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Introduction

Cell-cell communication is crucial for normal plant 
growth and development. Higher plants, like other mul-
ticellular organisms, are often developed from one single 
cell, a fertilized egg, which gradually develops into a so-
phisticated and well-organized individual with all neces-
sary tissues and organs. These developmental processes 
require constant intercellular communications. Plant cells 

can synthesize various peptide hormones as signaling 
molecules. These peptides can be delivered to apoplast 
mainly for short-distance communications in a non-cell 
autonomous manner [1]. There are two major classes of 
secreted peptide signals, including small peptides with 
5-20 amino acids and cysteine-rich peptides with ~50 
amino acids [2]. The peptides of the former class are of-
ten proteolytically processed from their larger precursor 
proteins, pre-proproteins, and usually require posttrans-
lational modifications such as glycosylation, proline hy-
droxylation, and tyrosine sulfation [1]. A pre-proprotein 
often contains a hydrophobic signal sequence at its N-ter-
minus, leading the precursor to the secretory system. The 
maturation of a peptide hormone typically requires sever-
al steps. A pre-proprotein is cleaved by a peptidase in the 

RGF1, a secreted peptide hormone, plays key roles in root meristem development in Arabidopsis. Previous studies 
indicated that a functional RGF1 needs to be sulfated at a tyrosine residue by a tyrosylprotein sulfotransferase and 
that RGF1 regulates the root meristem activity mainly via two downstream transcription factors, PLETHORA 1 
(PLT1) and PLT2. How extracellular RGF1 is perceived by a plant cell, however, is unclear. Using genetic approach-
es, we discovered a clade of leucine-rich repeat receptor-like kinases, designated as RGF1 INSENSITIVE 1 (RGI1) to 
RGI5, serving as receptors of RGF1. Two independent rgi1 rgi2 rgi3 rgi4 rgi5 quintuple mutants display a consistent 
short primary root phenotype with a small size of meristem. An rgi1 rgi2 rgi3 rgi4 quadruple mutant shows a sig-
nificantly reduced sensitivity to RGF1, and the quintuple mutant is completely insensitive to RGF1. The expression 
of PLT1 and PLT2 is almost undetectable in the quintuple mutant. Ectopic expression of PLT2 driven by an RGI2 
promoter in the quintuple mutant greatly rescued its root meristem defects. One of the RGIs, RGI1, was subsequent-
ly analyzed biochemically in detail. In vitro dot blotting and pull-down analyses indicated that RGI1 can physically 
interact with RGF1. Exogenous application of RGF1 can quickly and simultaneously induce the phosphorylation and 
ubiquitination of RGI1, indicating that RGI1 can perceive and transduce the RGF1 peptide signal. Yet, the activated 
RGI1 is likely turned over rapidly. These results demonstrate that RGIs, acting as the receptors of RGF1, play essen-
tial roles in RGF1-PLT-mediated root meristem development in Arabidopsis thaliana.
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endoplasmic reticulum to remove the N-terminal peptide 
sequence and subsequently forms a proprotein, which is 
then modified and packaged into membrane-bound secre-
tory vesicles [3]. Specific endoproteases can then cleave 
the proprotein to form an active peptide hormone, which 
is secreted into apoplast and perceived by cell surface 
receptors such as leucine-rich repeat (LRR) receptor-like 
kinases (RLKs; LRR-RLKs) [4-6].

In the past two decades, an increasing amount of pep-
tide hormones have been identified in plants. They play 
significant roles in regulating many different aspects of 
plant growth and development, as well as defense re-
sponses against biotic and abiotic stresses [1]. Among 
them, CLAVATA3 (CLV3)/endosperm surrounding re-
gion (ESR) (CLE) and CLE-like (CLEL), two related 
but clearly distinct groups of peptide hormones, have re-
ceived more attention than any other peptide hormones. 
There are 32 CLE genes in the Arabidopsis genome 
[7]. Promoter activity analyses indicated that almost all 
tissues show the expression of some of the CLE genes, 
suggesting their broad biological functions [8]. All CLE 
peptides are cleaved from larger CLE precursor proteins. 
A typical CLE precursor protein contains two major 
domains, an N-terminal signal peptide sequence for di-
recting the protein to the secretory pathway and a C-ter-
minal CLE domain containing about 13-14 amino acids 
[7, 9, 10]. Biological functions of several CLE peptides 
have been revealed. For example, CLV3 and CLE40 are 
responsible for shoot and root apical meristem mainte-
nance, respectively [9, 11, 12]. CLV3 is perceived by 
three different receptors or putative receptors, CLAVA-
TA1 (CLV1), CLAVATA 2 (CLV2)-CORYNE (CRN), 
and RPK2/TOAD2, to limit stem cell size by restricting 
the expression of a homeodomain transcription factor, 
WUSCHEL (WUS), via a negative feedback loop [13-18]. 
On the other hand, CLE40 is perceived by its putative 
receptor complex containing two different RLKs, ARA-
BIDOPSIS CRIKLY4 (ACR4) and CLV1, to inhibit the 
expression of a root version of homeodomain transcrip-
tion factor, WOX5 [19, 20]. TRACHEARY ELEMENT 
DIFFERENTIATION INHIBITORY FACTOR (TDIF)/
CLE41/CLE44 peptide regulates vascular development 
in Arabidopsis. TDIF peptide derived from CLE41 or 
CLE44 is perceived by PHLOEM INTERCALATED 
WITH XYLEM (PXY), an LRR-RLK [21-24].

