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Abstract
Roots serve both to anchor plants in the soil, and to help plants acquire water and
nutrients. Plants have to optimize the growth of their root system, as roots cost energy to
expand and maintain. This is accomplished through short and long distance signaling
pathways that connect environmental conditions of the roots and available energy in
shoots. XIP1/CEPR1 and CEPR2 are two Leucine-Rich Repeat Receptor-Like Kinase
that are important for root growth responses to differing nitrogen levels in the
environment. While previous results implicated these two receptors in signaling from
roots to shoots, here I have shown that they are part of a short-range pathway within roots
that controls lateral root initiation. Furthermore, through the use of genetic tests I have
connected a group of physically-interacting proteins to XIP1/CEPR1 and CEPR2-related
phenotypes. I have shown that these receptors and interacting proteins play roles in
controlling early growth, flowering time, silique maturation, and lateral root initiation,
emergence and elongation.
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A note on the organization of the dissertation:
This thesis is organized in three chapters.
The first serves as a primer for lateral root (LR) development. I describe the stages of
LR development under normal conditions, as well as the internal and external signals
that affect traits such as LR initiation, LR density (number of LR per length of primary
root), and LR extension (the outgrowth of LR after emergence from the primary root).
This chapter will be edited into a more specific review of how Leucine-Repeat Rich
Receptor Like Kinases (LRR-RLK) control lateral root development.
The second chapter is a manuscript that has been submitted, was reviewed, and we are
now in the process of resubmission. It presents my findings that the LRR-RLKs
XIP1/CEPR1 and CEPR2 act to locally suppress LR initiation while controlling LR
extension in response to available saccharides.
The final chapter contains additional data that will be part of a future publication. In it I
explore the genetic interactions between the two receptors and a set of proteins that
physically interact with XIP1. In this chapter, I propose a pathway through which
XIP1/CEPR1 and CEPR2 affect plant growth and development by controlling the flux of
photoassimilate into the phloem, which then serves to retard early development, slow
silique maturation, as well as deregulate the ability of the plant to react to external
sucrose.
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Chapter 1: Introduction
As sessile organisms, plants have to make the best of the environment they find
themselves in. Their root system is vital in this respect as it is responsible for the
anchoring of the plant in the ground and for locating and taking up water and various
essential macro- and micronutrients from the soil. To optimize overall growth, the root
system performs these functions while taking into account the environment as well as
the availability of energy and other resources in the plant as a whole. Recent research
indicates that in higher plants, a complex series of signaling events link the perception
of environmental conditions in the roots to growth responses controlled by the shoot that
further signal back to the roots.
In Arabidopsis, the root system is composed of an embryonically-established primary
root, from which lateral roots develop and emerge. In the adult plant, the lateral roots
make up the majority of the root system [3], therefore understanding what controls their
development and growth is important in order to understand the root system as a whole.
At the same time, Arabidopsis roots represent sink tissues, and if they do not contribute
to the plant by increasing the supply of essential minerals and water, they represent an
unnecessary metabolic burden to the plant. Therefore, the choice to expand the root
system has to be undertaken when the benefits outweigh the energy costs that come
along with the expansion. It is becoming evident that these choices are being made not
only using short-range signaling but also through long-range signaling within roots and
between roots and shoots, to sense the environment, as well as coordinating root
responses with the overall metabolic state of the plant.
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Lateral root development:
The process of the development of lateral roots (LRs) from the primary root is fairly well
described in Arabidopsis, with many of the key factors identified using genetics and
molecular biology (see Table 1 in [4]). Lateral root development can be broken down
into several key stages: priming - when a set of xylem pole pericycle (XPP) cells are
imprinted with the ability to later de-differentiate and form sites, termed branch sites,
capable of undergoing divisions and forming the initial lateral root primordium [5]; lateral
root primordium (LRP) development (stages 1-7) – where the primed XPP cells begin
dividing in a well-defined manner progressing from a single file of cells, LRP stage 1, to
a pre-emerged lateral root with the recognizable tissue organization of a primary root
meristem, LRP stage 7 [2]; and finally the emerged lateral root – or a LRP that has
broken through the outer layer of the primary root, and now essentially functions as a
primary root, from which future LRs can emerge (Fig. 1)[2].
Before going into depth into key questions about the mechanisms of lateral root
development, some overview of root physiology is required as I will be making
references to it throughout. The primary root can be vertically divided into three main
zones: the meristematic zone (MZ), the elongation zone (EZ), and the differentiation
zone (DZ) (Fig. 1A)[6, 7]. In the meristematic zone, the radially symmetric organization
of the root is evident, organized around the quiescent center (QC), where a set of cells
control the division of stem cells that give rise to the various specific cell files, i.e.
epidermal, endodermis, stele etc. Immediately shootward from the MZ is the elongation
zone where cells stop dividing, and instead rapidly elongate [5]. Finally, in the
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differentiation zone, which is located above (shootward from) the elongation zone,
elongation ceases and full cell differentiation can occur.

