/j.tplants.2008.10.004
https://doi.org/10.1016/j.tplants.2008.10.004
https://doi.org/10.1007/s00299-016-2084-x
https://doi.org/10.1016/j.cub.2019.09.015
https://doi.org/10.1111/pce.13632
https://doi.org/10.1016/j.pbi.2018.04.012
https://doi.org/10.1104/pp.18.01503
https://doi.org/10.1016/j.it.2014.05.004
https://doi.org/10.1016/j.cell.2006.03.037
https://doi.org/10.1016/j.cell.2006.03.037

	Abstract
	Introduction
	Materials and methods
	Bacterial strains and growth conditions
	Arabidopsis genotypes and growth conditions
	Establishment of the rlk mutant library
	Growth promotion bioassay and statistical analysis
	RNA extraction and qRT-PCR analysis
	Ethics

	Results
	Exploring the involvement of development – and immunity-related RLKs in RHG1-driven plant growth promotion
	LRR coreceptors deliver further clues to unravel unique RHG1-induced signaling pathways
	An unknown RLK, seemingly involved in abiotic stress, plays a role in RHG1-induced PGP
	Transcript levels of selected RLKs do not show major changes in response to RHG1 inoculation

	Discussion
	Acknowledgements
	Disclosure statement
	Author contributions
	Notes on contributors
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