A group of Arabidopsis CLE-related peptides were 
identified via different searching strategies. These pep-
tides are expressed in the root meristem region and are 
responsible for root meristem maintenance. This family 
of peptides was initially designated as ROOT MERI-
STEM GROWTH FACTORS (RGFs) [25]. The same 
family of peptides was also named CLEL because of the 

CLEL motifs at their C-termini [26], or GOLVEN (GLV) 
as transgenic plants overexpressing RGF precursor 
genes showed wavy root phenotypes on slanted plates, 
suggesting their roles in regulating plant gravitropic re-
sponses [27]. RGF/CLEL/GLV peptide family contains 
11 members [28]. For simplicity, we use RGFs hereafter. 
Like CLE precursor proteins, RGF precursors also con-
tain two major domains, an N-terminal signal peptide 
sequence and a C-terminal RGF peptide domain [26]. 
The active peptides contain about 13 amino acids with an 
Asp-Tyr signature critical for tyrosine sulfation, which is 
required for the activity of RGFs [25]. There is only one 
gene encoding tyrosylprotein sulfotransferase (TPST) in 
Arabidopsis genome [29]. tpst-1 mutant shows a short 
root phenotype with significantly reduced meristematic 
activity [25, 30]. The reduced meristem size of tpst-1 
mutant can be partially rescued by exogenous application 
of synthetic sulfated RGF1 [25]. In fact, in the presence 
of sulfated RGF1 together with two other sulfated pep-
tides, PSK and PSY1, the root growth defects of tpst-1 
mutant can be fully recovered [25]. It was reported that 
auxin can induce the expression of TPST [30]. RGF1 can 
be activated by TPST and the activated RGF1 can sta-
bilize two AP1 domain-containing transcription factors, 
PLATHOLA 1 (PLT1) and PLT2, or induce the expres-
sion of their corresponding genes [25]. A main gap in 
this signaling cascade is unidentified receptor/receptors 
of RGF1. 

RLKs play key roles in regulating plant growth and 
development as well as adaptations to numerous biot-
ic and abiotic stresses. There are ~223 LRR-RLKs in 
Arabidopsis [31]. Only about 60 LRR-RLKs have been 
functionally reported up-to-date [32]. A vast majority of 
LRR-RLKs still need to be functionally characterized. 
Our laboratory is interested in revealing the biological 
functions of these undefined LRR-RLKs. Our previous 
genetic analyses indicated that BAK1 and its paralogs 
are involved in regulating brassinosteroid (BR)-indepen-
dent root growth and development, as serk1 serk2 bak1 
and serk1 bak1 bkk1 triple null mutants show intensively 
shorter roots compared with BR-deficient or BR signal-
ing-impaired mutants [33, 34]. We proposed that BAK1 
and its paralogs may serve as a co-receptor and pair with 
another LRR-RLK to regulate root growth and devel-
opment, similar to its role in BRI1- or FLS2-mediated 
signaling pathway [35-43]. Using a yeast two-hybrid 
approach, we identified dozens of LRR-RLKs which 
can physically interact with BAK1. Among them are 
5 closely related LRR-RLKs in the LRR XI subfamily 
(data not shown). We therefore used a reverse genetic 
approach to test whether they regulate root develop-
ment. We generated two sets of independent quintuple 
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Figure 1 Quintuple mutants of five closely related LRR-RLKs, 
RGI1 to RGI5, show extremely short root and small meristem. (A) 
A phylogenetic tree of RGI1 to RGI5 based on kinase domain 
amino acid sequences of the five LRR-RLKs. SOBIR1 was used 
as an outgroup control. (B) Two independent sets of T-DNA in-
sertion lines were used to generate two independent quintuple 
mutants. The allele names marked in red were used to generate 
the first quintuple mutant and the allele names marked in blue 
were used to generate the second independent quintuple mu-
tant. (C) Two independent quintuple mutants and their crossed 
F1 heterozygous seedlings all show extremely short root phe-
notypes. To simplify, the first set of quintuple mutant was also 
named rgi1,2,3,4,5. The seedlings were photographed 5 days 
after germination. Scale bar, 5 mm. (D) Measurements of the 
roots of Col-0 and two independent quintuple mutants shown in 
C. Data shown are mean ± SD (n > 40). Student’s t-tests were 
performed based on their differences with the wild-type control 
(***P < 0.001). (E) PI-stained root tips of Col-0 and two indepen-
dent quintuple mutants. Scale bar, 50 μm. (F) Numbers of mer-
istematic cortex cells of Col-0 and two independent quintuple 
mutants. Data shown are mean ± SD (n > 15). Student’s t-tests 
were performed based on their differences with the wild-type 
control (***P < 0.001).

mutants. Phenotypic analyses revealed that they exhib-
ited an extremely short root phenotype, with only a few 
meristematic cortex cells. Unlike the tpst-1 mutant, the 
quintuple mutant is completely insensitive to exogenous-
ly applied synthetic sulfated RGF1. These five LRR-
RLKs were then named RGF1 INSENSITIVEs (RGIs). 
Detailed analyses using one of the RGIs, RGI1, indicated 
that RGF1 can physically interact with the extracellular 
domain of RGI1. Treatment of transgenic plants harbor-
ing 35S::RGI1-FLAG with synthetic sulfated RGF1 for 
30 min can significantly induce the phosphorylation and 
ubiquitination of RGI1-FLAG. Our data clearly indicate 
that RGIs play redundant roles in controlling root meri-
stem development. At least one of the RGIs, RGI1, has 
been demonstrated, both genetically and biochemically, 
as the receptor of RGF1. 

Results

Knockout of five LRR-RLKs from the LRR XI subfamily 
in a single plant resulted in an extremely short root phe-
notype

Our previous analysis indicated that BAK1 and its 
paralogs are involved in root growth and development, 
which is independent of the BR signaling pathway [34]. 
BAK1 was identified as a common co-receptor in a 
number of RLK-mediated signaling pathways [35-43]. 
We therefore hypothesized that BAK1 may pair with 
another ligand-interacting LRR-RLK to regulate root 
development [34]. To identify this putative LRR-RLK 
which can physically interact with BAK1, we carried out 
yeast two-hybrid analysis to test the interaction of BAK1 
with all other 161 LRR-RLKs, whose cDNAs were 
cloned previously [44]. Using BAK1 as bait, we totally 
identified 83 LRR-RLKs which can interact with BAK1 
in an mbSUS yeast two-hybrid system [45]. Interesting-
ly, a clade of 5 LRR-RLKs in the LRR XI subfamily, 
At3G24240, At5G48940, At4G26540, At5G56040, and 
At1G34110, all show some degree of interaction with 
BAK1 (data not shown). Therefore, we decided to study 
the biological functions of these 5 LRR-RLKs, which 
were later named RGI1 to RGI5 (Figure 1A) because our 
genetic analyses indicated that the quintuple mutant of 
these 5 LRR-RLKs is completely insensitive to RGF1. 
Hereafter, we use RGI1 to RGI5 to refer to these 5 LRR-
RLKs. 