Figure 1. (A) Zones in the primary root, as well as and lateral root priming and initial stages lateral
root development. (B) Cross section of a primary root. (C) Simplified representation of LRP stages.
Red cells represent a LRP QC. ep – epidermis, co – cortex, en – endodermis, pe – pericycle, QC quiescent center. Figure based on [1] and [2]

Priming:
The priming of specific cells for LRP formation is required for two reasons: the DZ,
where LR initiation and development occurs, is a region of the root where differentiation
is already complete, therefore cells need to de-differentiate in order to form a new
lateral root; and cells in the DZ have reduced sensitivity to the phytohormone auxin,
which is an essential driver of LR development [5]; both processes need to be reversed
to form LRs. Lateral root priming occurs in the region above the quiescent center within
14

the MZ and extending into the EZ. Within this region there exists an oscillatory zone
(OZ), where the transcripts of up to 4500 genes oscillate (Fig. 1A)[8]. At first it was
believed that this oscillation was driven by auxin [9], but not all markers for auxin
oscillate, and of the genes that do oscillate, not all are auxin responsive, indicating that
auxin may be necessary for some of the oscillation, but is not sufficient to account for all
of the oscillation. In recent papers, Xuan et al were able to show that the root cap cells,
which extend up through the MZ and end around the boundary with the EZ (Fig. 1A),
appear to be key in driving oscillations of auxin in this region by supplying much of the
auxin through a process tied to programmed cell death [10, 11]. In addition to the role
of the root cap cells, the priming of lateral root sites has been associated with
strigolactone (a recently discovered plant hormone) [12], and with an undefined
carotenoid-derived molecule [13], both of which serve to decrease the priming. For this
function, strigolactone requires the cytokinin receptor module made up of
ARABIDOPSIS HISTIDINE KINASE3 (AHK3), ARABIDOPSIS RESPONSE
REGULATOR1 (ARR1) and ARR12, which have previously been associated with
helping maintain spacing in lateral roots, but have not been connected to the OZ, or to
LR priming [12]. Strigolactones also have their own receptors, so this genetic
interaction with the cytokinin histidine kinases likely reflects cross-talk or feedback
control between these pathways. There is evidence that the carotenoid-derived
molecule is synthesized in the DZ, which indicates that there may be some long-range
signal or control of lateral root priming from the DZ to the oscillatory zone [5, 13].
The priming of lateral root branch sites can be tracked by the marker DR5:LUC, which
identifies cells with high levels of auxin, called auxin maxima, within the OZ [8].
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However, not all sites that show luciferase expression proceed to become sites of
lateral root primordia or emerged lateral roots, indicating that there may be a reserve
capacity of cells capable of producing lateral roots if they are needed. However, this line
of inquiry has not been studied extensively. Eventually, subsets of lateral root branch
sites transform into lateral root founder cells that go on to express the auxin-responsive
transcription factor GATA23, which forms the earliest marker for the eventual site of
lateral root development [14]. Priming appears to be controlled by the growth rate of the
primary root [5], and so the growth rate could determine the potential lateral root
number indirectly, however, very few studies have looked at how priming rate can be
affected by external stimuli.
Lateral root primordium development:
As the lateral root founder cells (LRFC) transition into the elongation zone and
differentiation zone, some undergo a well-defined process to form lateral root primordia
[2]. The two LRFCs initially divide anticlinally and asymmetrically, first producing a file
of 4 cells, and later a file of 8 cells following a subsequent division, forming what is the
first stage of lateral root primordia (LRP) [2]. This file of cells expands radially and
divides periclinally, forming a stage two LRP that has two rows of cells. Two more
divisions, first of the outer layer, then of the inner layer, produce the stage 3 and 4 LRP
respectively. From this point on, further divisions and subsequent differentiation in
these initial four layers leads to stages 5, 6, and 7, with stage 7 resembling a root
meristem whose structure and organization is identical to the primary root. In these last
3 stages, the lateral root recapitulates the QC along with the stem cells that surround it.
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Finally, the LRP breaks through the outer cell wall of the primary root and emerges,
thereby becoming an emerged lateral root.
The process of lateral root primordium development is reliant on auxin [1], and auxin
acts as a master regulator that drives development once the initial divisions have
occurred, but can be augmented by other signaling pathways [15]. Auxin accumulates
in the LRFC shortly before the initial asymmetric division [16]. During the later divisions,
an auxin gradient is established between the base of the LRP to its tip [16], although it
is not known how exactly the gradient helps guide the process [17]. Lateral root
primordium development also relies on mechanical stress and signaling with the
surrounding tissues, since the LRP has to grow through three layers of cells
(endodermis, cortex, and epidermis), while maintaining the root’s integrity in order to
avoid pathogens. The first layer takes the longest to grow through, likely due to the
presence of the Casparian strip, which serves as an diffusion barrier for the extracellular space [18], is mechanically strong, and is also difficult to degrade. Auxin is
again necessary for this process, as the endodermal cells rely on auxin to drive the
degradation of the SHY2/IAA3 repressor, which releases the transcription factors ARF7
and ARF19 that drive the loss of volume to free up space for the growing LRP [19].
Growth though the next two layers takes about the same time as growth though the first
[18], however the mechanism is not well understood [20]. The abscission module
composed of the small secreted signaling peptide IDA and the LRR-RLKs HAESA and
HAESA-LIKE 2 have also been associated with this process, since this module helps in
the remodeling of the cell wall, potentially helping the LRP degrade the cell wall [21].
Upon reaching stage 7, the LRP transitions into a lateral root with a functioning
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meristem. The mechanism of further LR extension and how LR length is controlled are
subjects that have not been studied extensively.
Plant signals that control LR formation
Plants use multiple internal signals to control the production of lateral roots. These
signals are responsible for the default LR development, as well as the initiators of
complex signaling pathways, which ultimately are also responsive to the environment
that the root and shoot experience. Here I will summarize these signals, their effects
and why they are important in LR development.
Auxin:
The phytohormone auxin is vital in multiple plant processes, including the initiation and
outgrowth of lateral roots [1]. As mentioned above, auxin is important in the priming and
development of lateral root primordia. Auxin acts as a short and long range signal as
both shoot-derived and locally synthesized auxin is required for LR development [17].
Furthermore, environmental cues that control lateral root number and growth, such as
nutrient availability and water availability, tend to intersect with auxin signaling, either by
modulating auxin signaling [15], or directly affecting auxin transport [22, 23], therefore
auxin appears to serve as a master regulator of lateral root development, upon which
additional signals can act to control lateral root density (the number of lateral roots per
unit length of primary roots).
Cytokinins:
Cytokinins (CK) are a class of compounds that are derived from adenine, containing
various substitutions at the N6 position. [24]. Like auxin, they are produced in both the
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shoot and the root, however the types of cytokinins differ between the two tissues, with
levels of the two main forms trans-zeatin (tZ) and cis-zeatin (cZ) cytokinins differing
between roots and shoots, since the enzymes CYP735A1 and CYP735A2, which are
responsible for the last step in the synthesis of tZ cytokinin, are predominately
expressed in the root [25]. Similarly to auxin, cytokinin affects both shoots and roots,
and is involved in long- and short-distance signaling [26]. For example, despite being
primarily synthesized in the root, tZ cytokinins are responsible for proper shoot growth,
with mutants defective in the synthesis enzymes producing far less shoot biomass. On
the other hand, during LRP development, the synthesis enzymes are found in the lateral
root founder cells, while a marker for cytokinin signaling, TCSn:GFP, is present several
cells away showing a more short-range signaling pathway [26, 27]. With respect to LR
formation, cytokinins function antagonistically to auxins, with synthesis mutants
producing higher numbers of and more closely spaced LRs [27]. In addition, auxin
upregulates cytokinin degradation enzymes, thereby negatively controlling its levels,
while cytokinin drives a higher concentration of auxin by downregulating auxin
degradation enzymes [28], . Specifically, CKs help prevent LR overcrowding, where
many LR emerge near one another, by suppressing primed pericycle cells from dividing
and becoming LRPs [27, 29].
Abscisic acid:
Abscisic acid (ABA) is a plant hormone that controls many processes, including seed
dormancy and longevity, root growth, and responses to salt and drought stress [30].
ABA inhibits the growth of both the primary root as well as lateral roots; however, the
two root types have differing sensitivities to the hormone, with lateral roots being more
19

