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Lateral root growth in Arabidopsis is controlled by short and long distance signaling
through the LRR RLKs XIP1/CEPR1 and CEPR2
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ABSTRACT
Plants rely on lateral roots to explore their soil environment and to maximize their uptake of essential
minerals and water. Here we present evidence that the receptor kinases XIP1/CEPR1 and CEPR2 regulate
both the initiation of lateral root primordia and emergence of lateral roots locally in the root, while also
controlling lateral root extension in response to shoot-derived sucrose in Arabidopsis plants. In addition,
mutation of both of these receptors prevents seedlings from responding to sucrose in themedia, resulting in
longer lateral roots. These results, combinedwith previous data, establish XIP1/CEPR1 and CEPR2-dependent
roles in short- and long-distance pathways regulating different stages of lateral root growth.
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Introduction

Plants use their root system for access to minerals and water,
and for tethering into the soil. In Arabidopsis thaliana, the
root system is composed of a central primary root, which is
initiated during embryonic development, and lateral roots
(LRs), which form post-embryonically and whose number
and growth rate are greatly influenced by environmental
cues.1,2 For a plant to access available nutrients and water in
the soil environment, it first must sense their presence, decide
if it has the resources to invest into expanding its root system,
and then respond accordingly. Furthermore, the ability of a
plant to optimize available nutrients depends on the branch-
ing pattern of its roots,3,4 and, as the majority of the root
system in eudicots is composed of LRs,4 understanding the
mechanisms behind the environmental control of initiation
and extension of LRs is paramount.

Many of the factors important in triggering LR initia-
tion, emergence and extension have been elucidated, and
have been reviewed in depth elsewhere.5,6 Briefly, auxin
accumulation in the protoxylem of the basal meristem of
the root primes small groups of cells7,8. These cells are
triggered to re-enter mitosis to produce lateral root
primordia,9 which can mature to LRs after emergence
from the primary root. Conditions that alter the frequency
and extent to which LRs initiate and emerge include nutri-
ent availability10 and gravitropic signals,11 among others.6

Lateral root extension, on the other hand, has been less
thoroughly studied, and factors that control the degree of
lateral root outgrowth are less well known. The molecular
pathways behind these pre-programmed behaviors rely on a
complex interplay of numerous short- and long-range sig-
naling molecules in both the root and shoot.6

Sucrose, the major mobile form of carbon in plants, is made
in photosynthesizing tissues and is transported via the phloem
to sink tissues where it is used for growth or storage.12,13 There
is evidence that sucrose may also serve as a distinct signal
separate from its role as a source of energy.13-15 Sucrose signal-
ing has been associated with regulation of starch synthesis,
photosynthesis, root growth, and nitrogen metabolism among
other processes.13,16-18 The precise cellular mechanisms
through which sucrose produces these effects have not been
discerned, as separating the increase in available energy that
sucrose supplementation provides from its signaling compo-
nent has been difficult. It has been noted that in most cases, the
addition of sucrose to media increases growth; however, plants
are able to hold variables such as lateral root density and lateral
root primordium position constant across many genotypes and
conditions, indicating a master control mechanism that bal-
ances available resources to appropriate growth.19

Recently, a model has been proposed to coordinate root-
derived environmental signals and shoot-mediated control of
growth.20 Briefly, upon sensing low nitrogen availability within
one part of the root system, C-TERMINALLY ENCODED
PEPTIDEs (CEPs) are produced and transported to the shoot,
where they are perceived by the receptor-like kinases XIP1/
CEPR1 and CEPR2, which leads to the up-regulation of nitrogen
transporters in the portion of the root system exposed to ample
nitrogen.20 CEPs have also been associated with control of lateral
root number,21 nodulation,22 and total root size.23 Here we extend
the current model20 by using grafting experiments to show that
the density of LR primordia and the emergence of LRs is con-
trolled locally in the root by these two receptors. Furthermore,
based on the hypersensitivity phenotype of the double mutants to
sucrose, we propose that available photoassimilates influence lat-
eral root extension. We conclude that both short-range root-
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specific and long-range signals are perceived by XIP1/CEPR1 and
CEPR2 to regulate growth of LRs.