Gene structure analyses showed that all five RGI ge-
nomic sequences contain only one intron close to their 3ʹ 
stop codons. Their coding regions encode proteins with 
1 141, 1 135, 1 091, 1 090, and 1 072 amino acids. The 
variable amino acid sequences among 5 RGIs mainly 
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locate at their N-terminal signal peptides and their C-ter-
minal tails. These five RGIs are highly conserved at the 
amino acid level. For example, RGI1 share 63%, 49%, 
49%, and 47% amino acid identity and 77%, 68%, 68%, 
and 64% amino acid similarity with RGI2, RGI3, RGI4, 
and RGI5, respectively. Domain identification analyses 
using the SMART software in combination with manual 
counting revealed that all five RGIs contain 25 LRRs 
within their extracellular domains. 

To understand biological roles of these RGIs, we first 
checked their expression patterns and found that all five 
genes are expressed in roots, four of which can be de-
tected in the root tips, with the exception of RGI3 (Sup-
plementary information, Figure S1A) [32]. We isolated 
two independent sets of T-DNA insertion lines for each 
of these 5 RGIs (Figure 1B). RT-PCR analyses confirmed 
that all of them cannot express full-length cDNAs (Sup-
plementary information, Figure S1B). None of the single 
mutant showed any significant defective phenotypes 
compared with the wild-type plant. We therefore gener-
ated two independent series of double, triple, quadruple, 
and quintuple mutants. Morphological analyses indicated 
that the defective phenotypes are mainly observed in 
the root but not significantly in the aerial parts (Supple-
mentary information, Figure S1C-S1E), with quintuple 
mutant showing the most severe root developmental de-
fects (Figure 1C and 1D), which is consistent with their 
expression profiles (Supplementary information, Figure 
S1A) [32]. Two independent quintuple mutants, rgi1-
1 rgi2-1 rgi3-1 rgi4-1 rgi5-1 and rgi1-2 rgi2-2 rgi3-2 
rgi4-2 rgi5-2, showed almost identical short root pheno-
types, which are only about 20% the length of wild-type 
plant, Col-0 (Figure 1C and 1D). Interestingly, F1 plants 
generated by crossing these two quintuple mutants also 
showed a similar short root phenotype, further confirm-
ing that the root defects were caused by the disruption of 
the 5 RGIs (Figure 1C and 1D). Confocal microscopic 
analyses of propidium iodide (PI)-stained root tips also 
showed that the meristem size is greatly reduced in the 
quintuple mutants compared with wild-type seedlings 
(Figure 1E and 1F). Five days after germination, wild-
type seedlings contain about 25 meristematic cortex cells 
but the number for quintuple mutants is only 4-5 (Figure 
1F). Because two quintuple mutants showed almost iden-
tical phenotypes, all our later experiments were carried 
out by using the first quintuple mutant, rgi1-1 rgi2-1 
rgi3-1 rgi4-1 rgi5-1, or simplified as rgi1,2,3,4,5. Next 
we performed the complementation experiments in the 
quintuple mutant. Expression of RGI2 (driven by its own 
promoter), one of the most abundantly expressed RGIs 
in the root meristem zone, can greatly reverse the short 
root and small meristem phenotype (Figure 2A-2D and 

Figure 2 The short root phenotype of the quintuple mutant can 
be rescued via the expression of RGI2 driven by its native pro-
moter. (A) The root phenotypes of Col-0, rgi1,2,3,4,5 quintuple 
mutant, and two independent transgenic lines of the quintuple 
mutant with expression of RGI2 grown on a 1/2 MS medium. 
The seedlings were photographed 6 days after germination. 
Scale bar, 5 mm. (B) Measurement of the roots of Col-0, quintu-
ple mutant, and two independent lines shown in A. Data shown 
are mean ± SD (n > 30). Student’s t-tests were performed 
based on the differences of each of the two independent lines 
with the quintuple mutant (***P < 0.001). (C) PI-stained root tips 
of Col-0, quintuple mutant, and two independent lines shown in A. 
Roots from seedlings 4 days after germination were used for the 
staining. White arrow heads mark the junction of meristem and 
elongation zones. Scale bar, 50 µm. (D) Meristematic cortex cell 
numbers of Col-0, quintuple mutant, and two independent lines 
shown in A. Data shown are mean ± SD (n > 15). Student’s 
t-tests were performed based on the differences of each of the 
two transgenic lines with the quintuple mutant (***P < 0.001).

Supplementary information, Figure S2). These genetic 
data suggest the critical roles of 5 RGIs in regulating root 
meristem maintenance.

Expression levels of PLT1 and PLT2 were greatly down-
regulated in the quintuple mutant

There are several parallel signaling pathways involved 
in root stem cell niche maintenance, such as SHR-SCR 
[46-50], CLE40-ACR4/CLV1-WOX5 [19, 20], and 
RGF1-PLT pathways [25, 30, 51, 52]. To examine which 
pathway was mainly affected in the quintuple mutant, 
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we crossed pSHR::NLS-YFP, pSCR::NLS-YFP, pWOX-
5::NLS-YFP, pPLT1::CFP, pPLT2::CFP, pPLT1::PLT1-
YFP, and pPLT2::PLT2-YFP transgenic plants with Col-
0 and the quintuple mutant. Using the same individual 
transgenic line to cross with wild-type plant and the 
quintuple mutant, positional effect can be controlled. The 
expression levels of the marker genes in Col-0 were then 
compared with those in the quintuple mutant.