sensitive [31]. ABA achieves this by first promoting the production of reactive oxygen
species, leading to inhibition of growth [32], and secondly by down-regulating the
expression of the auxin transporter PIN-FORMED 1 [33].
Ethylene:
Ethylene is involved in several aspects of plant development and homeostasis,
including seed germination, root initiation, flower development, and response to biotic
and abiotic stresses [34]. Ethylene suppresses lateral root initiation, while promoting
primary root elongation. Ethylene acts by modulating the levels of auxin, increasing
auxin transport to the root tip, while reducing auxin accumulation and transport to
regions of the root where LRP would be developing [35].
Signaling Peptides:
Plants use numerous small peptides as mobile hormones that move across short and
long distances to produce an effect. Some of these peptide hormones are associated
with some of the other canonical hormones discussed above. These peptides can work
both in the cells where they are produced, or can be exported out of the cells, and affect
cells and tissues far away from their point of origin, by either traveling through the
apoplast or by using the vasculature for more long-range signaling [36]. POLARIS, a 36
amino acid peptide is produced in root cells, and is important in auxin and ethylene
signaling in those cells as mutants have enhanced ethylene signaling and defective
auxin transport [37, 38]. Conversely, C-TERMINALLY ENCODED PEPTIDE 1 (CEP1)
is produced in the root in response to limited nitrogen, and then travels to the shoot via
the xylem, where it is perceived and results in the up-regulation of nitrogen acquisition
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genes in regions of the root that are replete of nitrogen [39]. Peptides can either be
produced from a longer pro-peptide that is then trimmed and modified, or they contain
numerous cysteines (2-16) and form disulfide bonds, and can be composed of 40 to
more than 100 amino acids [36]. In-silico methods have predicted more than 1000
peptides that could function as hormones [40], and that list has grown in recent years
with the discovery of peptides that come from short open reading frames that older
methods discarded as noise, given that they were thought to not have a function as they
were so small [41, 42]. Below are a number of peptides that have been shown to play
roles in lateral root development.
CLE:
CLE (CLAVATA3/EMBRYO SURROUNDING REGION-RELATED) peptides are a
family of 32 peptides, containing 12-13 amino acids after processing, that are implicated
in a vast number of different developmental and life-cycle signaling pathways therough
LRR-RLKs [43]. CLE 1, 3, 4, and 7 are expressed in the pericycle, the same layer of
cells that produces the initial LR divisions, and their overexpression suppresses the
number of lateral roots [44]. Araya et al showed these peptides are up-regulated when
nitrogen is low in the environment, indicating that they link the environment with growth,
thereby optimizing development by avoiding wasteful growth into regions that lack
nitrogen.
Recently, the mechanism through which phosphate starvation causes the final
differentiation of the primary meristem to cease growth was associated with a signaling
cascade involving the CLE14 peptide hormone and a Leucine Rich Repeat (LRR)
Receptor Like Kinase (RLK) [45]. While the primary root growth is terminated by
21

differentiation, the growth of the lateral roots is enhanced under this stress [45, 46],
thereby increasing root surface area in regions that are more likely to have available
phosphate.
GLV/RGF/CLEL:
The GOLVEN/Root Growth Factor/CLE-Like family of secreted protein contains eleven
members, with a conserved 13 to 16 amino acid region that is believed to form the
secreted peptide, which has been associated with root meristem maintenance [47, 48],
and root tip gravitropic responses [49]. In the primary root tip, these peptides are
perceived by a family of LRR-RLKs called the Root Growth Factor Receptors (RGFRs)
1-5 [50].