Results

We characterized the root phenotypes of XIP1/CEPR1 and
CEPR2 single and double mutants. We expected the LR to pri-
mary root (PR) length ratio to be higher in the double mutants
than in controls (Figure S2 in20), however, when the seedlings
were grown on ½ MS media without sucrose, we observed that
xip1/cepr1:cepr2 double mutants have lower LR/PR length ratios
(Figure 1A). We typically do not use sucrose in plate assays as it is
not found in normal soils, and because sucrose artificially
increases plant growth. Based on our results, we hypothesized
that the double mutant might be sensitive to sucrose, and when
we supplemented the media with 1% sucrose, the LR/PR length
ratio in the double mutant was significantly above the wild-type
ratio (Figure 1A). When the sucrose sensitivity of the various
genotypes was determined, the double mutant produced a ten-
fold and twenty-fold increase in average LR length and LR to PR
length, respectively, whereas the other genotypes have a two-fold
increase (Figure 1B). This sensitivity could be due to: (i) a shorter
primary root length with supplemental sucrose; (ii) the produc-
tion of fewer LRs when grown without sucrose; (iii) a large
increase of LR length in response to sucrose in the media; (iv)
the production ofmany short roots in response to sucrose; or (v) a
combination of these four scenarios. We found that the primary
root length increased in all genotypes, but all genotypes were
equally sensitive to sucrose in the media (Figure 1B and
Figure S1A). The density of emerged LRs, as well as the density
of LRP, was significantly increased in the double mutant plants
when grown on media with and without supplemental sucrose
(Figure 2A and B). While sucrose does produce a larger percen-
tage of emerged LRs (from ~ 20%, of total to about 30%,
Figure S1B), this trend was present in all genotypes.
Furthermore, this increase is not due to an increase in any one
stage of LRP, but an increase of LR initiation events, LRP progres-
sion, and emergence (Figure S1B). The reason for the sensitivity to
sucrose is apparent when the LR length to PR length ratio, or the
average LR lengths are examined: the LR length in double mutant

plants is shorter than that of controls when there is no supple-
mented sucrose in themedia, but is abovewild-type levels with 1%
sucrose in the media (Figure 2C and 2D). Consequently, while
there is an increase in lateral root density in the double mutant, it
occurs under both conditions, and the addition of sucrose
increases the amount of LR extension, producing a sucrose hyper-
sensitive phenotype.

To determine if this sensitivity was specific to sucrose, or if
other saccharides have the same effect, we tested the effects of
glucose, fructose, a combination of these two, and the non-
metabolizable saccharide mannitol as an osmotic control
(Figure S2). All genotypes produced shorter primary roots with
long lateral roots compared to the no-saccharide and metaboliz-
able saccharide conditions (Figure S2). Concurrently, the plants
produced longer lateral roots in all genotypes when grown on
mannitol when compared to no additive, however the sacchar-
ides produced much longer LR roots in the double mutants
(Figure S2). We observed that the double mutant is sensitive to
all four saccharide treatments, indicating that the double mutant
cannot properly assess the amount of energy available to it in the
form of saccharides (Figure S3).

Since XIP1/CEPR1 and CEPR2 are proposed to function in
long-distance signaling from roots to shoots (20), we tested if the
LR phenotypes were dependent on signals from the shoot or
were root-autonomous. We performed grafting experiments
between control and double mutant plants, and found that
plants with xip1-2/cepr1-1;cepr2-2 or xip1-2/cepr1-1;cepr2-3
rootstock have an increased density of LRP and emerged LRs
(Figure 3). This result indicates that XIP1/CEPR1 and CEPR2-
modulated LR initiation and emergence is controlled by the root
genotype, therefore the two receptors function in short-range
control of both LR initiation and emergence.

Discussion

To maximize the overall ability of the plant to grow and
reproduce as efficiently as possible, its root system has to
integrate a plethora of environmental cues, as well as refer-
ence its internal energy stores, before proceeding to grow.
Root systems have a complex response to availability of

Figure 1. (A) Double mutant plants have smaller ratios of lateral to primary root length when grown without sucrose, but have larger ratios when grown in the
presence of sucrose. (Pairwise Wilcox Test with Bonferroni correction, * – p < 0.05; ** – p < 0.01; *** – p < 0.005, error bars represent standard error, n = 25 for
mutants, n = 120 for Col). (B) xip1-2;cepr2-2 seedlings show sensitivity to sucrose with respect to LR extension. The ratio of values between seedlings grown on 0.5X
MS with 1% sucrose versus those grown on 0.5X MS media only. (N = 4, 3, 2, 4 experiments respectively for each genotype, with each experiment representing 5–25
plants; student T-test, * – p < 0.05 compared to Col, ◊ – p < 0.05 compared to xip1-2;cepr2-2).
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nitrogen in their immediate environment. For example, plants
suppress LRs in regions with very low nitrogen concentra-
tions, and increase LR initiation in areas with more accessible
nitrogen.24 Previously, XIP1/CEPR1 and CEPR2 were identi-
fied as the primary receptors for several CEPs, a class of short
peptide hormones.20 These researchers proposed a model
where, upon sensing a lack of nitrogen in one portion of the
root system, CEPs are produced, and travel long-distance
through the xylem into the shoot, where they are perceived
by the LRR RLKs CEPR1 and CEPR2, activating a shoot-to-
root signaling pathway that drives the upregulation of nitro-
gen transporters in portions of the root system where nitrogen
is available.20 Since XIP1/CEPR2 are expressed in the phloem
pole pericycle cells,21,25 while lateral root primordia initiate at
the xylem pole pericycle (see Figure 4, arrows), a short-range
signal spanning one or more cells would be required to
functionally link these expression domains.

