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Abstract

In plants, the detection of microbe-associated molecular patterns (MAMPSs) induces primary innate immunity by the activation of mitogen-
activated protein kinases (MAPKs). We show here that the MAMP-activated MAPK MPK6 not only modulates defense through transcriptional
regulation but also via the ribosomal protein translation machinery. To understand the effects of MPK6 on ribosomes and their constituent
ribosomal proteins (RPs), polysomes, monosomes and the phosphorylation status of the RPs, MAMP-treated WT and mpk6 mutant plants
were analysed. MAMP-activation induced rapid changes in RP composition of monosomes, polysomes and in the 60S ribosomal subunit in
an MPK6-specific manner. Phosphoproteome analysis showed that MAMP-activation of MPK6 regulates the phosphorylation status of the P-
stalk ribosomal proteins by phosphorylation of RPPO and the concomitant dephosphorylation of RPP1 and RPP2. These events coincide with
a significant decrease in the abundance of ribosome-bound RPPOs, RPP1s and RPP3s in polysomes. The P-stalk is essential in regulating
protein translation by recruiting elongation factors. Accordingly, we found that RPPOC mutant plants are compromised in basal resistance to
Pseudomonas syringae infection. These data suggest that MAMP-induced defense also involves MPK6-induced regulation of P-stalk proteins,
highlighting a new role of ribosomal regulation in plant innate immunity.
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Introduction

Ribosomes are the motors of translation, which is the conver-
sion of genetic information from mRNA into peptides or pro-
teins (1,2). The eukaryotic 80S cytosolic ribosome is formed
by two subunits, the small (SSU-40S) and large (LSU-60S) ri-
bosomal subunits which are composed of rRNA and riboso-
mal proteins (RPs). The internal constitution and size of ri-
bosomes varies between different eukaryote phyla, with ribo-
somes of human, rat and yeast being amongst the most stud-
ied. Plant ribosomes harbor four different rRNAs (3) and >80
RPs (1,2). Within the ribosomal complex, RPs regulate many
processes including monitoring of rRNA assembly and fold-
ing and are directly related to the competence of the ribozyme
catalytic function (2,4,5). In addition to their ribosome bound
functions, RPs can also act as extra-ribosomal components
(6,7).

In plants, the diversity of ribosomal heterogeneity is as-
sumed to play an important role in translational regulation
(7-12). Ribosomes can differ in terms of rRNA sequence,
posttranscriptional modifications, ribosome-associated fac-
tors (RAFs) as well as structural RPs and their posttransla-
tional modifications. RAFs are molecules that can attach to
the ribosome complexes and affect the translation process as
well as ribosome biogenesis (13,14). Structural RPs in their
ribosome-bound form can change quantitatively and qualita-
tively during development (15). For instance, Dictyostelium
discodeum displays unique RPs within amoebae and sporo-
phytic stages (16,17). Similarly, in etiolated barley leaves, RPs
change their association with cytoplasmic ribosomes during
greening (18). An additional layer of complexity is found in
plants due to genome duplication events, where each RP can
be encoded by 2-7 paralogous genes (1). These paralogs can
have an identical sequence, however a great number exhibit
sequence variations that might be related to specialized func-
tions (19,20). In Brassica napus more than half of the RPs have
paralogs with opposite expression patterns (21). This evidence
suggests that the presence and functions of RPs or their par-
alogs within a ribosomal complex influence translation. Ac-
cordingly, the loss or mutation of several RPs in humans lead
to morphological abnormalities, such as cancer or Diamond-
Blackfan anaemia (22,23). Similarly, in plants, ribosomal loss-
of-function mutations can be embryonic lethal or cause devel-
opmental malfunctions (24,25). Such developmental defects,
for example, were observed in RPL24B mutants in which vas-
cular patterning and gynoecium structure were perturbated as
a result of low expression of auxin response genes (26). Dele-
tion of certain RPs or their paralogs is not necessarily detri-
mental to translation (27). Briggs & Dinman highlighted one
of the misconceptions about the detrimental effect of a below
average ribosomal constitution in the fidelity of the transla-
tion process. Instead, it was proposed that subtraction of RPs
is a realistic means of achieving ribosome specialization. For
instance, siRNA of RPL10 (ul1) identified two IRES elements
that become less translated in the absence of the RP (27). Sim-
ilarly, RPL30 (eL30) is necessary to efficiently insert seleno-
cysteine residues into peptide sequences (28). Thus, subtrac-
tional heterogeneity is likely to occur as a control mechanism
enabling targeted translation.

Ribosomes can differ also in terms of the post-translational
modifications of RPs or RAFs. In general, post-translational
modifications (PTMs) broaden the range of available amino
acids for protein structure changes increasing their variety
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and function (8). Particularly interesting are reversible mod-
ifications which enable cellular signaling (29). An important
PTM that has a regulatory effect on translation is phosphory-
lation. RP phosphorylation status depends on the organ type,
developmental stage as well as environmental factors (30—
38). In maize, beyond quantitative RP changes, ribosomes are
major targets of phosphorylation and specific plant RPs are
dephosphorylated upon hypoxia-induced stress (39). In con-
trast, RPS6 is phosphorylated in response to pathogen infec-
tion (40) and this event is known to alter the levels of spe-
cific target mRNAs (41). However, the mechanistic relation
between pathogen attack and RP-PTM is poorly understood.

Several studies highlight the importance of ribosome com-
positional changes during biotic and abiotic stresses. In gen-
eral, these compositional changes reflect RPs that become sub-
stoichiometric in ribosomal populations upon specific cues,
contrary to the mainstream view of each ribosome having only
one copy of all RPs. The major abiotic factors that induce
varied RP dynamics are sucrose starvation, hypoxia and cold
stress exhibiting conserved specific RP changes within the ri-
bosomal complex (42-47). Similarly, the function of RPs in bi-
otic stress such as pathogen induced plant defense is well doc-
umented. The ribosomal proteins RPL12 and RPL19, for ex-
ample, have been studied in relation to non-host disease resis-
tance (48). Reduced disease resistance was observed in a non-
redundant manner in RPL12 or RPL19 silenced Nicotiana
benthamiana and A. thaliana (48). The role that ribosomes
play during stress regulation is characterized by changes in
ribosomal composition. In addition, targeted translation dur-
ing stress acts as a mechanism to adjust the necessary protein
production to specific conditions and it is highly probable that
these events are interdependent.

Amongst biotic stresses bacterial infections pose a severe
threat for human food safety (49,50). Plants can recognize
bacterial flagella to trigger the plant immune system, and
this mechanism is called microbe-associated molecular pattern
(MAMP)-triggered immunity (MTI) (51). Upon perception of
flg22, a peptide of the bacterial flagelliny, MAPKs are phos-
phorylated in order to be activated (52,53). Upon activation,
MPK3, MPK4 and MPK6 interact with cytosolic or nuclear
substrates such as transcription factors (54) thereby trans-
mitting the stress signals and regulating the stress responses.
A link of MPK6 to phosphorylation of RPs was previously
suggested by a protein microarray-based search for putative
MPKG6 substrates (55). In addition, changes in RPs abundance
were also reported in a proteomic study of mpk6é mutants,
including the accumulation of ribosomal protein PO of the
P-acidic ribosomal stalk (56). Recently, we showed that the
phosphorylation of several RPs changes in A. thaliana upon
flg22 treatment. In addition, we observed that the phosphory-
lation status of these RPs was strongly influenced by MPKé6
(57). These data suggest a role of MPK6 in translation via ri-
bosomal regulation, but the details of this mechanism so far
are unknown.

This study aims to investigate how the bacterial stress re-
sponse is regulated in plants at the translational level via the
function of MPK&6. To test this, we treated A. thaliana WT and
mpk6 mutant plants with the bacterial MAMP flg22 in order
to induce a typical MTT response, and then isolated mono-
somes and translating polysomes. Our results revealed that ri-
bosomal complexes undergo rapid compositional changes af-
ter 1-hour of the flg22 treatment. The ribosome-bound abun-
dances of RPs changed in monosome and polysome enriched

202 YOJB|\ §0 UO 1osn [jopeg a1isld uonejuswnood VNI Aq £8980€2/9/81 L/12/1LS/0Ie/IBU/W0d dNo-olWepese)/:sdy Woj popeojumoq



11878

fractions. Moreover, RPs featuring abundance changes were
spatially confined to specific regions of the ribosomal com-
plex. First, flg22-induced changes were localized to a specific
region of the 40S ribosomal subunit. Second, mpké6-specific
stress-induced changes were spatially constrained to a region
of the 60S subunit. Remarkably, we identified specific changes
in the phosphorylation status of the P-stalk protein compo-
nents. The P-stalk is composed of acidic ribosomal proteins,
so-called P-proteins and is involved in the translocation step
of the elongation cycle during the protein translation mecha-
nism (58). The eukaryotic P-stalk consists of one PO protein
directly interacting with the 5.8S rRNA, thereby establishing
the base of the structure, and P1 and P2, which are attached
in the form of dimers to the base forming a protrusion (59—
62). The P-proteins have important functions within the ri-
bosomal complex such as promotion of eEF2-dependent GT-
Pase activity (63-67), eEF1 binding (68), and poly(U)-directed
phenylalanine synthesis (64,69). The differential regulation of
several P-stalk proteins suggests a role of these acidic RP par-
alogs in the defense regulation of translation. In our work,
the observed changes in the phosphorylation status of the P-
stalk proteins coincided with their dissociation and thus might
explain the strong reduction in bulk translation upon stress
perception in plants. Consequently, T-DNA mutants of Ara-
bidopsis deficient in one of the P-stalk components showed
increased susceptibility to bacterial infection validating that
this ribosomal protein plays a key role in immunity. Overall,
our results give new insight into the regulatory mechanisms
governing translational control in the immune response.

Materials and methods

Plant material and culture conditions

For phosphoproteomic experiments, Arabidopsis thaliana
ecotype Columbia-0 (Col-0) was used as wild-type (WT)
plant. The mpk6-2 mutant (SALK_073907) (70) was gener-
ated in Arabidopsis thaliana ecotype Col-0. The RPPOC lo-
cus, isolation of the 7ppOc mutant and verification of the T-
DNA mutant by sequencing of the respective PCR fragment is
shown in Figure S2. Plants were grown, treated and harvested
as described in (53). Three biological repeats were prepared
for mpk6 mutant plants and from WT plants. Within each bi-
ological repeat, one sample was treated for 15 min with water
and another sample for the same duration with 1 um flg22
(final concentration).

For polysome isolation Arabidopsis thaliana ecotype
Columbia-0 (Col-0), and mpk6-2 (SALK_073907) seeds were
stratified at 4°C for 48 hours and were grown under long day
conditions (16 h light, 8 h darkness) in Percival growth cham-
bers for 16 days at 23°C and 60% humidity on MS media.

Monosome and polysome isolation coupled to MS

Ribosomal protein fractions were obtained as described by
(71). Sixteen days old Arabidopsis seedlings were treated for
1 h with 1 uM flg22 or H,O. The seedlings were immedi-
ately frozen under liquid nitrogen. Plant polysomes were iso-
lated following the instructions by Mustroph, Juntawong, and
Bailey-Serres (71) with some modifications. Namely, sucrose
gradients with separated ribosome complexes were monitored
after ultracentrifugation by collecting approximately 250 ul
fractions at a flow rate of 0.75 ml min-1 with continuous ab-
sorbance measurement at A = 254 nm to monitor rRNA ab-
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sorbances using a Brandel BR-188 density gradient fractiona-
tion system (Alpha Biotech Ltd, Glasgow, UK). This procedure
was repeated in biological triplicates for each of our exper-
imental conditions. RNA was extracted and analyzed using
an Agilent 2100 Bioanalyzer and an RNA 6000 pico kit ac-
cording to the manufacturer’s instructions (Agilent Technolo-
gies, Santa Clara, CA, USA) as previously described in Firmino
et al. (2020). The microfluidic UV traces were scaled to a sin-
gle sample to assess the rRNA composition of each fraction,
and the process allowed the nature of each of the fractions to
be fully elucidated in terms of their ribosomal fraction by an-
alyzing the changes in 25S to 18S rRNA, clearly showing the
transitions from 40S to 60S and the stabilization of the ratio
around 1.6 in polysome samples. Protein concentrations were
measured by DC microplate assay. Then collected polysomal
fractions were trypsin digested and analyzed by mass spec-
trometry.

Phosphoproteomic analysis

The phosphopoteomic analysis was performed as previously
described in (57).

Pathogen assay

The virulent strain of Pseudomonas syringae pv tomato-
DC3000 (Pst DC3000) strain was grown and maintained on
a LB agar plates at 28°C. The Pst DC3000 growth and inocu-
lation procedure was carried out as described in (72). In brief,
1 x 10° cells/ml were resuspended in 0.1% Silwett L-77 so-
lution and 4 weeks of A. thaliana plants were sprayed for 4 s.
As a mock inoculation, leaves were sprayed with 0.1% Silwett
L-77 solution.

Data analysis and informatics

The acquired MS data were background-subtracted,
smoothed and Progenesis QI V2.0 for proteomics (Nonlinear
Dynamics; Waters Corporation) was used for automated
data processing and database searching. The tool Proge-
nesis QI V2.0 performs multivariate statistics on protein
measurements to make confident conclusions and generate
a protein-based report of any given experiment. Advanced
statistical tools - including ANOVA, power analysis and
g-values (for false discovery rate) are utilized to arrive at sta-
tistically significant differences. The generated peptide masses
were searched against TAIR10 protein database using the
Progenesis QI V2.0 for proteomics, for protein identification
and quantification.

The comparisons were made between the mean =+ standard
error of the mean values of the readings of each subset of sam-
ples, such as the genotypes and conditions. The data were fil-
tered to show only statistically significant [P < 0.05; analy-
sis of variance (ANOVA) and post hoc Tukey’s test] changes
in protein concentration with maximum fold change (MFC)
>1.5.

Protein annotation

Search parameters in Mascot were as follows: database
TAIR10; enzymatic specificity; tryptic with two fragmented
ions. FDR was set to 1% for both peptide-spectrum matches
and proteins. Relative quantification was carried out using
the Progenesis software. Proteins were precipitated and then
proteolyzed with trypsin and phosphopeptides were enriched
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using the IMAC resin as described in (53). Each comparison
distinguished proteins with significantly changing abundance
(i.e. the proportion of proteins with decreasing or increasing
abundance during different conditions and in each mutant,
respectively).

Gene ontology (GO)

AgriGO website was used for gene ontology analysis.

Ribosomal protein dynamics

Ribosomal proteins were named according to both the old
and new nomenclature as proposed previously (73) in order
to cover any ambiguity across different naming schemes for
ribosomal proteins.

Normalization of protein abundances

Normalization was performed using Progenesis software. As
an alternative normalization, ribosomal protein abundances
were treated as previously described with minor modifications
(47). In brief, a normalization factor was built separately for
40S and 60S subunit proteins by summing their abundances
in individual samples. In this way, data was normalized to the
recovered amounts of ribosomal complexes in each separate
fraction.

Normalized matrices featuring the abundances of riboso-
mal proteins across biological treatments were used for the
subsequent analyses.

Ribosome accumulation

Ribosome accumulation measurement was performed analyz-
ing A260 absorption levels of sucrose fractions. Each of the
resulting ribosomal fractions was further analyzed using the
Bioanalyzer pico RNA assay according to the manufacturer’s
instructions and after RNA extraction with TRIZol as previ-
ously described (74). This allowed determination of the 25S
to 18S rRNA ratio of each fraction and thus identification of
the position of the free and translating ribosomes.

Protein abundances class comparison

Mean comparisons of protein abundances across treatments
was performed using an ANOVA univariate statistical test fol-
lowed by the post-hoc Tukey HSD correction. The significant
P adjusted values were then used to determine if specific treat-
ments caused a significant decrease or increase in protein ac-
cumulation.

Spatial analysis

The spatial analyses of ribosomal proteins within the ribo-
somal complex made use of the best resolved plant cytoso-
lic ribosome structure to date (75). The wheat 80S mono-
some structure with PDB entry code 4V7E was used to ex-
plore the spatial localization of significant changes and to test
if those changes were significantly constrained to parts of the
complex as detailed in the python algorithm COSNet; (76).
The details of its usage can be found in a GitHub repository
(https://github.com/MSeidelFed/COSNet_i).
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Results

FIg22-induced changes in phosphorylation of
ribosomal proteins

In a previous phosphoproteomic approach, WT and mpk3,
mpk4 and mpk6 mutant plants were mock- or flg22-treated
for 15 min (57). Cytoplasmic phosphopeptide enrichment by
IMAC and LC-MS/MS based quantification identified a num-
ber of RPs to be differentially phosphorylated in response
to MAMP signaling (Figure 1 A-D). Importantly, many of
these MAMP-induced RP phosphorylation events were com-
promised in 72pk6 mutant plants but only to a lesser degree or
not at all in mpk3 and mpk4 mutant plants, respectively, in-
dicating a specific function of MPK6 in the phosphorylation
of RPs during MAMP signaling. Analysis of these RP phos-
phopeptides showed an acidic consensus sequence around the
S/T phosphorylation site which does not conform to the S/TP
minimal requirement for MAPK targets. We therefore con-
clude that MAMP-triggered MPK6 regulates a downstream
protein kinase that is responsible for phosphorylating this set
of RPs.

FIg22-induced changes in ribosomal complexes
and proteins

These results prompted us to further investigate the role of
MPKG6 in altering the dynamics and composition of ribosomal
complexes in defense signaling. To understand the possible
correlation between RPs from translating and non-translating
ribosomes, we investigated monosomal and polysomal frac-
tions from WT and mpké6 plants upon mock and flg22 treat-
ment. After 1 h of flg22 or mock (control) treatment, RPs
were purified and subsequently analyzed by LC-MS/MS mass
spectrometry (Figure 2A). Three biological replicates of WT
as well as mpk6 mutant lines were analyzed under flg22 and
control conditions. In this way, the accumulation and protein
composition of monosomes and polysomes and their RP-PTM
landscape were quantified (Figure 2A). (Supplementary Tables
1 and 2).

UV354nm absorption spectra and RNA analysis of the pu-
rified ribosomal fractions showed a trend towards depletion
of monosomes and accumulation of free ribosomal subunits
in WT plants upon treatment with flg22 (Figure 2B). mpk6
mutants already showed a trend towards intrinsic depletion of
monosomes in the absence of treatment, indicating that MPK6
may play an important role in altering ribosome accumulation
dynamics. This conclusion was further supported in analyzing
the MAMP-induced changes in the ribosomal profiles, show-
ing opposite trends in WT and 7pk6 mutant plants upon flg22
treatment (Figure 2B).

We also annotated the RP families and their specific par-
alogs, including the relative abundances across samples and
experimental conditions. These results indicate that the ribo-
somal proteome changes significantly upon flg22 treatment
and that a part of these changes are MPK6 dependent.

Next, we compared monosomal and polysomal protein
compositions in WT and mpké6 plants in response to flg22
treatment (Supplementary Figure S1A, Table S1). The MS
data analysis revealed that no specific RPs accumulated ex-
clusively in WT or mpké6 under either mock (H,O) or flg22
treated conditions. Therefore, we quantified the relative abun-
dances of the polysomal and monosomal proteins in the dif-
ferent samples. Comparing the polysome proteomes of mock
and flg22 treated WT and mpké plants, we identified a to-
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Figure 1. Protein interaction network and GO enrichment. (A) GO enrichment analysis of the MPK6-dependent phosphoproteins showed enrichment of
proteins associated with ribosomes, cytosolic ribosomes, polysomal ribosomes and ribonucleoprotein complex. (B) Table showing the GO term IDs, the
term descriptions, percent enrichment in the input, the background and the associated false discovery rate (FRD). (C) All phosphoproteins whose
phosphorylation changed in response to flg22 treatment in an MPK6-dependent manner. (D) MPK6-regulated phosphoproteins of C were used to
generate a network using STRING (version 11.5). Data are from three independent biological replicates.

tal of 510 differentially accumulating proteins with 239 re-
duced and 271 enhanced protein abundance (Figure 3A). In
WT, a total of 159 proteins were differentially expressed upon
flg22 treatment (60 down- and 99 up-regulated). Importantly,
the comparison of WT-flg22 versus mpk6-flg22 proteomes re-
vealed a total of 212 differentially abundant proteins (163
enhanced and 49 reduced) (Figure 3A). We generated box-
plots of the quotient or ratio of the sum of all 40S and all 60S
RP abundances per experimental sample (Figure 3C). Fluctu-
ations in this ratio reflect RP substoichiometry across exper-
imental samples. Together with the heatmap analysis (Figure
3B) and the 40S/60S ratios (Figure 3C) these results show that
flg22 signaling strongly influences the ribosomal proteome
composition and furthermore that MPK6 plays a major role in
this process. GO term analysis of the clusters in the heat map
resulted in almost identical GO terms of ribosome biogene-
sis, translation, and gene expression (Supplementary Tables
3 and 4). These results are not surprising given the fact that
the analyzed fractions are purified ribosomal complexes. We
then clustered the proteins for cytoplasmic and organellar RPs
separately (Figure 3D and E, respectively). Interestingly, flg22
treatment of WT plants mostly resulted in enhanced abun-
dance of cytoplasmic RPs (Figure 3D) but reduced abundance
of organellar RPs (Figure 3E). Untreated mutants of mpk6 did
not vary strongly from untreated WT but strongly compro-
mised the changes observed in flg22-treated WT plants (Figure
3D and E). These results confirm that flg22 signaling strongly

affects ribosomal composition in WT and that MPK6 affects
only the abundance of particular subset of these RPs.

We also noted that a number of RPs of either mitochondrial
or plastid origin were differentially regulated in their abun-
dance. To clarify the impact of immune signaling on organel-
lar ribosome organization, we therefore generated a heat map
of the flg22-induced ratios of differentially abundant cytoso-
lic, mitochondrial and plastid RPs from WT and mpk6 (Figure
3F). Overall, we observed that flg22 signaling affects different
RPs in a complex manner and that MPK6 has the strongest
differential effect on the regulation of the mitochondrial and
plastid ribosomal complexes.

We also assessed whether polysome and monosome pro-
teome composition varies significantly upon flg22 treatment.
For this purpose, we analyzed the monosome proteomes of
flg22- and mock-treated WT and mpké6 plants (Figure 4). We
observed a total of 173 differentially abundant proteins un-
der all four conditions, with 76 of them showing an flg22-
dependent regulation in WT plants. The comparison of WT-
flg22 versus mpk6-flg22 monosome proteomes revealed 62
differentially abundant proteins (with 40 enhanced and 22 re-
duced abundance) which showed a visible different pattern by
heat map (Figure 4B) and 40S/60S ratio (Figure 4C) analysis.
We then again separated the cytoplasmic (Figure 4D) from
the organellar RPs (Figure 4E). Opposite to the situation of
polysomes (Figure 3D), where flg22-induced enhancement of
cytoplasmic RPs, monosome cytoplasmic RP levels mostly de-
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Figure 2. Workflow and accumulation dynamics of ribosomes and their constituent proteins of mpk6 and WT ribosomal complexes. (A) Flowchart of
experimental setup. (B) Representative profiles of isolated ribosomal complexes purified from mpk6 and WT. Each experimental condition represents
the mean of three biological replicates (n = 3) with their respective standard deviation outlined as error bars. The area under the curve of the peak was
integrated and pairwise statistical comparisons were made using ANOVA + Tukey HSD (Supplemental File S3A-G). No P values were found to be
<0.05. The largest ribosomal complexes correspond to polysomes with a high degree of oligomerization to sediment further into sucrose gradients,
with the ratio of 25S to 18S rRNA close to 1.6 reflecting the relative abundances of 40S to 60S subunits in fully assembled and translationally competent
polysomes and outlining the purity of the fractions obtained from sucrose gradient separation and fractionation. Data are from three independent

biological replicates.

creased abundance upon flg22 treatment (Figure 4D). A sim-
ilar opposing regulation was observed for organellar RPs in
flg22 treated WT plants. These data imply that RP abundance
in different compartments is tightly choreographed during im-
mune signaling.

Flg22-triggered signaling induced changes in
polysome composition

One of our main objectives was to determine whether
MAMP-signaling induces compositional changes in ribo-

somes which might be linked to flg22-induced translational
modulation. We therefore focused on the 510 proteins that
were identified from the actively translating polysome frac-
tions (Figure 3A). RPs changing their abundance in polysomal
complexes upon flg22 treatment were assumed to play a role
in defense response. Using these criteria, we found numerous
RPs that showed significant differential regulation upon
flg22 treatment. For example, RPS19C/eS19 (AT5G61170),
RPP1A (AT1G01100), RPS7A/eS7 (AT1G48830), RPP3A
(AT4G25890),  RPS19A/eS19  (AT3G02080)  show
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Figure 3. Proteome analyses in polysome fraction of WT-H,O, WT-flg22, mpk6-H, 0O and mpk6-flg22. (A) Venn diagrams showing unique and overlapping
proteins with reduced and enhanced abundance in the different samples and treatments. (B) A heatmap showing varying abundances of all the proteins
identified from the polysome fraction and the GO term enrichments for each of the clusters. (C) Boxplots outlining the quotient or ratio between the
sum of all 40S RP abundances and the sum of all 60S RPs abundances per experimental sample, fluctuations in this ratio reflect global RP
substoichiometry as it relates to 60S to 40S subunit abundances across experimental samples. (D) A heatmap of a subset of proteins from the entire
data set that correspond to all the translation initiation factors, ribosome biogenesis factors as well as the mitochondrial and chloroplastidic ribosomal
proteins. (E) A heat map of only the annotated ribosomal proteins of Arabidopsis and their paralogs. (F) Heatmap of the abundance ratios of cytosolic,
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enhanced, whereas el22, L13, L34e and RPL3B
(AT1G61580) reduced abundance. Many of these flg22-
regulated proteins are differentially abundant in mpké6
mutants, indicating a role of MPK6 in their regulation.

Interestingly, flg22-induced changes were observed in abun-
dance levels for several protein components of the P-stalk
ribosomal substructure, namely RPPOB, RPPOC, RPP1A,
RPP3A and RPP3B (Figure 3F and 5, Supplementary Figure
S1B, Table S2).

In order to better understand the defense response process,
we went beyond specific changes of proteins and investi-
gated if substoichiometric RPs, ubiquitously present in all
conditions, were significantly localized to specific ribosomal
regions after MAMP treatment in WT. Significantly changed
or substoichiometric RPs were mapped into a 3D rendering
of the plant cytosolic ribosome and spatial dependencies were
identified by applying the COSNet; algorithm (76). Specific
regions within the ribosomal complex changed upon flg22
treatment in WT plants (Figure 6B). One region emerged
from this analysis was allocated to the 40S subunit adjacent
to the mRNA and tRNA entry sites. The structurally coherent
region was composed of RPS3/uS3, RPS5/uS7, RPS10/eS10,
RPS12/eS12, RPS16/uS9, RPS17/eS17, RPS18/uS13,
RPS20/uS10, RPS29/uS14 and RACKI1, indicating that
significant changes occur in this region as compared to a null
hypothesis of random allocation across the complex. Thus,
overrepresentation of substoichiometric RPs (i.e. in this spe-
cific case RPs that decrease their subunit-bound abundance)
in a specific 40S region only in actively translating polysomes,
may signal defects or alterations in the process of mRNA or
tRNA recruiting. To what extent these regional modifications
are preexisting the stimulus or triggered by it remains an
open question. However, these rapid changes in RP paralog
composition could be crucial for defense signaling. Finally,
our results highlight the importance of the fast rearrangement
of the 40S subunit in defense, a response that is visible after
one hour of the initial MAMP stimulus.

FIg22 signaling induced MPK6-dependent changes
in 40S and 60S ribosomal complexes in polysomes

Next, we analyzed changes within proteins isolated from the
actively translating ribosome fractions of mpk6 mutants in
order to investigate the role of MPK6 in immune signaling.
As done before (76), the COSNet; algorithm was used in
order to annotate and investigate the relative localization of
MPK6-dependent RPs upon flg22 induction. I silico mod-
eling revealed that flg22-triggered MPK6 signaling induced
significant changes within two regions of the ribosome that
are expanding to the 40S and 60S subunits. The first region is
composed of the previously mentioned RPs identified in the
conserved region of flg22-treated WT (except RPS10/eS10
and RPS12/eS12) and in addition RPS14/uS11, RPS19/eS19,
RPS25/eS25, RPS26/eS26 and RPS28/eS28. Region 2
was confined to RPS5/uS7, RPL5/ul18, RPL11/ul3,
RPL15/uS19, RPL15/eL15, RPS18/uS13, RPS19/eS19,
RPL21/el21, RPS25/eS25 and RPS36/el42 (see Figure
6C and D). Thus, the main difference to WT was that the
equivalent region was less specific and more spread across
both subunits in the mpk6 mutant. Although in both cases
the 40S RPs belonging to the significantly sub-stoichiometric
region were overlapping whereas RPs of the 60S subunit were
mpk6 specific.

Nucleic Acids Research, 2023, Vol. 51, No. 21

FIg22-induced phosphorylation events in the
ribosomal P-stalk

Examination of the phosphoproteome data (57) also re-
vealed that a major reprogramming in regard to phospho-
rylation events occurred in the P-stalk of the ribosome. In
total, 8 P-stalk RP paralogs were identified to change their
phosphorylation status upon flg22 treatment of A. thaliana
plants (Figure 7). In mpk6 mutants RPPOB (AT3G09200) and
RPPOC (AT3G11250) showed increased phosphorylation,
while RPP1A (AT1G01100), RPP1C (AT5G47700), BBC1
(AT3G49010), RPP2B (AT2G27710), RPP2A (AT2G27720)
and RPP2D (AT3G44590) showed reduced phosphorylation
upon flg22 treatment compared to treated WT. Interestingly,
while the base protein RPP0O became phosphorylated, the pro-
trusion protein paralogs P1 and P2 of the P-stalk were de-
phosphorylated upon flg22 treatment, suggesting that MPK6
regulates the phosphorylation dynamics of these P-stalk pro-
teins.

RPPOC is crucial for pathogen resistance

The changes in the abundance and phosphorylation levels
of RPs in our study were obtained from MAMP-treated A.
thaliana plants. RPPOC was selected as the most promising
candidate as this protein not only accumulates significantly
upon flg22 treatment but was also affected in its phosphory-
lation status. In order to assess the importance of the P-stalk
RPPOC protein in defense, we obtained and verified two in-
dependent T-DNA insertion lines of RPPOC (Supplementary
Figure S2) and challenged these plant lines with the virulent
bacterial pathogen Pst DC3000 (Figure 8 A-D). Treatment of
these two independent knock out and knock down SAIL-
lines (Supplementary Figure S2) by spray inoculation with
Pst DC3000 showed that both rpp0OC lines were more suscep-
tible to infection by the bacterial pathogen compared to WT.
The number of bacteria per leaf disc in #»pp0C-1 and rpp0C-2
plants was elevated by more than 10-fold when compared to
WT (Figure 8A and B). These results show that RPPOC func-
tion is crucial for the resistance of Arabidopsis thaliana to-
wards pathogens such as the bacterial pathogen Pst DC3000.

Discussion

MAP Kinases play an important role in plant immunity (77).
In our recent phosphoproteomics study, we observed changes
in the phosphorylation levels of several ribosomal proteins
in A. thaliana upon flg22 treatment. We observed that these
events were strongly influenced by the activity of the MPK6
kinase (57). These findings are supported by the identifica-
tion of several ribosomal proteins as MPK6 targets in a pro-
tein microarray study (55) and changes in ribosomal protein
abundances in mpk6 mutant plants (56). These results suggest
a potential influence of the MAMP-triggered MAPK cascade
on translation via ribosomal regulation, but the details of this
mechanism were so far unknown. MPKG6 is well known to in-
teract with substrates which affect transcriptional regulation
but new evidence has emerged showing that MPK6 can also
affect substrates that induce post-transcriptional events (78).
Examples of such substrates are proteins regulating mRNA
decapping, degradation or storage (79-81). Thus, by alter-
ing mRNA dynamics, such substrates might bridge the link
between an initial stimulus, the activation of the MPK6 cas-
cade and the translation of a defense-related proteome. In this
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Figure 5. Changes in ribosomal protein abundances of the P-Stalk. Tukey HSD plot of polysomes of flg22 treated and H, O treated mpk6 and WT plants.
Normalized ribosomal protein abundances were used to compare the means across treatments using an ANOVA followed by a post-hoc Tukey HSD test.
The summary graphs are boxplots featuring the main statistics of the protein abundance vectors. Significance is denoted by lack of shared letters
between the identifiers on top of two boxes. The comparisons were done across monosomes and polysomes of flg22-treated and untreated mpk6 and
WT plants indicating RPPOB; RPPOC; RPP1A; RPP1B; RPP1C; RPP2A; RPP2B; RPP2D; RPP3A and RPP3B. Data are from three independent biological
replicates.
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Figure 6. Differential accumulation of RPs in polysomes in response to MAMP signaling. 2D rendering of an originally 3D display of the wheat 80S
monosome (75,114) featuring the 60S subunit on top and 40S subunit on bottom. Proteins of interest are highlighted in different colors. Only ribosome
proteins are shown and the rRNA backbone is removed for clear display. (A) Front view of 40S and 60S. RPs highly affected in abundance changes by
flg22 treatment. (B-D) Highlighted RPs represent significantly remodelled coherent ribosomal regions as picked up by the COSNet; (76) methodology
that feature higher prevalence of proteins with significant abundance changes as compared to the overall complex. (B) Side view of 40S and 60S.
Represents the substoichiometric significant abundance changes in RPs from polysomes of WT flg22-treated as compared to WT H,O-treated. (C, D)
Represents substoichiometric abundance changes in RPs from polysomes of mpké6 flg22-treated as compared to mpk6 H,O-treated.

work, we focused on the interaction between MAP Kinases
and the translation machinery to better understand the in vivo
status of the defense related proteome. Translation regulation
has a key function during gene expression, especially during
stress (82-87). Moreover, transcript levels only partially re-
flect protein amounts and well-established scientific methods
used to analyze gene expression levels often do not represent
the physiological state at the proteome level (88).

Upon recognition of pathogens, plants undergo a vast tran-
scriptional reprograming to inhibit growth and use energy

sources for producing defense-related genes (89,90). Defense
induced transcriptional reprogramming has been extensively
investigated during recent years, but translational reprogram-
ing is still poorly understood. Recently, Xu et al. (91) re-
ported interesting insight about defense-induced translational
changes. Ribosomal footprint sequencing revealed elf18-
MAMP specific changes in Arabidopsis. A specific purine-rich
motif within actively translated mRNAs was identified and
named the ‘R-motif’. This inhibitory motif of basal translation
was crucial for MAMP-induced translation of defense related
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Figure 7. MAMP-induced MPK6-dependent phosphorylation of ribosomal proteins. (A) List of flg22-induced MPK6-dependent differentially
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phosphorylation sites are highlighted for each RP.

mRNA by interaction with poly(A)-binding proteins. Overall,
transcription and translation seemed to be very poorly related
as mRNA levels did not overlap with actively translated mR-
NAs. Therefore, the defense related proteome is assumed to
emerge as a mixture of transcriptional and translational reg-
ulation (91). Similarly, RPS2-mediated effector triggered im-
munity (ETI) has effects on global translation (92). ETT in-
duced translational changes occur at a later time point com-
pared to MTI-induced changes and in contrast to MTI, ETI
showed a good correlation between transcription and transla-
tion, indicating a coregulation of both processes. In addition,
ETIinduced defense did not lead to a downregulation of basal
translation and showed an induction of metabolic pathways
(92).

To investigate the connection between MPK6 and ribo-
somes we isolated monosomes and polysomes from WT and
mpk6 plants. MAMP-triggered signaling induced the accumu-
lation of monosomes in mpk6 mutants. Interestingly, an in-
creased amount of monosomes was also observed under stress
in maize (39). In maize, an increase of monosomes and free ri-

bosomal subunits occurred simultaneously with a decrease in
polysomes undergoing hypoxia and was reversible when the
stress was removed. A simultaneous increase in the synthesis
of new ribosomal proteins during stress (39), supports the idea
that a rearrangement of ribosomes plays a role in the defense
response against pathogen attack.

Our results show that MAMP triggers a strong and rapid
ribosomal reorganization (1 hour). MAMP-induced changes
in RPs and RAF abundance in ribosomal complexes suggest
that these either might get newly synthesized or remodeled,
thereby explaining the differential accumulation of RPs and
their paralogs. It was proposed that stress in plants induces
sub-stoichiometric ribosomal remodeling (47,83). These spe-
cific non-random changes in ribosome remodeling across eu-
karyotes might lead to specialized ribosomes with specific fea-
tures needed during a certain type of stress response (47,93—
95). A number of RPs showed significant changes in abun-
dance upon MAMP signaling in our study. It is interesting that
specific paralogs seem to take over during stress. Martinez-
Seidel et al. (47) showed that in cold exposed Arabidopsis
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Figure 8. A. thaliana mutant rppOC-1 and -2 are more resistant towards Pst DC3000 than WT. (A) Pst DC3000 bacterial growth was evaluated at 2 dpi.
Pst DC3000 pathogen assay results are an average of three biological replicates each consisting of x leaf discs (n = x). Asterisks indicate significant
differences by t.test at P < 0.05. (B) Disease symptoms in WT, rop0C-1 and rpp0C-2 lines. Fourweek-old plants were spray-inoculated with PstDC3000
and pictures were taken 2 days later. Scale bar = 1 cm. (C) Tukey HSD plots comparing mean normalized ribosomal protein abundances, identical to
those of Figure 5, featuring the change in association of RPPOC with monosomes or (D) polysomes of treated and untreated mpk6 and WT plants.

plants, non-random stress-induced ribosomal rearrangements
occurs for RP subfamilies with specific spatial localizations. In
our study, we obtained similar results confined to the 40S sub-
unit instead of the 60S as happened with cold stress. Further-
more, the ratio between 40S/60S is shifting towards the accu-
mulation of 40S subunit RPs. These findings could point to-
wards an overall reorganization of translation upon stress. For
instance, stress induces alternative translation mechanisms
such as IRES-dependent translation (2) and alternative trans-
lation initiation checkpoints could be used by specialized 40S
pre-initiation complexes, which accumulate upon stress and
harbor a different RP composition compared to canonical ri-
bosomes. Our hypothesis is supported by the significantly sub-
stoichiometric RP localization in the 40S subunit, which we
identified to be adjacent to the mRNA and tRNA entry sites.
The extent to which 40S subunits with regionally localized
r-protein substoichiometry precede the flg22 stimulus and co-
exist with other 40S populations in the plant cell or if these
altered subunits are the outcome of rapid regional ribosome
remodeling in response to stress (96) remains an open ques-
tion.

We also analyzed the function of MPK6 in MAMP-induced
ribosomal changes. Disruption of MPK6 function led to addi-
tional changes in protein abundance compared to WT plants.
In addition to the observed region within the 40S subunit of
MAMP-treated WT ribosomes, MAMP treatment of mpk6
mutant plants resulted in RP changes preferentially localized
to the 60S subunit. Specific changes in protein abundance were
also identified in monosomes and highlight the importance of
MPK6 during the MAMP specific regulation of the 60S sub-
unit. In addition, MPK6 seems to have a strong impact on
the ribosomal P-stalk. We found that MPK6 not only affects
the abundance of the P-stalk proteins RPPOB/C, RPP1A and
RPP3A/B, but also the phosphorylation status of RPPOB/C,
RPP1A/C and RPP2A/B/D. These findings are crucial and

imply a possible mechanistic explanation of how MPK6 reg-
ulates P-stalk function during stress. PO is a homologue of
the prokaryotic L10, whereas P1 and P2 are homologues of
prokaryotic L7/L12 (59-62). Besides PO, P1 and P2 (two
forms, a and b), plants harbor a third P-protein called P3
(1,32,97). These proteins localize to the conserved lateral pro-
truding stalk of the 60S ribosomal subunit and regulate the
translocation process during the elongation cycle of protein
synthesis (98). P-proteins do not assemble in the nucleolus on
pre-ribosomal complexes but migrate to the cytosol. In addi-
tion, P-proteins can occur in multiple copies within a single
ribosome which has not been observed for any other RP (99—
103). P1 and P2 form dimers in the ribosomal complex, and
have unique functions, where P2 cannot bind to the ribosome
without P1 (104,105). P1 and P2 play an important function
in the regulation of translation elongation, as the enhancement
of the interaction between elongation factor eEF2 and the ri-
bosome is dependent on the phosphorylation of both, P1 and
P2. However, P2 showed a stronger effect than P1 (66,67). To
summarize, P-stalk proteins P1 and P2 seem to regulate trans-
lation (106).

In eukaryotes, a main checkpoint of translation is the initi-
ation step, which is accompanied by various protein phospho-
rylation events (107). Ribosomal subunits and 80S constructs
differ from polysomes in their RP-phosphorylation extent. Ri-
bosomal subunits show strong phosphorylation in inactive ri-
bosomes or free ribosomal subunits (108). Our results give
new insight into a MAMP-induced phosphorylation regula-
tory mechanism, which leads to enhanced phosphorylation of
PO, but reduced phosphorylation of P1 and P2. In compari-
son to our results, investigations of anoxia showed that upon
stress P1, P2a and P3 get dephosphorylated (106). Other re-
sults showed that P1 and P2 dephosphorylation is required to
induce an adaptive response to osmotic stress (109). Similarly,
our findings would imply a stress specific mechanism which re-
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Figure 9. Working model for the role of MPK® in flg22-induced ribosomal changes. Upon MAMP detection, plants activate MTI via MAPK cascades
including the activation of MPK6. MAMP-induced MPK®6 activates downstream kinases and phosphatases to alter the phosphorylation status of RPs,
including the ribosomal P-stalk. Functional changes in the ribosomal P-stalk might lead to a halt in translation or selective translation of proteins
functioning in defense. In addition, MAMP signaling induces changes in RP abundances in an MPK6-dependent and independent manner.

quires P1 and P2 dephosphorylation. In this sense, mutations
of serine residues in yeast P1 result in mutants that are less
sensitive to osmotic stress, confirming that P1 is necessary for
an adaptive stress response (109). Moreover, dephosphoryla-
tion of P2 in rats reduces translational activity (67). In Sac-
charomyces cerevisiae, the phosphorylation degree of L7/1.12
proteins (homolog of RPP1/2) (110) and of human ul.10 (PO
homolog) regulate the affinity of these P-proteins to associate
with ribosomes (101). In addition, variations of ribosome-
bound abundances of P-proteins lead to differential transla-
tion of certain mRNAs (111). Our work supports this idea
also genetically by showing that loss of RPPO protein leads to
higher susceptibility of the bacterial pathogen Pseudomonas
syringae DC3000. Overall, all those findings support the idea
that MAMP signaling induced changes in phosphorylation of
P-proteins are crucial for plant immunity.

Our study identified MPK6-dependent P-protein phospho-
rylation events in the C-terminal regions of PO, P1 and P2. All
three P-proteins have structurally similar C-termini (112) and
C-terminal phosphorylation for acidic plant P-proteins was
suggested to influence gene expression upon external stimuli
(113). These results suggest that MAMP-triggered MAPK sig-
naling also contributes to defense gene expression via transla-
tional regulation. Finally, Briggs & Dinman (27) postulated a
question for future investigations: can changes in ribosomal
heterogeneity occur in already constituted ribosomes? Our
work shows that compositional changes within actively trans-
lating polysomes do exist and can be observed already within
minutes after stimulus application. Because the RPP phospho-
rylation sites do not correspond to MAPKs target sites, we
propose that MAMP-induced changes in RP phosphorylation
are regulated via MPK6-dependent downstream kinases and
phosphatases (Figure 9) and further investigations of riboso-
mal complexes should help to better understand plant innate
iImmunity responses.
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