Recently, GLV6 has been shown to affect lateral root formation by helping to

control the initial divisions of the founder cells, with overexpression lines showing a gain
of function phenotype where there are far too many initial divisions in the stage 1 LRP,
leading to a disorganized structure that is unable to proceed through the typical
developmental program [51]. When transcripts were reduced with the use of miRNAs,
LR density and primary root length were decreased, which indicates that the gene is
essential for proper LR formation [51].
CEP:
C-TERMINALLY ENCODED PEPTIDES are a class of short (<20 amino acids) peptide
hormones that were initially found through an in silico screen for short open reading
frames [42]. There are 15 CEPs in the Arabidopsis genome, which are expressed
throughout the plant and in response to different stimuli, and therefore have many
potential functions [52], with CEP1 and CEP5 being expressed in the developing LR,
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and CEP 1, 3,4,5, 9, 13 and 15 present in emerged lateral roots [52]. CEP3 was shown
to be a long-range signal that travels from the root to the shoot in response to low
nitrogen in the environment [39], where it interacts with the LRR-RLK receptors
XIP1/CEPR1 and CEPR2, ultimately resulting in the upregulation of nitrogen importers
in regions of the root where nitrogen is available. Recently CEP5 was shown to play a
role in inhibiting lateral root initiation in a short-range signaling pathway by suppressing
XIP1/CEPR1 function [53]. CEP5 is expressed in the phloem pole pericycle, whereas
XIP1 is expressed in the XPP (Fig. 1) [53].
CEPD:
CEP DOWNSTREAM (CEPD1 and CEPD2) were recently identified as mobile peptides
that are produced in response to CEP perception in the shoot by CEPR1 and CEPR2,
and which in turn travel down to the roots and serve to induce nitrogen importers [54].
They are a pair of proteins that contain 99 and 102 amino acids, respectively [54], and
are classified as members of the glutaredoxin family which is responsible for reducing
oxidative species; however, this activity has not been tested in these two genes [54, 55].
RALF:
Arabidopsis has 33 identified RAPID ALKALINIZATION FACTORs (RALFs) [56]. These
peptides have been shown to regulate numerous developmental processes through cell
expansion by affecting the pH environment outside the cell [57]. RALF1 has been
shown to negatively regulate LR initiation [58]. In addition, a RALF-like protein,
RALFL34, ensures that the initial LR divisions occur properly, and RALFL34 may even
act upstream of the early LR marker GATA 23 in doing so [59].
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External signals affecting LR formation
The environment that the root finds itself in helps to shape how it develops. Many of the
internal factors that control lateral root development respond directly to environmental
conditions, as is the case with many CEPs and CLEs in response to nitrogen availability
[52]. Here I will go over the environmental conditions that have the greatest effect on
LRs.
Nitrogen:
Lateral roots have a complex response to levels of nitrogen in the environment. When a
plant is grown with abundant nitrogen, lateral roots are inhibited; however, when they
are grown in low, but not drastically low, levels of nitrogen, lateral root initiation and
elongation is enhanced. In real-world growth conditions, where a plant sees different
levels of nitrogen, the plant represses LR in regions with low nitrogen availability, and
drives growth and initiation of LRs in regions where nitrogen can be more easily
accessed. The nitrogen sensing is achieved by NPF6.3/CHL1/NRT1.1 which serves
both as a nitrate sensor and a transporter [60]. The high affinity nitrate transporter
NRT2.1 also has been shown to control lateral root development [61], although the
mode of action has not been elucidated.
Phosphate:
Under phosphate limiting conditions, lateral roots near the soil surface elongate, while
primary root elongation is decreased [62]. Lateral root elongation and initiation is
increased when phosphate is limiting via the upregulation of the auxin receptor
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TRANSPORT INHIBITOR RESPONSE1 (TIR1) [63]. The increased sensitivity to auxin
leads to increased degradation of auxin-signaling inhibitors such as AUXIN RESISTANT
3 (AUX3/IAA17) [63], thereby increasing the roots’ ability to respond to the
endogenously auxin-driven lateral root development as discussed above.
Summary
Over the past few years, our understanding of the mechanism of LR development has
greatly increased, with many mechanisms that control the initiation and development of
LRP being described [5, 17, 20, 36]. Furthermore, our understanding of how the
environment can shape this process is becoming more defined [4, 64], although most
studies only focus on when the plant is presented with a single stress. On the other
hand, a plant in any non-laboratory condition experiences multiple different
environmental conditions that may individually have opposing solutions, and the plant
must “decide” on the best course in order to optimize its growth. To do this, plants need
to integrate numerous long and short range signals. Many of these signals have been
shown to be small hormone-like peptides that are induced in response to external
stimuli, that can then signal to tissues immediately surrounding their source or can
travel long-distance (for example, from shoot to root) and have plant-wide effects [36].
The fact that many of these short peptides negatively regulate auxin transport or
synthesis may indicate that auxin’s role in LR development is as a master regulator that
can be fine-tuned by the plant in response to environmental inputs to optimize overall
plant growth.
The apparently innate process of LR development, as controlled by auxin, has been
elucidated over the past few decades [1, 4, 65]. Many of the environmental cues, both
25

mechanical and nutritional, that affect LR density and length have begun to be
discovered, however, the precise mechanism through which LR density and length still
require further studies [5]. With new techniques for both obtaining relatively easy multigene knockouts, such as CRISPER-CAS9 [66], as well as new imaging platforms
allowing for live time-course observations of root development [67], these gaps can be
filled in the coming years.
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Chapter 2: Lateral root growth in Arabidopsis is controlled by short and long
distance signaling through the LRR RLKs XIP1/CEPR1 and CEPR2
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 the media, resulting
in longer lateral roots. These results, combined with previous evidence, establish
XIP1/CEPR1 and CEPR2-dependent roles in short- and long-distance pathways
regulating different stages of lateral root growth.
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 postembryonically and whose number and growth rate are greatly influenced by
environmental cues [1, 68]. 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 branching pattern of its roots [3, 69],
and, as the majority of the root system in eudicots is composed of LRs [3], understanding
the mechanisms behind the environmental control of initiation and extension of LRs is
paramount.
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Many of the factors important in triggering LR initiation, emergence and extension have
been elucidated, and have been reviewed in depth elsewhere [4, 70]. Briefly, auxin
accumulation in the protoxylem of the basal meristem of the root primes small groups of
cells [10, 65, 71]). These cells are triggered to re-enter mitosis to produce lateral root
primordia [2], 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 nutrient
availability [72] and gravitropic signals [64], among others [4]. 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 preprogrammed behaviors rely on a complex interplay of numerous short- and long-range
signaling molecules in both the root and shoot [4].
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
[73, 74]. There is evidence that sucrose may also serve as a distinct signal separate from
its role as a source of energy [74-76]. Sucrose signaling has been associated with
regulation of starch synthesis, photosynthesis, root growth, and nitrogen metabolism
among other processes [74, 77-79]. 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 component 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,
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indicating a master control mechanism that balances available resources to appropriate
growth [80].
Recently, a model has been proposed to coordinate root-derived environmental signals
and shoot-mediated control of growth [39]. 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 [39]. CEPs have
also been associated with control of lateral root number [53], nodulation [81], and total
root size [82]. Here we extend the current model (20) by using grafting experiments to
show that the density of LR primordia and the emergence of LRs is controlled 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
lateral root extension. We conclude that both short-range root-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 primary root (PR) length ratio to be higher in the double
mutants than in controls (Fig. S2 in [39]), 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 (Fig. 1A). We typically do not use sucrose in plate assays as it
is not found in normal soils, and because sucrose speeds up plant growth. Based on our
results, we hypothesized that the double mutant might be sensitive to sucrose, and when
29

we supplemented the media with 1% sucrose, the LR/PR length ratio in the double mutant
was significantly above the wild-type ratio (Fig. 1A). When the sucrose sensitivity of the
various genotypes was determined, the double mutant had a seven-fold increase in LR
to PR length root ratio and average LR length, whereas the other genotypes have a twofold increase (Fig. 1B). This sensitivity could be due to: (i) a shorter primary root length
with supplemental sucrose; (ii) the production of fewer LRs when grown without sucrose;
(iii) a large increase of LR length in response to sucrose in the media; (iv) the production
of many 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 (Fig. 1B and Fig. S1A). The density of emerged
LRs, as well as the density of LRP, were significantly increased in the double mutant
plants when grown on media with and without supplemental sucrose (Fig. 2 A and B).
While sucrose does produce a larger percentage of emerged LRs (from ~20% of total to
about 30% Fig. 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 progression, and emergence (Fig. 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
supplemented sucrose in the media, but is above wild-type levels with 1% sucrose in the
media (Fig. 2C).

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 hypersensitive phenotype.
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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 (Fig. S2). All genotypes
produced shorter primary roots with long lateral roots compared to the no-saccharide and
metabolizable saccharide conditions (Fig. S2). Concurrently, the plants produced longer
lateral roots in all genotypes when grown on mannitol when compared to no additive,
however the saccharides produced much longer LR roots in the double mutants (Fig. 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 (Fig. 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/cepr11;cepr2-3 rootstock have an increased density of LRP and emerged LRs (Fig. 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
reference its internal energy stores, before proceeding to grow. Root systems have a
complex response to availability of nitrogen in their immediate environment. For example,
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plants suppress LRs in regions with very low nitrogen concentrations, and increase LR
initiation in areas with more accessible nitrogen [83]. Previously, XIP1/CEPR1 and
CEPR2 were identified 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
nitrogen transporters in portions of the root system where nitrogen is available [39]. Since
XIP1/CEPR2 are expressed in the phloem pole pericycle cells [53, 84], while lateral root
primordia initiate at the xylem pole pericycle (see Fig. 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 [53]. In addition, mutants in
XIP1/CEPR1 appear to decrease the LR density [53].