Our model is consistent with results that demonstrate
CEP5 plays a specific role in the initiation of LRs: CEP5 is
expressed in the phloem pole-associated pericycle, and is
present at the base of growing LRP, and when the peptide is
overexpressed or supplemented to the media, the LR density
is decreased.21 In addition, mutants in XIP1/CEPR1 appear to
decrease the LR density.21 We note that their growth

conditions differ from ours, and when we also supplement
our media with 0.1% myo-inositol, we do observe that xip1-1/
cepr1-2 produces a lower density of LRs compared to controls
(Figure S4).

We propose that XIP1/CEPR1 and CEPR2 function to sup-
press LR initiation and emergence locally in the root (Figure 4).
Our model of local suppression fits well with previous
observations20 that there was inhibition of nitrogen acquisition
mechanisms in regions of the root exposed to low nitrogen con-
ditions. In addition, our data suggests the presence of a long
distance signal that is controlled by these two LRK-RLKs that
connects to energy availability, in the form of saccharides, to
growth, as is evident in the sucrose sensitivity of lateral root
length. The phenotypes of double mutants of XIP1/CEPR1 and
CEPR2 show that these receptors may function to control LR
extension dependent on sucrose availability, thereby keeping the
plant from overinvesting into longer LRs. Previous analysis
demonstrated that excess sucrose in the media is perceived in
the shoot, which could drive growth of both LRs and PRs.26

Adding our data to this finding suggests XIP1/CEPR1 and
CEPR2 may also be involved in the control of LR outgrowth in
the shoot in response to the carbon status of the plant. The shoot is
the source of photosynthetically derived carbon, and given evi-
dence that nitrogen acquisition is already controlled by these two
receptors from the shoot,20 the aerial tissues should be the location
at which carbon status could be assessed.

Several questions are raised by our results. First, does the
induction of LRP and LR emergence indicate an increased
rate of initial priming of founder cells, or is it simply due to
increased activation of those cells in the differentiation zone

Figure 2. (A) The density of lateral root primordia was increased in double mutant
lines grownwith and without sucrose. (B) Emerged lateral root density was higher in
the single mutants when plants were grown without sucrose. When sucrose was
present in the media, all genotypes have significantly higher densities. (C) When
plants are grown without added sucrose, average lateral root length is decreased in
xip1-2/cepr1-1 and double mutant plants but not significantly. Adding sucrose to the
media results in longer average LRs, with the double mutant having longer, but not
significantly longer, LRs compared to Col. (D) The ratio between lateral root length
and primary root length is lower in the double mutant grown without sucrose, but
not significantly so. The double mutant and cepr2-2 single mutants produce roots
with a significantly higher LR length to PR length ratios (Square root transformed
values followed by Kruskal-Wallis Rank Sum Test followed by pairwise comparisons
using Wilcoxon rank sum test and Benjamini & Hochberg correction; * – p < 0.05; **
– P < 0.01; *** – P < 0.005, error bars represent standard error; n ≥ 15).

Figure 3. Lateral root primordia and emerged root density were significantly
increased in the rootstock from the double mutants (DM1 → xip1-2:cepr2-3 and
DM2 → xip1-2:cepr2-2) independently from which shootstock they were con-
nected to. (ANOVA, followed by pairwise T test with Bonferroni correction; * –
p < 0.05; ** – P < 0.01; *** – P < 0.005, error bars represent standard error,
n = 9–22).
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of the root? Auxin plays a key role in this pathway,7 and as
many genes that affect auxin transport and synthesis have
been defined, identifying connections between these receptors
and auxin synthesis or transport will be important. Secondly,
how do these two receptors influence a plant’s developmental
program in response to excess energy in the form of sucrose?
These two mechanisms could be linked as there is evidence
that sucrose in the media increases auxin levels.27 The loca-
tion of this control is also in question, as shoot derived
sucrose drives lateral root extension by action in the shoot,26

and given that XIP1/CEPR1 and CEPR2 drive nitrogen
responses from the shoot20 they may have a similar role in
responses to sucrose.26

Our results highlight the importance of the interaction
between root-controlled lateral root initiation and emergence,
and the regulation of sugar production in shoots, and their
root and shoot control through XIP1/CEPR1 and CEPR2.

Material and methods

Plants and growth conditions

The xip1-1/cepr1-2, xip1-2/cepr1-1 mutants were published
previously,20,25 and the CEPR2 T-DNA insertion mutants were
obtained from TAIR ABRC (cepr2-2 -SALK_081193; cepr2-3 –
SALK_014533, genotyping primers are in TableS1). While the
xip1-2 allele is in the Nossen ecotype, we have been introgressing
the double mutants into Columbia, the parent ecotype of the
SALK lines, and therefore used Columbia as a control in our
experiments. We note that for all measurements, Nossen was
indistinguishable from Columbia (Figure S5).

Plants were grown on plates with agar media containing ½
MS media (per liter 2.15g MS salts, Gibco Laboratories-
11117–074), 0.5 g MES (Sigma- M2933), pH 5.8, and 3.75g
agar (Sigma- A1296), which was supplemented with 1%
sucrose (Mallinckrodt- 8360) fructose (Fisher- L96–212),
D-glucose (Spectrum- D1017) or myoinositol (Sigma-
I3011). Seeds were surface sterilized using 0.1% Triton

(Aldrich- 23,472–9) in 70% ethanol, rinsed three times with
95% ethanol, then plated, three genotypes per plate, 15 plants
per plate, and stratified for 2 days at 4°C, then moved to a
growth room at 22°C, with a 16h/8h day/night light cycle.

Analysis of cepr2 alleles

Seedlings of Col, cepr2-2 and cepr2-3 were grown on plates, and
total RNA was extracted using Trizol (Fisher-15596018). cDNA
was synthesized using RevertAid First Strand cDNA Synthesis
Kit (ThermoFisher- K1621), using oligoT primers (included in
the kit). Amplification PCR and sequencing was performed
using CEPR2_E1_F and pROK2_salk for cepr2-2, and
CEPR2_SEQ_F5 and pROK2_salk for cepr2-3 (Table S1).
Based on our RT-PCR and sequencing results, we believe the
cepr2-2 and cepr2-3 alleles are nulls. The cepr2-2 allele produces
mRNAs that include the T-DNA upstream of the original trans-
lation initiation site, which results in several new upstream
ORFs. The mRNA produced from the cepr2-3 allele encodes a
frameshift and subsequent early stop codon around the T-DNA
insertion site, and therefore would encode a truncated protein.
Since cepr2-3 is a null, and cepr2-2 acts the same as cepr2-3 in
our assays, we conclude cepr2-2 is also a null.

Grafting

Five days after moving plants from stratification, grafting was
performed based on a modified protocol28. Briefly, a horizon-
tal cut was made in the seedling hypocotyl using a razor blade,
then the corresponding shoot/root stocks were joined. Two to
four days later, joined plants were examined and any adven-
titious roots that developed were trimmed. To make sure that
the graft had resulted in a solid joining of shoot to root, only
plants that could be wholly lifted by the shoot, determined
when microscope slides were made, were analyzed. This
experiment was performed twice with between 5 and 15 plants
for every graft genotype.

Figure 4. Model for XIP1/CEPR1 and CEPR2 action. In the shoot, XIP1/CEPR1 and CEPR2 act to control the extension of lateral roots in response to increased sucrose.
In the root, the two receptors serve to inhibit lateral root initiation.
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Lateral root primordia staging

Roots were scored for LRP and emerged lateral roots at 16 days
after stratification. Plates were scanned, and primary and lateral
root lengths were measured using ImageJ.29 Seedlings were fixed
and cleared as described,9 and root staging was scored.9

Statistical analysis

Statistical analyses were performed in R.30 ANOVA was the
preferred method for significance calling, however when the
assumption of data normality and homogeneity of variance
were not met, as determined by Shapiro-Wilk Normality Test
and Levene’s test for homogeneity of variance across groups,
the Kruskal-Wallis Rank Sum Test followed by Wilcoxon
Rank Sum tests were performed as described in the figure
legends. Each experiment was repeated two or more times.
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