The expression levels and patterns of both SHR and 
SCR are not significantly altered in the quintuple mutant 
compared with the wild-type plant (Supplementary infor-
mation, Figure S3A and S3B), which is consistent with 
root cross section results, showing that there are no ob-
vious cell differentiation defects in the quintuple mutant 
(Supplementary information, Figure S1C). The expres-
sion domain of WOX5 in the quintuple mutant, however, 
is greatly expanded (Supplementary information, Figure 
S3C), suggesting that there are more quiescent center 
(QC) cells in the quintuple mutant than wild-type plant. 
In addition, the promoter activities of PLT1 and PLT2 
are significantly downregulated in the quintuple mutant 
(Figure 3A-3D). Protein expression of PLT1-YFP and 
PLT2-YFP is almost undetectable in the quintuple mu-
tant (Figure 3E-3H). Further genetic assay indicated that 
WOX5 expression domain expansion is not the cause of 
the short root phenotype, as rgi1,2,3,4,5 wox5 sextuple 
mutant showed more severe but not suppressed pheno-
type (Supplementary information, Figure S3D). On the 
other hand, ectopic expression of PLT2 driven by the 
RGI2 promoter can completely reverse the meristem size 
defect in the rgi1,2,3,4 quadruple mutant and can greatly 
suppress that in the quintuple mutant (Figure 4A-4D). 
These results demonstrate that the RGF1-PLT pathway is 
blocked in the quintuple mutant, which is most likely the 
main cause of the largely reduced meristem size pheno-
type.

To further confirm that RGIs are the key components 
in the RGF1-PLT pathway, we compared the root phe-
notypes of rgi1,2,3,4,5 with tpst-1 and plt1-4 plt2-2. All 
these mutants showed very similar short root phenotype 
(Supplementary information, Figure S4A and S4B). Mi-
croscopic analyses revealed that all these mutants exhib-
ited significantly reduced meristem size (Supplementary 
information, Figure S4C and S4D). We also generated 
rgi1,2,3,4,5 tpst-1 sextuple mutant and found that it did 
not show more severe root defective phenotype (Supple-
mentary information, Figure S4E and S4F). These genet-
ic data support that RGIs, like TPST, mainly regulate the 
RGF1-PLT pathway. 

The quintuple mutant is insensitive to exogenously ap-
plied synthetic sulfated RGF1

Figure 3 The expression levels of PLT1 and PLT2 are signifi-
cantly downregulated in the quintuple mutant compared with the 
wild-type plant. (A-H) Representative roots showing the expres-
sion of pPLT1::CFP (A, B), pPLT2::CFP (C, D), pPLT1::PLT1-
YFP (E, F) and pPLT2::PLT2-YFP (G, H) in Col-0 and the quin-
tuple mutant. Roots are from seedlings 4 days after germination. 
Scale bar, 50 μm.

The major missing component in the RGF1-PLT 
pathway is the receptor of the peptide RGF1. Based on 
the aforementioned genetic results and the biochemical 
property of RGIs, we hypothesized that RGIs are the 
receptors of RGF1. To test this hypothesis, we treated 
both Col-0 and the rgi1,2,3,4 quadruple mutant with 
synthesized sulfated RGF1. Consistent with previous 
reports, wild-type seedlings showed altered gravitropism 
response, reduced lateral root formation, and dramati-
cally increased number of meristem cortex cells after the 
treatment [25-27, 53]. The quadruple mutant, on the oth-
er hand, showed no gravitropism alteration, unchanged 
lateral root formation, and subtly increased number of 
meristem cortex cells (Figure 5A-5D). When rgi1,2,3,4,5 
was treated with RGF1, the number of meristem cortex 
cells showed no alteration, suggesting that the quintuple 
mutant is completely insensitive to RGF1 (Figure 5E and 
5F). Consistently, qRT-PCR analysis indicated that the 
expression levels of PLT1 and PLT2 can be upregulated 
in wild-type plant and tpst-1 mutant, but not in the quin-
tuple mutant, after the RGF1 treatment (Supplementary 
information, Figure S5A and S5B). In other words, the 
entire RGF1-PLT signaling pathway is blocked in the 
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quintuple mutant.

RGF1 interacts with RGI1 and induces its phosphoryla-
tion and ubiquitination

To further confirm that RGIs are the receptors of 
RGF1, we first demonstrated that RGI1 is indeed a plas-
ma membrane-localized RLK using 35S::RGI1-GFP 
transgenic plants (Supplementary information, Figure 
S6A). Lacking an antibody against RGF1, we synthe-
sized a sulfated FLAG-RGF1 and confirmed its biolog-
ical function via the meristem stimulation activity assay 
(Supplementary information, Figure S6B and S6C). We 
subsequently carried out dot blotting assays by immobi-
lizing MBP and MBP-RGI1ED (extracellular domain), 
purified from E. coli, on a piece of nitrocellulose mem-
brane, and used FLAG-RGF1 as a probe. Our result 

showed that MBP-RGI1ED, but not MBP, can associate 
with FLAG-RGF1 (Figure 6A). Pull-down analysis fur-
ther confirmed the interaction between MBP-RGI1ED 
and FLAG-RGF1 (Supplementary information, Figure 
S6D). 

RGI1CD (cytoplasmic domain (CD)) contains all 
11 subdomains that are conserved for serine/threonine 
kinases [54]. To test whether RGI1 has kinase activity, 
we cloned the intracellular cytoplasmic domain of RGI1 
and fused it with MBP. Western blotting analysis using 
an anti-phosphothreonine antibody showed that MBP-
RGI1CD has strong autophosphorylation activity. There 
are two lysine residues in the kinase subdomain II, K814 
and K815. Previous studies indicated that mutation of 
a conserved lysine residue in this subdomain of several 
LRR-RLKs, such as BAK1 and BRI1, can completely 
abolish their kinase autophosphorylation activities [35, 
54]. We therefore made two independent mutations, 
K814E and K815E. MBP-RGI1CD K815E showed 
normal autophosphorylation, similar to that of MBP-
RGI1CD. However, MBP-RGI1CD K814E completely 
lost autophosphorylation activity (Figure 6B), suggesting 
that K814 is the conserved residue critical for the kinase 
activity of RGI1. 

To examine whether RGI1 can transduce the RGF1 
signal from its extracellular domain to intracellular do-
main, we generated transgenic plants overexpressing 
RGI1-FLAG under the control of a constitutive CaMV 
35S promoter. Phosphorylation level of RGI1-FLAG was 
drastically increased after treatment with RGF1 for 30 
min in liquid culture, as determined by the western blot-
ting assay using anti-pThr antibody (Figure 6C). When 
an anti-FLAG antibody was used for analyzing loading 
control, two bands appeared after RGF1 treatment. To 
test whether the top band is a phosphorylated form of 
RGI1, we treated the sample with calf intestine phospha-
tase (CIP), a phosphatase with broad-spectrum activity. 
Unexpectedly, the top band moved only slightly down 
but not completely after CIP treatment, suggesting that 
there are other modifications besides phosphorylation 
(Figure 6D). We therefore tested whether the top band 
also contains ubiquitinated RGI1 by using a specific 
anti-ubiquitin antibody. Interestingly, upon RGF1 treat-
ment, RGI1 showed dramatically increased poly-ubiq-
uitination (Figure 6E). In addition, western blotting anal-
ysis indicated that RGF1 treatment can lead to the degra-
dation of RGI1 (Figure 6F). Taken together, these results 
clearly demonstrate that RGI1 is a bona fide receptor of 
RGF1, which not only can physically interact with RGF1 
but also can transduce an extracellular signal to intracel-
lular biochemical responses including phosphorylation 
and ubiquitination. 

Figure 4 Ectopic expression of PLT2 driven by the promoter 
of RGI2 completely rescues the meristem size of rgi1,2,3,4 
and partially rescues the meristem size of rgi1,2,3,4,5. (A, B) 
PI-stained root tips of Col-0, quadruple mutant, and two inde-
pendent transgenic lines and their measurements. White arrow 
heads indicate the junction between meristem and elongation 
zones. The roots are from seedlings 5 days after germination. 
Scale bar, 50 µm. Student’s t-tests were performed based on 
the differences between each of the two lines of transgenic 
seedlings and the quadruple mutant (***P < 0.001, n > 15). (C, 
D) PI-stained root tips of Col-0, quintuple mutant, and two inde-
pendent transgenic lines and their measurements. White arrow 
heads indicate the junction between meristem and elongation 
zones. The roots are from seedlings 4 days after germination. 
Scale bar, 50 µm. Student’s t-tests were performed based on 
the differences between each of the two lines of transgenic 
seedlings and the quintuple mutant (***P < 0.001, n > 15).
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Figure 5 rgi1,2,3,4 quadruple mutant shows reduced sensitivity to RGF1, and rgi1,2,3,4,5 quintuple mutant is completely insensitive 
to RGF1. (A) Phenotypes of Col-0 and the quadruple mutant growing on 1/2 MS medium without (up panel) and with 200 nM RGF1 
(bottom panel). Scale bar, 1 cm. (B) Measurements of lateral root numbers of Col-0 and the quadruple mutant in the presence or 
absence of 1 µM RGF1. Student’s t-tests were performed based on the differences between RGF1-treated and -untreated seedlings 
(***P < 0.001, ns represents no significant difference, n > 40). The measurements were carried out 10 days after germination. (C, 
D) Response of meristem size of Col-0 and the quadruple mutant to the treatment of 100 nM RGF1. The roots are from seedlings 
5 days after germination. Data shown in D represent the measurements from C. Scale bar in C, 50 µm. Student’s t-tests were per-
formed based on the differences between RGF1-treated and -untreated seedlings (***P < 0.001, **P < 0.01, n > 20). (E, F) Response 
of meristem size of Col-0 and the quintuple mutant to the treatment of 100 nM RGF1. The roots are from seedlings 5 days after ger-
mination. Data shown in F represent the measurements from E. Scale bar in E, 50 µm. Student’s t-tests were performed based on 
the differences between RGF1-treated and -untreated seedlings (***P < 0.001, ns represents no significant difference, n > 20).
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Discussion

Our genetic and biochemical analyses revealed that 
RGIs are key regulators in the RGF1-PLT signaling 
pathway, most likely as receptors of RGF1, to control 
root meristem development. First, two sets of indepen-
dent quintuple homozygous mutants and the F1 plants 
generated via crossing these two mutants showed almost 
identical root defective phenotypes (Figure 1C-1F). The 
root development defects in the quintuple mutant can 
be reversed by re-introduction of RGI2 (Figure 2A-2D). 

These data demonstrate that the root defective phenotype 
is caused by the disruption of 5 RGIs and unlikely by 
other unknown mutations. Second, our genetic analyses 
also corroborated that it is the block of the RGF1-PLT 
but not the SHR-SCR or CLE40-ACR4 pathway which 
caused the root defective phenotype observed in the 
quintuple mutants (Supplementary information, Figures 
S1C and S3A-S3D). In the quintuple mutant, the expres-
sion of PLT1 and PLT2 is almost undetectable (Figure 
3A-3H). Ectopic expression of PLT2 driven by an RGI2 
promoter in the quintuple mutant can greatly reverse the 