We note that their growth

conditions differ from ours, and when we also supplement our media with 0.1% myoinositol, we do observe that xip1-1/cepr1-2 produces a lower density of LRs compared to
controls (Fig. S4).
We propose that XIP1/CEPR1 and CEPR2 function to suppress LR initiation and
emergence locally in the root (Fig. 4). Our model of local suppression fits well with
previous observations (20) that there was inhibition of nitrogen acquisition mechanisms
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in regions of the root exposed to low nitrogen conditions. 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 [85]. 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 evidence that nitrogen
acquisition is already controlled by these two receptors from the shoot [39], 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 of the root? Auxin plays
a key role in this pathway [65], 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 [86]. The location of this control is also in question, shoot derived
sucrose drives lateral root extension by action in the shoot [85], and given that
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XIP1/CEPR1 and CEPR2 drive nitrogen responses from the shoot (20) they may have a
similar role in responses to sucrose [85].
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 [39, 84], and the
CEPR2 T-DNA insertion mutants were obtained from TAIR ABRC (cepr2-2 SALK_081193; cepr2-3 - SALK_014533, genotyping primers TableS1). 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 (SigmaA1296), which was supplemented with 1% sucrose (Mallinckrodt- 8360) fructose (FisherL96-212), D-glucose (Spectrum- D1017) or myo-inositol (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.
Grafting:
Five days after moving plants from stratification, grafting was performed based on a
modified protocol from [87]. Briefly, a horizontal cut was made in the seedling hypocotyl
using a razor blade, then the corresponding shoot/root stocks were joined. Two to four
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days later, joined plants were examined and any adventitious 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.
Lateral root primordia staging:
Roots were scored for LRP and emerged lateral roots at 16 days after moving from
stratification. Plates were scanned, and primary and lateral root lengths were measured
using ImageJ [88]. Seedlings were fixed and cleared as described [2], and root staging
was scored [2].
Statistical analysis:
Statistical analyses were performed in R [89]. 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, 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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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 < .01; *** - p
< 0.005, , error bars represent standard error, n= 25 for mutant, n=120 for Col). (b) xip12;cepr2-2 seedlings show a sensitivity to sucrose with respect to LR extension. The ratio
of values between seedlings grown on ½ MS with 1% sucrose versus those grown on ½
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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Figure 2. (A) Lateral root primordium densities were increased in double mutant lines
grown with 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
medium, 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
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and cepr2-2 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 < .01; *** - P < 0.005, error bars represent standard error; n
= 15 +)
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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:cepr22) independently from which shootstock was they were connected to. (ANOVA, followed
by pairwise T test with Bonferroni correction; * - p<0.05; ** - P < .01; *** - P < 0.005, error
bars represent standard error, n = 9-22)
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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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Figure S1. (A) Primary root lengths and fold change in primary root length in response to
1% sucrose. (two-way ANOVA followed by pairwise T-test with Bonferroni correction, NS
– no sucrose, S – 1% sucrose, N = 15 for each mutant, 115 for Col). (B) Lateral root
primordia staging for plants grown on ½ MS media and ½ MS media supplemented with
1% sucrose (N=15 for each mutant, 115 for Col)
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Figure S2. Responses to a range of saccharides. (A) Average primary root length (B) total LR length. Plants were grown
on ½ MS (NAd) or ½ MS supplemented with either 30mM glucose (_G), 30mM fructose (_F), 30 mM sucrose (equivalent to
1%, _S), 30 mM glucose and 30 mM fructose (_F+G), or 30mM mannito (_M). (Kruskal-Wallis test followed by pairwise
Wilcox with Bonferroni correction, n = 14, 15, 15, 13, 14, 14, 13, 15, 14, 14, 15, 14, 4, 9, 11, 10, 11, 4 respectively)
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Figure S3. Responses to a range of saccharides. (A) Lateral root length to primary root length ratio when grown on ½ MS
(NAd) or ½ MS supplemented with either 30mM glucose (_G), 30mM fructose (_F), 30 mM sucrose (equivalent to 1%, _S),
30 mM glucose and 30 mM fructose (_F+G), or 30mM mannito (_M). (Kruskal-Wallis test followed by pairwise Wilcox with
Bonferroni correction, n = 14, 15, 15, 13, 14, 14, 13, 15, 14, 14, 15, 14, 4, 9, 11, 10, 11, 4 respectively) (B) Fold change in
lateral root length to primary root length ratio in this experiment.
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Figure S4. Number of emerged lateral roots and lateral root primordia staging of xip1-1 and Col plants when grown on ½
MS media with 1% sucrose, and 0.5 mM myo-inositol (student t-test xip1-1 vs Col, *- p<0.05, n = 9)
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name
1 pROK2_salk
2 cepr2 SEQ_R7
3 cepr2 SEQ_F4
4 cepr2_OExF
5 cepr2_R

gene

sequence

border primer
CEPR2-3
CEPR2-3
CEPR2-2
CEPR2-2

ATTTTGCCGATTTCGGAAC
ACCACAACAATTGCAAGAGC
CCGGGAATTTTCTTAACGGA
ACCTTTTTGGCTCCAAGTCTCG
AGCAAGCGGTAGAGACCAGA

use primers
for cepr2-2 wt

4+5

for cepr2-2 mut 1 + 4
for cepr2-3 wt

2+3

for cepr2-3 mut 1 + 2

Table S1. Genotyping primers and combinations used for genotyping of CEPR2 mutants.
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Chapter 3: Genetic Characterization of XIP1 Interacting Proteins
Introduction:
Any multi-cellular organism needs to be able to perceive and respond to its environment
and coordinate responses between disparate tissues, such as shoots and roots in
plants. This is achieved by using signaling molecules and receptors. However,
receptors and their ligands represent the tip of the signaling cascades that occur within
and between cells. To fully understand an environmental response, one must consider
the environmental signal, the responding signals produced by plant cells, the specific
receptors involved, the network of proteins that the receptors interact with, their
downstream effectors, and then one must be able to determine the specific phenotypic
effect of any single signal.
XIP1 is a Leucine-Rich Repeat Receptor-Like-Kinase (LRR-RLK) that was first
characterized by our group [84]. XIP1 is expressed in the vascular tissues of
Arabidopsis, primarily in the phloem and the phloem procambium [53, 84]. Initially,
XIP1 was associated with improper vasculature development, resulting in files of cells
with markers for xylem present in regions where phloem files are observed in wild type
[84]. Furthermore, mutants in XIP1 were found to have shorter stems and accumulated
anthocyanin in their rosette leaves [84]. Tabata et al also showed that XIP1 (also
named CEPR1) serves as the receptor for a subset of short peptides termed Cterminally encoded peptides (CEP) [39]. In this pathway, a lack of nitrogen in one part
of the root system produces CEPs, which then travel up to the shoot via the xylem, and
interact with CEPR1, and another LRR-RLK, CEPR2, which results in an upregulation of
nitrogen transporters in the region of the root with ample nitrogen [39]. More recently,
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Ohkubo et al. provided support for this proposed signaling from shoots to roots by
showing that CEP1 perception in the shoot by CEPR1 produces a pair of peptides, CEP
DOWNSTREAM 1 and 2 (CEPD1 and 2), that then travel to the root and induce
expression of the high affinity nitrate transporter NRT2.1 [54], however, these peptides
do not re-capitulate the whole downstream signaling cascade that is triggered with
CEP1, indicating that there is or are other signals in this pathway.
We noticed that in the Tabata et al paper, the XIP1/CEPR1;CEPR2 double mutant had
much longer lateral roots than the controls [39]. When we first tried to analyze this
phenotype, we did not observe this phenomenon, and we later discovered that the lack
of sucrose in our media was the cause of this difference. In a previous study (see

Figure 1. Highly significant enrichment of GO biological process terms found in
XIP1/CEPR1 interacting genes. The thickness of the connections correlates with
the number of proteins that have multiple GO terms.
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Chapter 2), we sought to better understand the control of lateral root growth in these
mutants in the presence and absence of sucrose.
In order to probe the function of XIP1/CEPR1, we obtained a dataset of proteins that
interact with this receptor from a collaborator [90]. Among the 45 XIP1-interacting
proteins, there was an enrichment of proteins that are involved in carbohydrate
metabolism (Fig. 1), namely, 13 of the 45 could be associated with sugar metabolism or
transport. Furthermore, some of the proteins appeared to span nitrogen and sugar
metabolism by linking the TCA cycle with the amino acid synthesizing GS-GOGAT
pathway [91], which was interesting as XIP1/CEPR1 and CEPR2 have already been
shown to play a role in nitrogen acquisition [39]. From chapter 2, we have shown that

Figure 2. Genes of interest and their biochemical function. Black lines indicate
interaction. Solid arrows indicate single step reactions, dashed arrows indicate
multiple step reactions.
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mutants in XIP1/CEPR1 and CEPR2 have a defect in controlling growth in response to
extra saccharides. Below is an overview of the genes that I selected to examine for
XIP1/CEPR1 and CEPR2-associated phenotypes and to test for genetic interactions
with xip1/cepr1 and cepr2 mutants.
Phosphoenolpyruvate carboxylase 2:
Phosphoenolpyruvate carboxylase 2 (PPC2) is one of the enzymes that interacts with
XIP1/CEPR1. PPC2 is responsible for the irreversible conversion of
phosphoenolpyruvate (PEP) and HCO3- into oxaloacetate (OAA) [91]. In Arabidopsis,
there are four members of this family, with PPC1, PPC2, and PPC3 comprising a plantspecific subtype, and PPC4 classified as a bacterial type [92]. PPC1 and PPC2 are
expressed highly in most tissues, and PPC3 is expressed primarily in the root, while
PPC4 is expressed at low levels in most tissues [91]. Since the reaction that PPC
catalyzes is irreversible, this enzyme is controlled by multiple mechanisms, including
allosteric control: negatively by products downstream of OAA such as malate,
glutamine, and aspartate, and positively by the upstream metabolite glucose-6phosphate (Fig. 2) [93]. Furthermore, PPC2 has several phosphorylation sites that act
to refine the degree to which PPC2 is responsive to its allosteric controllers [91, 94].
Mutating the two main phosphoenolpyruvate carboxylases, PPC1 and PPC2, in
Arabidopsis resulted in increased accumulation of carbohydrates in both free forms as
well as in its storage form, starch [91]. PPCs drive the production of OAA, which can be
used in the GS-GOGAT process to produce glutamate from glutamine, and in
ppc1/ppc2 mutants, the levels of several amino acids, nitrate, and ammonium were
affected, with amino acid and nitrate levels decreased, and ammonium levels increased
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[91]. These effects, as well as the growth arrest phenotype, were rescued when either
glutamine or malate, both downstream products of OAA, is supplied in the growth
environment [91], indicating the importance of this enzyme in nitrogen assimilation.
This example also highlights how PPC links carbohydrate metabolism and nitrogen
acquisition by virtue of the reaction it catalyzes, and given that there are many
carbohydrate transporters and metabolic enzymes in our interactome, we chose to
follow up and analyze this enzyme for genetic interactions with XIP1 and CEPR2.
Pyruvate orthophosphate dikinase:
Pyruvate orthophosphate dikinase (PPDK) is an enzyme that catalyzes the production
of PEP from pyruvate, phosphate, and ATP (Fig. 2) [95]. It has been studied
extensively in plants that utilize C4 photosynthesis, where it plays the key role of fixing
carbonate in mesophyll cells [96]. In Arabidopsis PPDK is encoded by a single gene
that produces two different transcripts that differ in their cellular localization, one
cytosolic and one plastidic [95]. PPDK plays roles in remobilizing nitrogen from
senescent leaves [97, 98], seedling establishment in soil by helping mobilize protein
stores [99], and in responses to hypoxia in the root [100]. Also it is controlled by
reversible phosphorylation [101]. This enzyme was chosen for further study because it
is involved with the same pathway as PPC2, because of evidence demonstrating that it
is important in linking nitrogen stores, in the form of protein, and carbohydrate
metabolism [98, 99].
Sugars Will Eventually be Exported Transporter 11 (SWEET11):
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SWEET11 is a bi-directional hexose and sucrose transporter that is expressed
throughout the vasculature and is responsible for loading sucrose into the phloem and
unloading sucrose from the phloem to sink tissues [102-104]. The SWEET family of
transporters has also been shown to be key in supplying sucrose to the developing
embryo [104]. SWEET11 works together with SWEET12 in loading phloem with
sucrose from source issues [103]. The sweet11;sweet12 double mutant produced
shorter primary roots, a phenotype that was rescued when the plants were supplied with
sucrose in the media; no lateral root phenotypes were described [103]. This double
mutant also had increased starch accumulation, which was a phenotype similar to that
of PPC2 and PPDK mutants discussed above, and for this reason we also looked at the
genetic interaction between sweet11 mutants and mutants in xip1/cepr1 and cepr2.
Since the single sweet11 mutant had not previously been shown to have a phenotype,
we chose to use the double sweet11;sweet12 mutant as the two proteins have
overlapping function and are 88% similar at the amino acid level [103].
Sucrose Synthase 4:
In plants, sucrose synthase (SUS) is responsible for the primary breakdown of sucrose
into its component hexoses for their entry into cellular metabolism [105, 106]. In
Arabidopsis, the SUS protein family includes six members [105], and single mutants in
any one of these appear to lack any discernable phenotype, however there are
phenotypes under hypoxic stress when multiple genes in the family are knocked out
[105]. This is in contrast to several mutants in this family in crop plants, where major
developmental and agronomically important traits can be affected by single mutants.
For example, in maize, SUS1 mutants show reduced starch accumulation in seeds
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[107]. In peas, a mutation in the RUG4 gene, a SUS homolog, reduces the ability of
roots to break down sucrose, specifically in Rhizobium nodules, which results in a
decrease in nitrogen fixation [108]. SUS4 is the primary sucrose synthase that is
expressed in the root and in siliques [105]. Furthermore, phosphorylation of SUS
proteins has been shown to promote their translocation to the cell membrane from the
cytoplasm[109], which is believed to help speed up sucrose breakdown when extra
sucrose is available via transport [109]. While I was not able to establish multiple
mutants with sus4, xip1/cepr1 or cepr2, I included phenotypic data of single mutants,
since it may be useful in placing this gene into context in the future when the mutants
are generated.
Methods:
Phylogenetic analysis:
A HMM model was created out of an alignment of XIP1/CEPR1 and CEPR2. This
model was then run on the HHMER server [110], using the following parameters: -T 999
--domT 998 --incT 1000 --incdomT 1000 --seqdb uniprotkb. An aligned FASTA file with
the resulting 97 hits was downloaded. A phylogenetic tree was constructed from this file
using MEGA7 [111].
Interactor analysis:
To see enriched pathways in the interactor dataset, gene ontology analysis was used.
The list of interactors was submitted to AgriGO [112]. The data was transferred to
Revigo [113], and the final data display was obtained using Cytoscape [114].
Phenotyping mutants:
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Ten plants
Genotype

source genotype

1 sweet11;sweet12;XIP1_OE7 Tax lab (cross)
2 sweet11;sweet12;XIP1_OE8 Tax lab (cross)
3 ppc2-2;XIP1-OE7
Tax lab (cross)
4 ppc2-2;XIP1_OE8
Tax lab (cross)
5 ppdk-2;XIP1_OE7
Tax lab (cross)
6 ppdk-2;XIP1_OE8
Tax lab (cross)
7 XIP1_OE7
Tax lab (transform)
8 XIP1_OE8
Tax lab (transform)
9 Col
Tax lab
10 cepr2-2
ABRC (SALK_081193)
11 cepr2-3
ABRC (SALK_014533)
12 xip1-2
RIKEN (RATM11-2459-1H)
13 Nossen
RIKEN
14 ppc2-2
ABRC (SALK_025005)
15 ppdk-2
ABRC (SALK_023320)
16 sus4
ABRC (SALK_119660)
17 sweet11;sweet12
ABRC (CS68845)
18 xip1-2;cepr2-2
Tax lab
19 ppc2-2;xip1-2;cepr2-2
Tax lab
20 ppdk-2;xip1-2;cepr2-2
Tax lab
Table 1. List of genotypes that were used in this analysis.

from each
genotype
were
analyzed.
Plants were
assigned a
number by a
lab member
to make the
scorer blind
to the
genotype.
Seeded pots
were left in

the cold (4° C) for two days, then moved to a Conviron growth chamber with 16h/8h
day/night cycle at 22° C. The genotypes and their sourcing are in Table 1. The
following traits were measured as the plants grew based on a subset of characteristics
described by Boyes et al [115]: (days are post transfer from cold room) number of
rosette leaves (day 17, 19, 21); rosette leaf area (day 21, 23, 25, 27, 29); height of main
shoot (day 23, 25, 27, 29, 31, 33, 35, 38, 41, 46, 63); day of first dry silique; number of
secondary shoots (day 35, 41, 46, 63); and day of first open flower.
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Root analysis:
Seedlings were grown on ½X MS plates (per liter 2.15g MS salts, