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Abstract
Plant peptide hormones are important players that control various aspects of the lives of plants. RAPID ALKALINIZATION
FACTOR (RALF) peptides have recently emerged as important players in multiple physiological processes. Numerous stud-
ies have increased our understanding of the evolutionary processes that shaped the RALF family of peptides. Nevertheless,
to date, there is no comprehensive, family-wide functional study on RALF peptides. Here, we analyzed the phylogeny of
the proposed multigenic RALF peptide family in the model plant Arabidopsis (Arabidopsis thaliana), ecotype Col-0, and
tested a variety of physiological responses triggered by RALFs. Our phylogenetic analysis reveals that two of the previously
proposed RALF peptides are not genuine RALF peptides, which leads us to propose a revision to the consensus AtRALF
peptide family annotation. We show that the majority of AtRALF peptides, when applied exogenously as synthetic pepti-
des, induce seedling or root growth inhibition and modulate reactive oxygen species (ROS) production in Arabidopsis.
Moreover, our findings suggest that alkalinization and growth inhibition are, generally, coupled characteristics of RALF pep-
tides. Additionally, we show that for the majority of the peptides, these responses are genetically dependent on FERONIA,
suggesting a pivotal role for this receptor kinase in the perception of multiple RALF peptides.

Introduction
Cell-to-cell communication is crucial for plants, which, as ses-
sile organisms, are constantly exposed to an ever-changing en-
vironment. In this scenario, plant peptide hormones are key
to rapidly initiate, coordinate, and integrate responses, thanks
to their large diversity in structure, function, and expression
patterns (Matsubayashi, 2014; Olsson et al., 2019).

RAPID ALKALINIZATION FACTOR (RALF) peptides be-
long to a family of cysteine-rich plant peptide hormones
that are involved in multiple physiological and

developmental processes, ranging from pollen tube growth
to modulation of immune responses (Murphy and De Smet,
2014; Blackburn et al., 2020). They were discovered in a pep-
tide hormone screen due to their ability to cause medium
alkalinization of tobacco (Nicotiana tabacum) cell cultures
(Pearce et al., 2001). Later, RALF peptides with several con-
served motifs were found to be ubiquitous in terrestrial
plants, highlighting their functional importance (Cao and
Shi, 2012; Murphy and De Smet, 2014; Campbell and
Turner, 2017).
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In Arabidopsis (Arabidopsis thaliana), more than 30 RALF
peptides have been predicted. In the ecotype Col-0, between
34 and 39 members have been proposed, depending on the
study and criteria considered (Olsen et al., 2002; Cao and
Shi, 2012; Haruta et al., 2014; Morato do Canto et al., 2014;
Sharma et al., 2016; Campbell and Turner, 2017; Stegmann
et al., 2017). This discrepancy calls for a careful examination
of the RALF family annotation.

The majority of plant peptide hormones are perceived by
plasma-membrane localized leucine-rich repeat receptor kinases
(LRR-RKs) or receptor proteins (LRR-RPs), which unlike RKs
lack an intracellular domain (Hohmann et al., 2017; Olsson et
al., 2019). In contrast, RALF peptides have recently been shown
to be ligands of protein complexes involving Catharanthus
roseus RLK1-LIKE (CrRLK1L) receptor kinases, named after the
species in which its first member was identified (Schulze-Muth
et al., 1996). CrRLK1L proteins are characterized by malectin-
like domains in their extracellular domain (Franck et al., 2018).
For example, RALF1, RALF22, and RALF23 bind to the CrRLK1L
FERONIA (FER) to regulate root growth, abiotic, and biotic
stress responses, respectively (Haruta et al., 2014; Stegmann et
al., 2017; Zhao et al., 2018). RALF4 and RALF19 were shown to
be ligands for the CrRLK1Ls ANXUR1 (ANX1), ANX2, and
BUDDHA’S PAPER SEAL (BUPS) 1 and BUPS2 in the context
of pollen tube growth and cell wall integrity maintenance (Ge
et al., 2017). RALF34 binds the CrRLK1L THESEUS1 (THE1) to
regulate growth upon cellulose biosynthesis inhibition
(Gonneau et al., 2018). Notably, CrRLK1Ls, such as FER, ANX1/
ANX2, and BUPS1/2, have been shown to work together with
the glycosylphosphatidylinositol-anchored protein (GPI-AP)
LORELEI or related (LRE)-like-GPI-anchored proteins (LLGs) to
perceive RALF peptides (Feng et al., 2019; Ge et al., 2019; Xiao
et al. 2019). RALF peptides can also bind LEUCINE-RICH
REPEAT EXTENSINS (LRX) proteins with high affinity (Mecchia
et al., 2017; Zhao et al., 2018; Moussu et al., 2020). The bio-
chemical relationship between RALF perception by CrRLK1L/
LLG complexes and LRXs remains, however, still mostly unclear.