Figure 6 RGI1 interacts with RGF1, and RGF1 induces the phosphorylation and poly-ubiquitination of RGI1. (A) Dot blot-
ting assay showing that MBP-RGI1ED, but not MBP, can interact with FLAG-RGF1. Top panel shows Commassie blue-
stained 100 ng column-purified MBP and MBP-RGI1ED after SDS-PAGE. Bottom panel shows that immobilized 100 ng MBP-
RGI1ED but not MBP can interact with the FLAG-RGF1 probe. An anti-FLAG antibody was used for the immunoblotting 
assay. (B) E. coli-expressed MBP-RGI1CD showing strong autophosphorylation signal. Mutation of K814E but not K815E 
abolished its autophosphorylation. (C) A transgenic line harboring 35S::RGI1-FLAG shows induced phosphorylation of RGI1-
FLAG after the treatment of 20 µM RGF1 for 30 min in a 1/2 MS medium liquid culture. (D) The 35S::RGI1-FLAG transgenic 
line was treated with or without 20 µM RGF1 for 30 min. RGI1-FLAG was immunoprecipitated and treated with or without 
CIP. The proteins were then subjected to western blot analysis using anti-FLAG antibody. (E) RGF1 treatment can induce the 
poly-ubiquitination of RGI1. Top panel shows the immunoblotting result using an anti-ubiquitin antibody. Bottom panel is the 
immunoblotting result using an anti-FLAG antibody. (F) RGF1 treatment can significantly reduce the protein level of RGI1. 
Three-week-old Arabidopsis rosette leaves were treated with or without 20 µM RGF1 for 30 min before total protein was ex-
tracted and analyzed by immunoblotting.
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defective phenotypes of the quintuple mutant (Figure 4C 
and 4D), suggesting that RGIs act upstream of PLTs. In 
addition, null mutations in other components within the 
RGF1-PLT signaling pathway gave rise to root defective 
phenotype very similar to that of the quintuple mutant 
(Supplementary information, Figure S4A-S4D). Third, 
exogenous application of synthetic sulfated RGF1 can in-
duce multiple changes in wild-type plants, including up-
regulated expression of PLT1 and PLT2 (Supplementary 
information, Figure S5A and S5B), increased meriste-
matic cortex cell number (Figure 5C-5F), reduced lateral 
root numbers and altered gravitropism response (Figure 
5A and 5B); however, all these RGF1-induced responses 
were barely observed in the quadruple or quintuple mu-
tant (Figure 5A-5F, Supplementary information, Figure 
S5A and S5B). These observations all demonstrate that 
RGIs are essential components in the RGF1-PLT sig-
naling pathway. The protein properties of RGIs as LRR-
RLKs suggest that they are likely involved in the percep-
tion of RGF1. Indeed, dot blotting and in vitro pull-down 
assays revealed that synthetic sulfated FLAG-RGF1 can 
interact with MBP-RGI1ED but not MBP (Figure 6A and 
Supplementary information, Figure S6D). Finally, our 
results showed that RGF1 can quickly induce the phos-
phorylation and ubiquitination of RGI1 (Figure 6C-6E), 
suggesting that RGI1 not only can perceive the RGF1 
signal in the extracellular space but also can transduce 
the signal into the intracellular compartment via pro-
tein phosphorylation. Therefore, we believe that RGIs, 
at least RGI1, qualify as the receptors of RGF1. This 
conclusion is consistent with recent independent studies 
from two other research groups [55, 56]. Matsubayashi’s 
group used a photoaffinity approach and identified three 
RGF1 receptors in Arabidopsis [55], which are identical 
to our RGI1 to RGI3. On the other hand, Chai’s group 
identified the same 5 RGF1 receptors as we show here 
based on the presence of conserved RXR and RXGG 
signature motifs in the extracellular domains of these 
receptors [56]. The RXR and RXGG motifs can interact 
with the C-terminal asparagine residue and the sulfate 
group of RGF1, respectively. In addition, they solved the 
structure of the RGF1-At4G26540 complex (equivalent 
to our RGI3) at a resolution of 2.6 Å [56].

Previous studies indicated that the perception of BR 
and flg22 by their receptors BRI1 and FLS2 often results 
in the recruitment of a co-receptor, such as BAK1 [35, 
36, 39, 40, 43]. The formation of a receptor-ligand-co-re-
ceptor complex leads to a fully activated BR or flg22 
downstream signaling cascade. Similarly, we hypothesize 
that the association of sulfated RGF1 with the extracellu-
lar domain of RGIs may induce the recruitment of BAK1 
and its paralogs as co-receptors to fully activate the ki-

Figure 7 A hypothetical model showing the role of RGI1 in regu-
lating RGF1-PLT-mediated root development. Auxin upregulates 
the transcription of TPST. TPST can sulfate and activate RGF1. 
The activated RGF1 can be secreted from the cell by exocytosis 
and perceived by RGI1. Upon the binding, RGI1 may recruit a 
co-receptor, likely BAK1 or its homologs. The intracellular kinas-
es of both RGI1 and its putative co-receptor can be activated 
via protein phosphorylation. The activated RGI1 can further 
activate its yet unidentified regulators and ultimately induce the 
expression of two AP1-domain transcription factors and control 
root meristem development. At the same time, activated RGI1 is 
poly-ubiquitinated and degraded via the 26S proteasome path-
way.

nase activity of RGIs (Figure 7). The activated RGIs can 
then transduce the signal to downstream components and 
regulate the accumulation of two critical transcription 
factors, PLT1 and PLT2, thus controlling root meristem 
development. The notion that BAK1 and its paralogs 
may be the co-receptors of RGIs is supported by a few 
observations. First, serk1 bak1 bkk1 or serk1 serk2 bak1 
triple mutants show short root phenotype which is inde-
pendent of the BR signaling pathway [33, 34]. Second, 
members of RGIs were found to interact with BAK1 
in a yeast two-hybrid analysis (data not shown), which 
was the primary motivation prompted us to study the 
functions of the entire clade of RGIs. Third, all BAK1 
and its paralogs were found to be expressed in the roots 
[32]. Finally, most of the characterized ligand-binding 
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LRR-RLKs use BAK1 and its paralogs as their co-recep-
tors. Consistently, biochemical analysis by Chai’s group 
showed that these five LRR-RLKs can form heterodi-
mers with SERK family members including BAK1 upon 
ligand induction and genetic studies further confirmed 
that these SERKs serve as co-receptors in this signaling 
pathway [56]. 

It is interesting that upon the treatment of synthesized 
RGF1, both phosphorylation and poly-ubiquitination of 
RGI1 were quickly induced. Although about 10 pairs of 
ligand-RLK have been revealed, only a few receptors 
show ligand-induced phosphorylation. Many RLK re-
ceptors were found to be kinase-dead receptors. The best 
characterized RLK receptor and co-receptor are prob-
ably BRI1 and BAK1, the receptor and co-receptor of 
BRs, respectively [35, 36, 57]. Phosphorylation of BRI1 
and BAK1 can be induced rapidly [37, 58]. In fact, the 
activation of BRI1 and BAK1 is via a sequential phos-
phorylation mechanism [37]. To our knowledge, RGI1 
represents probably the first LRR-RLK whose phosphor-
ylation and poly-ubiquitination can be rapidly induced si-
multaneously. Poly-ubiquitination of a protein often sug-
gests that the protein is targeted to the 26S proteasome 
degradation pathway. This result suggests when RGI1 is 
activated, it needs to be degraded. Otherwise it may be 
detrimental to normal root growth and development.

Phenotypic similarity of tpst-1, rgi1,2,3,4,5, and plt1-
4 plt2-2 supports that TPST, RGF1, RGIs, and PLT are in 
the same signaling pathway. Our results showed that the 
phenotype of tpst-1 is slightly less severe than the quin-
tuple mutant. This is probably because some unsulfated 
CLEL peptides, such as CLEL6, may still possess some 
degree of activity as suggested in a previous report [26]. 
The tpst-1 and plt1-4 plt2-2 mutants showed root defects 
similar to the quintuple mutant. In addition, the expres-
sion of PLT1 and PLT2 is almost undetectable in the 
quintuple mutant. These observations suggest that RGIs 
are the main components controlling the expression of 
PLT1 and PLT2. 

In summary, identification of the receptors of the RGF 
peptides opens up a new avenue for future investigation. 
Numerous questions regarding the functions of RGF/
CLEL/GLV peptides will be gradually elucidated. The 
studies reported here only focus on the roles of RGFs in 
regulating root meristem development. RGFs are also 
involved in a variety of other biological functions which 
have not been explored in detail. For example, overex-
pression of RGF/CLEL/GLV or exogenous application of 
RGF peptides often results in defective root gravitropic 
phenotypes. But the underlying molecular mechanisms 
are not understood. It is difficult to link peptide hor-
mones to auxin transporters or auxin signaling. With the 

discovery of the RGF receptors, it opens up opportunities 
for these analyses in the near future. In addition, it will 
also be very interesting to investigate the entire signaling 
pathway from the perception of RGFs by RGI receptors 
to PLT expression. For example, future investigation 
may focus on identifying the substrates of RGIs, F-box 
proteins mediating poly-ubiquitination of RGIs, and the 
transcription factors directly regulating the expression of 
PLT1 and PLT2.

Materials and Methods

Plant materials and growth conditions
The Arabidopsis Col-0 or WS2 was used as a wild-type 

control in the experiment. The T-DNA insertion lines, in-
cluding rgi1-1 (SALK_020659), rgi2-1 (SALK_039309), 
rgi3-1 (SALK_053167C), rgi4-1 (SALK_052069C), rgi5-
1 (SALK_058918C) , rg i1 -2 (SALK_040393C) , rg i2 -
2 ( S A L K _ 0 9 7 1 0 9 ) , rg i 3 - 2 ( S A I L _ 1 2 2 0 _ B 0 3 ) , rg i 4 -
2 (SALK_146219) , rgi5-2 (SALK_014726) , and wox5 
(SALK_038262C) were purchased from the Arabidopsis Biologi-
cal Resource Center (ABRC). Homozygous T-DNA insertion lines 
were isolated and confirmed by PCR and used for genetic crossing. 
The seeds of tpst-1 (also named aqc1-2), plt1-4 plt2-2, and trans-
genic plants harboring pPLT1::CFP, pPLT2::CFP, pPLT1::PLT1-
YFP, and pPLT2::PLT2-YFP were provided by Professor Chuan-
you Li (Institute of Genetics and Developmental Biology, Chinese 
Academy of Sciences, Beijing, China). The promoters of RGI1, 
RGI2, RGI3, RGI4, and RGI5 were amplified by PCR and cloned 
into a pBIB-BASTA-GUS-GWR vector. The obtained transgenic 
plants were used for GUS staining as described previously [32]. 
The promoter sequences of SHR, SCR, and WOX5 were amplified 
by PCR and cloned into a pBIB-BASTA-NLS-YFP-GWR vector and 
the obtained transgenic plants were used for confocal imaging. All 
transgenic lines were initially generated in Col-0 background and 
the single insertion line was selected, which was used for crossing 
with the rgi1-1 rgi2-1 rgi3-1 rgi4-1 rgi5-1 quintuple mutant to 
avoid position effect. A 5.6 kb fragment including 1.6 kb promoter 
of RGI2 genomic DNA was cloned into a pBIB-BASTA-FLAG-
GWR vector for complementation. The same promoter was used 
to drive the expression of PLT2 CDS in rgi1-1 rgi2-1 rgi3-1 rgi4-
1 and rgi1-1 rgi2-1 rgi3-1 rgi4-1 rgi5-1 for testing whether it can 
rescue the root meristem defects. The CDS of RGI1 was amplified 
and cloned into PBIB-BASTA-35S-FLAG-GWR and PBIB-BASTA-
35S-GFP-GWR vectors, respectively, for overexpressing RGI1 in 
transgenic plants. All transgenic plants were generated through a 
floral dip method [59]. All primers used for PCR and cloning are 
shown in Supplementary information, Table S1.

Seeds were sterilized in 1% sodium hypochlorite and then 
washed five times using sterilized water. Vernalization was carried 
out in a 4 °C refrigerator for 2 days. Seedlings were grown on 1/2 
MS medium plates containing 0.8% agar in a 16 h-light/8 h-dark 
and 22 °C growth chamber. For peptide treatment, synthetic sul-
fated RGF1 or synthetic sulfated FLAG-RGF1 was added to 1/2 
MS medium. For liquid culture, 150-ml flasks containing 35 ml 
1/2 MS medium and 35S::RGI1-FLAG transgenic seedlings were 
shaked at 120 rpm under the same growing condition. 
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RNA extraction, RT-PCR, and expression assay
Total RNA was extracted from Col-0, rgi1-1 rgi2-1 rgi3-1 rgi4-

1 rgi5-1, rgi1-2 rgi2-2 rgi3-2 rgi4-2 rgi5-2, and pRGI2::gRGI2 (in 
rgi1-1 rgi2-1 rgi3-1 rgi4-1 rgi5-1) seedlings at 10 days after germi-
nation (DAG) using an RNA extraction kit (Tiangen, DP437). Four 
µg total RNA of each sample was used for synthesizing cDNA 
using an M-MLV kit (Invitrogen, C28025). Semi-quantitative RT-
PCR was carried out to test the expression level of each allelic 
gene. The primers used for RT-PCR are shown in Supplementary 
information, Table S1.

For quantitative RT-PCR, the whole seedlings of Col-0, rgi1-
1 rgi2-1 rgi3-1 rgi4-1 rgi5-1, and tpst-1 at 5 DAG were treated 
with 20 µM synthetic sulfated RGF1 for 3 h. RNA extraction and 
reverse transcription were carried out according to the aforemen-
tioned method. The primers used for quantitative RT-PCR are 
shown in Supplementary information, Table S1.

Staining and microscopy
Five-day-old seedlings of transgenic plants harboring pRGI1::-

GUS, pRGI2::GUS, pRGI3::GUS, pRGI4::GUS, and pRGI5::GUS 
were used for GUS staining for 30 min, as described previously 
[32]. Five-day-old seedlings of Col-0 and rgi1-1 rgi2-1 rgi3-
1 rgi4-1 rgi5-1 were used for transverse root section assay after 
staining with toluidine blue. Photographs were taken with a mi-
croscopy (Leica, DM600B). For confocal imaging, seedlings were 
stained in 0.02 mg/ml PI for 12 min. CLSM was used for photo-
graphing (Leica, TCS SP8).

Protein purification, dot blotting, pull-down, and autophos-
phorylation assays 

The extracellular domain of RGI1, not including the predicted 
signal peptide, was PCR amplified and cloned into a pMAL-cRI-
GWR vector, and the resulting construct was transformed into E. 
coli Rosetta for protein expression. IPTG was added in a 50 ml liq-
uid culture when OD researched 0.5, to make a final concentration 
of 0.2 mM, followed by a further incubation at 16 °C for 20 h. E. 
coli was collected through centrifugation at 5 000 rpm. for 10 min. 
The pellets were washed one time with amylase column buffer 
(20 mM Tris, 200 mM NaCl, 1 mM EDTA, pH7.5), suspended in 
8 ml amylase column buffer with 1mM PMSF, and ultrasonically 
disrupted. The solution was centrifuged with 18 000× g at 4 °C for 
30 min. The supernatant was incubated with prewashed amylase 
resin (NEB, E8021S) overnight. The resin was then washed five 
times by amylase column buffer and eluted using 10 mM maltose 
monohydrate in 10 mM Tris-HCl buffer, pH7.5. 100 ng MBP and 
MBP-RGI1ED was blotted on a nitrocellulose membrane, and 
blocked with 5% non-fat milk for 1 h at 4 °C. 20 µM FLAG-RGF1 
in amylase column buffer was incubated with the membrane, and 
an anti-FLAG antibody was used as a primary antibody (AbMART, 
M20008) and anti-mouse IgG (H+L) (KPL) as a secondary anti-
body. Western Lightning Plus-ECL (Perkin Elmer) was used for 
chemiluminescence detection. 

For pull-down analysis, resins associated MBP and MBP-
RGI1ED were incubated with amylase column buffer containing 
100 µM FLAG-RGF1 peptide at 4 °C for 1 h, and then washed 
four times with amylase column buffer. 2× SDS loading buffer was 
added and the mix was boiled for 5 min. The supernatant was used 
for Tris-Tricine-SDS-PAGE [60] and analyzed with an anti-FLAG 
antibody. 

The cytoplasmic domain (CD) of RGI1 was fused with MBP, 
and the fusion protein was expressed in E. coli as described above. 
After purification, 15 mM maltose was used to elute. The puri-
fied protein was analyzed by Coomassie Brilliant Blue staining 
and immunoblotting using an anti-pThr antibody (Cell Signaling, 
9381S). The mutations in ATP-binding site of RGI1CD, K814E 
and K815E, were also analyzed.

Membrane protein isolation, immunoprecipitation, CIP 
treatment and western blotting

Ten-day-old transgenic seedlings harboring 35S::RGI1-FLAG 
cultured in 1/2 MS liquid medium were treated with mock or 
20 µM RGF1 for 30 min. Ground to fine power in liquid N2 and 
membrane protein was extracted as described previously [35]. 
Anti-FLAG M2 Affinity Gel (Sigma, A2220) was used to purify 
RGI1-FLAG from membrane protein through immunoprecipita-
tion. The immunopreciptated protein was analyzed by immuno-
blotting using an anti-FLAG antibody (AbMART, M20008) and 
an anti-pThr antibody after separation in SDS-PAGE. The im-
munopreciptated protein was also used for CIP (NEB, M0290V) 
treatment at 37 °C for 3 h, and then analyzed by an anti-FLAG an-
tibody. An anti-ubiquitin (P4D1) antibody (Cell signaling, 3936S) 
was used to detect ubiquitination of RGI1.
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