There are 17 CrRLK1Ls, 11 LRXs, and 4 LRE/LLGs in
Arabidopsis (Li et al., 2015; Franck et al., 2018; Herger et al.,
2020). As such, the diversity of potential assembly modules of
the RALF-perception/signaling axis could explain the functional
plasticity of this family of peptides. For instance, different RALF
peptides might be secreted in response to diverse stimuli in
different tissues and cell types and this, in turn, would trigger
the formation of receptor complexes with a combination of
the above-mentioned assembly modules. There are numerous
studies analyzing individual aspects of this complex signaling
network (Blackburn et al., 2020). However, the functional role
of the majority of RALF peptides and their bioactivity is largely
unknown. In this study, we performed a family-wide physiologi-
cal analysis of AtRALF peptides using seedling growth inhibi-
tion, root growth inhibition, extracellular alkalinization, and
ROS production assays upon exogenous treatment with syn-
thetic peptides. In addition to defining the core Arabidopsis
Col-0 RALF family, we show that FER is required for full re-
sponsiveness to multiple RALF peptides, suggesting a pivotal

role of this receptor, potentially in multiple RALF sensory
complexes.

Results

Re-annotation of the Arabidopsis Col-0 RALF family
The AtRALF peptide family consists of more than 30 members,
ranging from 34 to 39, depending on the studies considered
(Blackburn et al., 2020). In order to define the core AtRALF
family in the Col-0 ecotype, we compared the AtRALF peptide
annotation used in different publications and those available in
the TAIR10 and UniProt databases (Supplemental Table S1).
Notably, we found some inconsistency both in the number
and identity of the proteins that comprise the family.

Despite having low level of amino acid sequence similarity,
RALF peptides have diverse conserved motifs that have
been shown to be important for diverse functions (Pearce et
al., 2001, 2010; Matos et al., 2008; Srivastava et al., 2009;
Stegmann et al., 2017). One such motif is the dibasic RR site
in the canonical AtS1P recognition site that is important for
processing of the peptide precursor (residues 101–102;
Figure 1, A; Matos et al., 2008; Srivastava et al., 2009).
Another conserved motif is the N-terminal YI/LSY motif
(residues 112–115 of the alignment shown in Figure 1, A) of
the mature peptide that is important for binding to the re-
ceptor and alkalinization activity (Pearce et al., 2010; Xiao et
al., 2019). Additionally, other parts of the sequences show
high conservation, such as the C-terminal RCRR(S) motif or
the four disulfide bond-forming cysteine residues (residues
171–174, 130, 143, 166, and 172, respectively; Figure 1, A)
that are important for bioactivity of the peptide (Pearce et
al., 2001; Haruta et al., 2008). We validated the importance
of the YI/LSY motif and the four conserved cysteine residues
by treating seedlings with corresponding alanine substitution
mutant RALF peptides (Supplemental Table S2) that did not
inhibit (or weakly inhibited) seedling growth, in contrast to
what observed for wild-type peptides (Supplemental Figure
S1), in agreement with previous studies (Pearce et al., 2001;
Haruta et al., 2008; Moussu et al., 2020). Using the domain
conservation as the main criteria, we re-analyzed the pub-
lished RALF family members and propose the following
updates to the annotation.

RALF17 is described as AT2G32890 in the aforementioned
databases, while it corresponds to AT2G32885 in some pub-
lications (Cao and Shi, 2012; Morato do Canto et al., 2014;
Stegmann et al., 2017). Protein sequence analysis, however,
revealed that AT2G32890 lacks the YI/LSY motif, including
the conserved internal I/L residues (Figure 1, A).
AT2G32890 additionally lacks the conserved RCRR mo-
tif (Figure 1, A), and notably also misses three out of
four cysteine residues that are positionally conserved
across the RALF family (Figure 1, A). The phylogenetic
tree inferred from the alignment of RALF amino acid
sequences places AT2G32890 as an outgroup (Figure 1,
B). Accordingly, the synthetic peptide derived from
AT2G32890 did not exhibit bioactivity in seedling
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growth inhibition assays even at 10 mM (Supplemental
Figure S2). Altogether, we conclude that AT2G32890 is
most likely not a RALF peptide.

When searching for AT2G32885 (proposed in some publi-
cations as RALF17) in TAIR10 and UniProt databases, we ob-
served that this protein is annotated as RALF36. However, in

other publications, RALF36 corresponds to AT2G32785
(Morato do Canto et al., 2014; Stegmann et al., 2017;
Gjetting et al., 2020). If AT2G32890 is not a RALF peptide as
argued above, based on our phylogeny, we propose that
AT2G32885 actually corresponds to RALF17. This agrees
with previous studies (Morato do Canto et al., 2014;
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Stegmann et al., 2017). In contrast, we propose to assign
AT2G32785 to RALF36 (Supplemental Table S1). It has part
of the YI/LSY motif and the first cysteine bridge is con-
served, although it lacks the C-terminal RCRR motif (Figure
1, A). Phylogenetic analysis indicates that it is, however, a
distant RALF, clustering with RALF37 (Figure 1, B).
Furthermore, based on the information inferred from the
alignment and the phylogenetic tree, it is difficult to defini-
tively conclude whether RALF36 (AT2G32785) and RALF37
(AT2G32788) are genuine RALF peptides. As they present
some of the important conserved residues, we nevertheless
included them in our list of core RALF family members
(Supplemental Table S1 and Supplemental Figure S3).

RALF35 has two gene identifiers associated with it:
AT4G14020 and AT1G60913 (Haruta et al., 2014; Morato do
Canto et al., 2014; Stegmann et al., 2017). Both have the
highly conserved I/L amino acid within the YI/LSY motif, as
well as the two flanking tyrosine residues (Figure 1, A).
However, only AT1G60913 (as RALF35 in Figure 1, A) con-
tains the four cysteine residues in the conserved positions,
while AT4G14020 has only one cysteine at a conserved posi-
tion. Moreover, both AT4G14020 and AT1G60913 have part
of the conserved RCRR motif. Additionally, AT4G14020 lacks
a predicted signal peptide, and is thus likely non-secreted; it
also does not cluster together with any other RALF in phylo-
genetic analysis (Figure 1, B). Together, this indicates that
AT4G14020 is not a bona fide RALF peptide (Supplemental
Table S1). Unfortunately, AT4G14020 could never be suc-
cessfully synthesized to be further tested in physiological
assays, probably due to its long sequence.

Like other plant genes encoding polypeptide hormones,
PRORALF genes encode pre-pro-peptides of approximately
60–140 amino acids, which are predicted to undergo pro-
teolytic processing to release bioactive RALF peptides
(Supplemental Figure S3, C; Olsson et al., 2019). PRORALF
proteins have a N-terminal signal peptide for entry into the
secretory pathway, and the mature active peptide is located
at the C-terminal part (Matos et al., 2008). Only 11
PRORALF proteins actually have a predicted subtilase cleav-
age site (RRXL, residues 101–104; Figure 1, A), and, so far,
only PRORALF23 and PRORALF22 have been experimentally
shown to be cleaved by the subtilase SITE-1 PROTEASE
(S1P) (Srivastava et al., 2009; Stegmann et al., 2017; Zhao et
al., 2018). The protein domain organization of the PRORALF
peptides that do not have the cleavage site suggests that
they might not need to undergo subtilase-mediated proteo-
lytic cleavage in order to release bioactive RALF peptides.
Based on our proposed re-annotation of the AtRALF family
(Supplemental Figure S3, A and B), we depict the protein
domain organization of the corresponding PRORALF pro-
teins in Supplemental Figure S3, C.

The majority of AtRALF peptides have growth
inhibitory properties
One of the described functions of RALF peptides is their
ability to inhibit cell expansion and growth (Blackburn et al.,

2020), but this is based on the testing of only a few family
members (Morato do Canto et al., 2014). Here, we screened
34 AtRALF peptides for their bioactivity using seedling and
root growth inhibition as read-outs (Figure 2). RALF11 and
RALF12 were not synthesized because of their high sequence
similarity with RALF13 (identical mature peptide), while
RALF37 could never be successfully synthesized, despite sev-
eral attempts.

We treated 5-d-old seedlings with different synthetic RALF
peptides (Supplemental Table S2) for 7 d before measuring
seedling fresh weight or root length. We used the EF-Tu-
derived peptide elf18 and the plant-derived peptide AtPep1
as positive controls for the seedling and root growth inhibi-
tion assays, respectively (Zipfel et al., 2006; Krol et al., 2010).
Nineteen out of 34 (approximately 56%) tested RALF pepti-
des showed a significant seedling growth inhibition in three
independent biological experiments (Figure 2, A).

AtPRORALF genes and genes encoding proposed receptor
modules have diverse expression patterns (Cao and Shi,
2012; Lindner et al., 2012; Murphy and De Smet, 2014), and
seedling fresh weight is primarily determined by shoot bio-
mass. It is therefore possible that no inhibition in the overall
weight of the seedling may be observed if the receptor of a
specific RALF peptide is only expressed in roots. For this rea-
son, we also measured the primary root length after treat-
ment with the different peptides. Strikingly, 22 out of 34
(approximately 65%) of the tested RALF peptides were also
able to induce root growth inhibition (Figure 2, B). The 19
RALF peptides that inhibited whole seedling growth were
also able to inhibit root growth, while RALF25, RALF35, and
RALF36 inhibited only root growth. These data show that
the majority of exogenously applied RALF peptides have the
ability to inhibit growth under the conditions tested.

The majority of growth-inhibitory AtRALF peptides
are FER-dependent
There are 17 CrRLK1L members in Arabidopsis playing mul-
tiple and diverse roles, including in cell growth, reproduc-
tion, and responses to the environment (Franck et al., 2018;
Blackburn et al., 2020). FER, the best characterized member
of the family, is expressed throughout the plant, and has al-
ready been shown to mediate recognition of RALF1,
RALF22, RALF23, and RALF33 in diverse physiological con-
texts (Haruta et al., 2014; Stegmann et al., 2017; Zhao et al.,
2018; Liu et al., 2021). As such, we performed seedling and
root growth inhibition assays in the knock-out mutant fer-4
in comparison with Col-0 (Figure 3). Surprisingly, fer-4 mu-
tant seedlings were insensitive to 16 out of 19 (84%) RALF
peptides that inhibited seedling growth in Col-0 (Figures 2,
A, 3, A). In the case of root growth inhibition, fer-4 mutant
seedlings were insensitive to 18 out of 22 (approximately
82%) RALF peptides that inhibited root length in Col-0
(Figures 2, B, 3, B). The FER-independent RALF peptides that
coincide between both assays are RALF28 and RALF34,
which have the same effect in Col-0 and in the mutant line
fer-4 (Figure 3). In comparison, RALF20 is still able to mildly
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inhibit seedling growth in fer-4 background, but its root
growth inhibitory effect depends on FER (Figure 3).
Interestingly, RALF32 and RALF33 are FER-dependent in the
seedling growth inhibition assay, but are still able to inhibit
root length in the mutant line fer-4 (Figure 3).

It has been previously shown that fer-4 is still able to re-
spond to RALF1 when applied at higher concentrations
(Campos et al., 2018). To test that the loss of responsiveness
that we observed for the majority of the RALF peptides in
fer-4 still occurs at higher concentrations, we repeated the
assay with RALF peptides that were active in Col-0 at 1 mM
and whose response was lost in the fer-4 mutant in seedling
growth inhibition assays (Figure 3, A), using 10 mM instead.
Although fer-4 seedlings show sensitivity to most of the
RALF tested at 10 mM, there was a significant reduction in
the activity of all RALF peptides tested when compared
with Col-0 (Supplemental Figure S4, A).

Altogether, our data indicate that FER is involved in the
perception and/or signaling pathway of the majority of the
RALF peptides tested in the context of seedling and root
growth inhibition. Additionally, it is known that RALF23 is
perceived by a heteromeric complex composed of LLG1 in
combination with FER (Xiao et al., 2019). The residues medi-
ating the interaction of RALF23 with LLG1 are conserved in
related RALF peptides belonging to subfamily 1, which sug-
gests that these peptides may also interact with LLG pro-
teins (Xiao et al., 2019). For this reason, we performed
seedling growth inhibition assays in the knock-out mutant
llg1-2 (Supplemental Figure S4, B). The majority of the pre-
dicted LLG1-dependent RALF peptides (indicated in bold)
showed a reduced activity in llg1-2 mutant seedlings
(Supplemental Figure S4, B). Nevertheless, some RALF pepti-
des with conserved LLG1-binding residues, such as RALF32,
did not show a significant reduction in fresh weight in llg1-2
(Supplemental Figure S4, B). Additionally, other RALF pepti-
des that are not predicted to bind LLG proteins also showed
a significant reduction in their activity when compared with
Col-0, such as RALF8, RALF9, RALF15, and RALF17, which
suggests that LLG1 also plays a role in their perception
(Supplemental Figure S4, B).

Alkalinization and growth inhibition properties
correspond in a FER-dependent manner
Another characteristic of RALF peptides is their ability to al-
kalinize the extracellular medium (Blackburn et al., 2020).
For instance, it was previously shown that eight out of nine
recombinant RALF peptides tested were able to alkalinize
the Arabidopsis cell suspension medium (Morato do Canto
et al., 2014). To test if the bioactivity we observed for the
majority of RALF peptides is transferable to other typical
physiological reactions induced by RALF peptides, we also
performed alkalinization assays. Six out of eight RALF pepti-
des tested were able to alkalinize the medium (Figure 4, A).
These data correspond with the RALF bioactivity shown in
the seedling and root growth inhibition assays in which
RALF1, RALF7, RALF16, and RALF23 had a strong growth

inhibition, RALF2 and RALF4 were inactive, and RALF32 and
RALF34 had a weaker growth inhibition. In order to assess
whether the alkalinization activity of the bioactive RALF
peptides was FER-dependent, we performed the assay com-
paring the alkalinization of the media of fer-4 and Col-0
seedlings. Indeed, the alkalinization activity of RALF1, RALF7,
RALF16, RALF23, or RALF32 was lost in fer-4 mutant seed-
lings, while the alkalinization activity of RALF34 seemed FER-
independent, in agreement with the seedling and root
growth inhibition data (Figures 3, 4, B). These results further
demonstrate the importance of FER in the perception/sig-
naling of these RALF peptides. Additionally, these findings
suggest that alkalinization and growth inhibition are coupled
characteristics of RALF peptides. Interestingly, media of fer-4
mutant seedlings was more alkaline than the media of Col-0
seedlings (Supplemental Figure S5).

The majority of predicted RALF peptides are able to
modulate elf18-induced ROS production
Several RALF peptides have been shown to modulate im-
mune responses (Stegmann et al., 2017). Notably, the pre-
dicted S1P-cleaved RALF peptides RALF23, RALF33, and
RALF34 inhibited elf18-induced ROS production (Stegmann
et al., 2017). In contrast, treatment with a RALF peptide
lacking a predicted S1P cleavage site, RALF17, induced ROS
production in an additive manner to elf18 and was sufficient
to induce resistance to bacterium Pseudomonas syringae pv
tomato DC3000 (Stegmann et al., 2017). In order to test
whether this observed dichotomy was applicable to the
whole family, we co-treated Arabidopsis leaf discs with elf18
and 34 different individual RALF peptides and measured
ROS production (Figure 5, A and Supplemental Figures S6,
S7). In addition to the previously mentioned RALF peptides
containing the predicted S1P-cleavage site, RALF1, RALF4,
RALF19, and RALF22 were also able to significantly reduce
elf18-induced ROS production (Figure 5, A and
Supplemental Figures S6, S7, A). On the other hand, the ma-
jority of non-cleaved RALF peptides could significantly in-
crease elf18-induced ROS production, as previously shown
for RALF17 (Figure 5, A and Supplemental Figures S6, S7, A).
We also investigated whether RALF peptides alone could be
sufficient to trigger ROS production (Supplemental Figures
S8, A, S9, S10, A). Several RALF peptides were able to induce
a significant ROS production (Supplemental Figures S8, A,
S9, S10, A) independent of the presence of a predicted S1P
cleavage site (Figure 1). In fact, the majority of the RALF
peptides that induced ROS production were also able to in-
crease elf18-induced ROS production, with the exception of
RALF14, RALF18, and RALF22, which did not increase elf18-
induced ROS production (Figure 5, A).

It was previously shown that the RALF23- and RALF17-
induced modulation of elf18-triggered ROS production was
FER-dependent (Stegmann et al., 2017). In order to test for
FER dependence, we repeated the assays for those RALF
peptides that induced ROS by themselves or had an effect
on elf18-induced ROS production using Col-0 and fer-4
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Figure 3 FER dependency of AtRALF peptides in inducing growth inhibition. A, Fresh weight of 12-d-old seedlings grown in the presence of 1 mM
RALF peptides relative to mock treatment. B, Primary root length of 8-d-old seedlings grown in the presence of 2 mM RALF peptides relative to
mock treatment. Mock-treated primary root length of Col-0 (white) and fer-4 (grey) correspond to 100% on the y-axis. A and B, Data from three
independent repetitions are shown (colors indicate different replicates). Upper and lower whiskers represent 1.5 times and �1.5 times interquar-
tile range; upper and lower hinges represent 25% and 75% quartiles; and middle represents median or 50% quartile. Asterisks indicate significance
levels of a two-tailed t test comparing each treatment in fer-4 to the corresponding in Col-0: ns (P-value >0.05), *(P-value � 0.05), **(P-value �
0.01), ***(P-value � 0.001), and ****(P-value � 0.0001).
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plants. The effect of approximately half of the RALF peptides
that modulated elf18-induced ROS responses was signifi-
cantly reduced in fer-4 plants (Figure 5, B and Supplemental
Figures S7, B, S11). The effect of other RALF peptides such
as RALF7, RALF10, or RALF16, although not significant,
appeared reduced in fer-4 mutant plants (Figure 5, B and
Supplemental Figures S7, B, S11). Additionally, fer-4 mutant
plants were insensitive to treatment with the majority of
RALF peptides that induced ROS responses in Col-0 on their
own (Supplemental Figures S6, B, S10, B, S12). These data il-
lustrate the putative function of some of the RALF peptides
as modulators of immunity and corroborate the importance
of FER in the signaling pathway of the majority of AtRALF
peptides. Future genetic and biochemical investigations will
allow us to further understand to which extent these pepti-
des are involved in immunity in Arabidopsis and how this is
mechanistically orchestrated.

Discussion and conclusions
Several studies on the RALF peptide family in different plant
species have generated extensive knowledge about their
roles and functions (Blackburn et al., 2020). Yet, even in the
model plant Arabidopsis, there is no consensus about the
exact AtRALF family composition (Olsen et al., 2002; Cao
and Shi, 2012; Morato do Canto et al., 2014; Sharma et al.,
2016; Campbell and Turner, 2017). Here, we gathered infor-
mation from previous publications and databases to per-
form phylogenetic analyses of AtRALF isoforms and propose
a revised consensus annotation (Supplemental Table S1 and
Supplemental Figure S3). By focusing on the model plant
Arabidopsis, we wanted to provide a more accurate annota-
tion of the RALF peptide family rather than trying to pro-
vide evolutionary information on the family, as has been
previously done (Cao and Shi, 2012; Sharma et al., 2016;
Campbell and Turner, 2017). Based on previously identified
conserved motifs (Figure 1 and Supplemental Figure S1;
Pearce et al., 2001, 2010; Olsen et al., 2002; Matos et al.,
2008; Cao and Shi, 2012; Xiao et al., 2019; Moussu et al.,
2020), we conclude that AT2G32890 and AT4G14020 are
not genuine RALF peptides. AT2G32890 was probably mis-
annotated in the family due to its close proximity on
Chromosome 2 with the genuine RALF17 (AT2G32885). In
turn, AT4G14020 was probably annotated in the family as a
result of some degree of sequence similarity. It has been pre-
viously shown that tandem duplications played a dominant
role in the evolution of Arabidopsis RALF peptides (Cao and
Shi, 2012; Campbell and Turner, 2017). Specifically, RALF
peptides of the Brassicaceae family experienced a rapid ex-
pansion since the size of the genome does not correspond
with the number of RALF genes (Campbell and Turner,
2017). It is possible that some of the recently duplicated
genes have evolved under positive selection, causing changes
in the protein sequence, which could explain why some of
the proposed RALF peptides lack some of the otherwise
conserved motifs. Nevertheless, it has been shown that the

majority of RALF sequences have evolved under strong puri-
fying selection and that tandem duplication has played a
dominant role in the expansion of AtRALF peptides
(Campbell and Turner, 2017). For example, RALF11, RALF12,
and RALF13, which form the largest cluster of AtRALF pepti-
des together with RALF10, have identical mature amino acid
sequences, indicating that they maintain the same function
and that they might result from recent tandem duplication
events (Campbell and Turner, 2017). The RALF peptide fam-
ily has been divided into four major clades depending on
the variation of the mature, functional peptide sequence
(Campbell and Turner, 2017). Clade IV (which represents
around two-third of AtRALF dataset) was found to be the
more distinct clade due to substantial differences within the
peptide sequences. Notably, AT2G32890 and AT4G14020
were annotated as part of clade IV, consistent with their
lack of domain conservation. Nonetheless, there are other
RALF peptides, which, despite belonging to clade IV, are still
bioactive, as shown for RALF8, RALF9, or RALF15 (Figures 2,
3), or are inactive despite harboring conserved domains,
such as RALF2 or RALF13 (Figure 1).

Our results show that the majority of RALF peptides induce
inhibitory effects on seedling fresh weight and primary root
length when exogenously applied (Figure 2). This result is
consistent with a previous study that showed biological activ-
ity for nine recombinant RALF peptides (Morato do Canto et
al., 2014). Strikingly, despite being closely related and varying
only in seven amino acids, RALF19, but not RALF4, induced
growth inhibition (Figure 2). RALF19 and RALF4 were previ-
ously tested for alkalinization activity, which RALF19 possesses
but RALF4 does not (Morato do Canto et al., 2014). This indi-
cates that the growth inhibition activity is linked to the ability
of these peptides to increase the pH of the extracellular
space. Our results support this hypothesis since the growth
inhibition activity seems to correspond with the capacity to
alkalinize the medium (Figures 2, 4). In fact, treatment with
RALF1 suppresses cell elongation of the primary root by acti-
vating FER, which in turns causes the phosphorylation of the
plasma membrane Hþ-ADENOSINE TRIPHOSPHATASE 2
(AHA2), which inhibits proton transport (Haruta et al., 2014).
Whether this pathway is transferable to the rest of the family
remains elusive. Interestingly, it was shown that
BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED KINASE 1
(BAK1) and (CALMODULIN-LIKE 38) CML38 are required for
the growth inhibitory ability of RALF1 but not for the alkalini-
zation, which suggested an uncoupling of these two biological
activities (Dressano et al., 2017; Campos et al., 2018). It has
been suggested that BAK1-LIKE KINASE 1 (BKK1), a paralog
of BAK1, could replace BAK1 function only in the ion-flux re-
sponse but not in the root inhibition assay (Dressano et al.,
2017), but this requires further testing. Interestingly, we ob-
served that the bathing medium of fer-4 seedlings is more al-
kaline than the medium of Col-0 seedlings (Supplemental
Figure S5), which does not agree with previous data showing,
rather, that fer-4 seedlings acidify the medium faster than
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Col-0, according to the hypothesis that the Hþ-ATPase activ-
ity of AHA2 is constitutively up-regulated in fer-4 (Haruta et
al., 2014). Overall, future work using the whole family of RALF
peptides should determine the unclear and complex link be-
tween pH and growth.

Our results show that several RALF peptides have the abil-
ity to modulate elf18-induced ROS production, as shown be-
fore for the S1P-cleaved and non-cleaved peptides RALF23
and RALF17, respectively (Stegmann et al., 2017). It was pre-
viously hypothesized that predicted S1P-cleaved RALF pepti-
des would inhibit immune responses due to the negative
role of S1P in immunity (Stegmann et al., 2017), and, in
turn, that non-cleaved RALF peptides could play a positive
role in immunity by potentiating PAMP-induced responses.
Here, we show that this dichotomy is true for the majority
of the cases, although some exemptions exist, such as
RALF31 (a predicted S1P-cleaved RALF), which increases
elf18-induced ROS production, or RALF14 and 27 that do
not have any effect despite having the predicted S1P cleav-
age site (Figures 1, 5).

Overall, our data reveal that most of RALF peptides that
showed bioactivity in the seedling and root growth inhibi-
tion assays were also able to modulate elf18-induced ROS
production in a negative or positive way (Figure 6). In addi-
tion, several RALF peptides, which were inactive in seedling
and root growth inhibition assays, did not induce or modu-
late ROS production (Figure 6). This could be explained by
the fact that these peptides might not be fully folded in our
experiments—as we use synthetic peptides—and thus that
a higher concentration could be required, or that these
RALF peptides do not trigger any of the responses tested.
Another explanation could be that the perception of these
RALF peptides is confined to a specific tissue and/or cell
type. For example, RALF23 and RALF33 are able to induce
ROS production in the stigma papillae in a FER and ANJEA
(ANJ) dependent manner (Liu et al., 2021), while RALF23
and RALF33 did not induce ROS production in leaves of 4-
week-old plants (Supplemental Figure S8), contrasting activ-
ity in different tissues, which could be explained by different
heteromeric receptor complexes being involved. Still, both
RALF peptides suppressed elf18-induced ROS production in
a FER-dependent manner (Figure 5). This example illustrates
the functional complexity and specificity of the signaling of
these peptides.

FER is the best studied member of the CrRLK1L family
and has been shown to be involved in numerous physiologi-
cal processes (Franck et al., 2018; Blackburn et al., 2020). FER
was recently shown to recognize diverse RALF peptides,
such as RALF1, RALF22, RALF23, and RALF33 (Haruta et al.,
2014; Stegmann et al., 2017; Zhao et al., 2018; Xiao et al.,
2019; Liu et al., 2021). Here, we show that FER is required
for the inhibitory activity of the majority of RALF peptides
in the context of growth inhibition (Figure 3) and alkaliniza-
tion activity (Figure 4). Additionally, fer-4 seedlings were in-
sensitive to 8 out of 10 RALF peptides that induced ROS

production in Col-0 (Supplementary Figure S8, B). However,
approximately half of the RALF peptides that were able to
modulate elf18-induced ROS production did so in a FER-
dependent manner. As mentioned above, RALF peptides are
predicted to have distinct and specific expression patterns,
and only some of them are predicted to be expressed in
vegetative tissues (Cao and Shi, 2012). Therefore, future ge-
netic investigations guided by the expression patterns are re-
quired to decipher the role of some of the RALF peptides
as immunity modulators. FER is widely expressed through-
out the plant (Lindner et al., 2012). As our assays rely on
the exogenous treatment with synthetic RALF peptides,
our results do not necessarily imply that FER is the pri-
mary receptor for the corresponding endogenous RALF
peptides. Nevertheless, it is interesting to notice that not
all RALF peptides that inhibit growth or modulate elf18-
induced ROS production are FER dependent. Additionally,
some RALF peptides, such as RALF32 and RALF33, are FER
dependent for seedling growth inhibition and modulation
of ROS production (in the case of RALF33), but are still
able to inhibit root growth in fer-4 (Figures 3, 5). This sug-
gests that these RALF peptides might be perceived by dif-
ferent heteromeric receptor complexes in the root and in
the shoot. Notably, different CrRLK1Ls have recently been
shown to work together as part of hetero-multimeric pro-
tein complexes to mediate RALF perception or control
RALF-regulated processes. For example, RALF4 and 19 are
proposed to be perceived by a complex involving ANX1/2
and BUPS1/2 to control pollen tube growth and cell wall
integrity maintenance (Ge et al., 2017), while FER, ANJ,
and HERCULES RECEPTOR KINASE 1 (HERK1) regulate
pollen tube reception (Escobar-Restrepo et al., 2007;
Galindo-Trigo et al., 2020). More recently, FER and ANJ
have been shown to perceive RALF33 in the context of
pollen hydration regulation (Liu et al., 2021). Likewise,
while THE1 is the receptor for RALF34, fer-4 is also insen-
sitive to RALF34 treatment (Gonneau et al., 2018), sug-
gesting that THE1 and FER might form a heteromeric
complex to control responsiveness to cellulose biosynthe-
sis inhibition. In our experiments, however, RALF34-
induced growth inhibition was similar in Col-0 and fer-4
(Figure 3). This suggests that, while THE1 is the primary
RALF34 receptor, it might form distinct heteromeric com-
plexes with different CrRLK1L-family members depending
on the context. Interestingly, Ca2þ influx and Hþ efflux
signatures induced by RALF36 were shown to be FER-
independent (Gjetting et al., 2020). However, the kinetics
of both Ca2þ and Hþ signals in fer-4 upon treatment with
RALF36 were altered, indicating that FER might still play a
role in these responses despite not being the main recep-
tor (Gjetting et al., 2020). In contrast, RALF36 effect in
root growth inhibition is FER-dependent (Figure 3, B),
which also suggests that this RALF peptide is perceived by
different receptor complexes depending on the tissue
considered. These results illustrate the complexity of
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Figure 5 Effect of predicted AtRALF peptides on ROS production in Col-0 and fer-4. A, ROS production in Col-0 leaf discs co-treated with 100 nM
elf18 and 1 mM RALF peptides. In blue, box-plots of predicted S1P-cleaved RALF peptides and in pink, box plots of non-cleaved RALF peptides.
Asterisks indicate significance levels of a one-way ANOVA followed by a Dunnet’s test comparing each treatment to elf18. B, ROS production in
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RALF peptides perception/signaling and the limitation of
whole-organism or even tissue-specific assays to elucidate
the signaling pathways involved.

In summary, our results provide the basis for the future
identification of RALF-CrRLK1L ligand–receptor pairs. It will,
however, be essential to determine overlapping expression
patterns of different PRORALF and CrRLK1L genes across dif-
ferent organs, tissues, and cell types, and during different de-
velopmental stages using either transcriptional reporters
(Gonneau et al., 2018) or capitalizing on recent quantitative
proteomics studies of the Arabidopsis proteome (Zhang et
al., 2019; Bassal et al., 2020; Mergner et al., 2020). These
approaches will guide downstream biochemical/biophysical
characterizations of ligand–receptor binding and potential
heteromeric CrRLK1L complexes, as well as the genetic char-
acterization of PRORALF and CrRLK1L genes, which other-
wise can suffer from functional redundancy and pleiotropic
issues. For example, recently developed approaches, such as
cell-specific CRISPR/Cas9-mediated genome editing, could be
used to generate higher-order receptor and ligand mutants
(Decaestecker et al., 2019; Wang et al., 2020). Together, these
integrated approaches will be needed to decipher the com-
plex signaling network that RALF peptides and their corre-
sponding receptors weave in their native contexts.

Materials and methods

Plant growth and conditions
Arabidopsis thaliana seeds were surface-sterilized using 70%
(v/v) and 100% ethanol for 20 min and grown on 0.5

Murashige and Skoog (MS) media with 1% (w/v) sucrose,
adjusted to pH 5.8 using KOH, with or without 0.9% (w/v)
agar at 20 �C and a 16-h photoperiod. The fer-4 and llg1-2
seeds were kindly provided by Alice Cheung (University of
Massachusetts Amherst).

Peptides
RALF peptides were synthesized (Supplemental Table S2) by
SciLight Biotechnology LLC (www.scilight-peptide.com) with
a purity of >85%. All peptides were dissolved in sterile pure
water for usage and stored at �20 �C at a concentration of
1 mM.

Phylogenetic analysis
Multiple sequence alignments of the full-length or mature
peptide sequences were created using the MUSCLE algo-
rithm with the MEGA X software (Kumar et al., 2018).
Sequence alignment was colored according to sequence
conservation and amino acid type using the software
Jalview. Phylogenetic rooted trees were constructed with the
MEGA X software by using the UPGMA algorithm with the
default parameters. Bootstrapping was performed 1000
times. The inferred trees were visualized using iTOL (https://
itol.embl.de/; Letunic and Bork, 2019).

Seedling growth inhibition assay
Seeds were surface-sterilized and grown on MS agar plates
for 5 d before transferring individual seedlings in each well
of a 48-well plate containing 500 mL per well of MS medium
containing 1 mM RALF, 10 mM RALF, or 5 nM elf18 as con-
trol. Seedling weight was measured 7 d later. Control seed-
lings were grown under identical conditions in a peptide-
free medium. Twelve seedlings for each treatment were
measured. The experiments were repeated three times using
independent biological replicates.

Root growth inhibition assay
Seeds were surface-sterilized and vertically grown on MS
agar plates for 5 d before transferring six seedlings to each
well of a 12-well plate containing 4 mL per well of MS me-
dium containing 2 mM RALF; 10 nM AtPep1 as control.
Seedlings were transferred 3 d later to solid MS plates.
Control seedlings were grown under identical conditions in
a peptide-free medium. Primary root length was measured
by scanning the plates and quantified using the software Fiji
(https://imagej.net/Fiji; Schindelin et al., 2012). Roots from
approximately six seedlings per treatment and genotype
were measured. Experiments were repeated three times us-
ing independent biological replicates.

Alkalinization assay
Seeds were surface-sterilized and vertically grown on MS
agar plates for 7 d before transferring one seedling to each
well of a 48-well plate containing 500 mL per well of MS me-
dium with 1 mM RALF. Control seedlings were placed under
identical conditions in a peptide-free medium. pH was mea-
sured after 4 h using an In Lab Micro & Micro Pro pH
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Figure 6 Graphical summary of AtRALF peptides activities in Col-0.
Phylogenetic rooted tree of the AtRALF peptides. RALFs highlighted in blue
indicate those predicted to be cleaved by the protease S1P. Each circular
layer represents one assay. Colored boxes indicate effect of RALF peptides.
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electrode (Mettler-Toledo). The media pH of 12 seedlings
for each treatment and genotype was recorded. Experiments
were repeated three times using independent biological
replicates.

ROS production assay
Eight leaf discs (4-mm diameter) per individual treatment
were collected in 96-well plates containing sterile water.
After collection, leaf discs were incubated overnight. The
next day, the water was replaced by 75 mL 2 mM MES-KOH
pH 5.8 to mimic the apoplastic pH. Leaf discs were incu-
bated for 4 h before adding 75 mL 40 lg/mL horseradish
peroxidase (HRP), 1 lM L-O12 (Wako Chemicals, Germany),
200 nM elf18, and 2 mM RALF peptide (final concentration
20 lg/mL HRP, 0.5 lM L-O12, 100 nM elf18, and 1 mM
RALF). The velocity (vmax), as shown in Supplemental
Figures S7, S10, was calculated as the slope of the ROS
curves (shown in Supplemental Figures S6, S9, S11): differ-
ence between the maximum and the minimum photon
counts divided by the time difference at the maximal and
minimal photon counts.

Statistical analysis
Statistical analysis was performed applying one-way ANOVA
followed by Dunnet’s test or non-parametric Kruskal–Wallis
multiple comparison test, comparing every treatment to its
respective mock control using Prism 8.0 (GraphPad
Software). Similar significance levels were obtained when
transforming the data to normal distribution and perform-
ing a two-way ANOVA test followed by Dunnett’s post hoc
test using the software R. Two-tailed t tests were performed
to assess the significant differences between Col-0 and fer-4
in growth inhibition and alkalinization experiments, using
Prism 8.0 (GraphPad Software).

Accession numbers
Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers pro-
vided in Supplemental Table S3.

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. YISY motif and conserved cyste-
ine residues are important for AtRALF bioactivity.

Supplemental Figure S2. Fresh weight of 12-d-old seed-
ings grown in the absence (mock) or presence of 10 mM
AT2G32890 peptide (n¼ 8).

Supplemental Figure S3. Phylogenetic relationship of our
proposed revised consensus list of AtRALF.

Supplemental Figure S4. FER dependency of AtRALF
peptides in inducing seedling growth inhibition at 10 mM.

Supplemental Figure S5. fer-4 bathing medium is more
alkaline than Col-0 medium.

Supplemental Figure S6. Effect of AtRALF peptides on
elf18-induced ROS production.

Supplemental Figure S7. Effect of AtRALF peptides on
ROS production.

Supplemental Figure S8. Effect of AtRALF peptides on
ROS production in Col-0 and fer-4.

Supplemental Figure S9. Effect of AtRALF peptides on
ROS production.

Supplemental Figure S10. Effect of predicted AtRALF
peptides on ROS production in Col-0 and fer-4.

Supplemental Figure S11. FER dependency of AtRALF
peptide effects on elf18-induced ROS production.

Supplemental Figure S12. FER dependency of AtRALF
peptide effects on ROS production.

Supplemental Table S1. Re-annotation of AtRALFs.
Supplemental Table S2. Sequences of AtRALF peptides

synthesized.
Supplemental Table S3. Accession numbers of the pro-

teins used in this study.
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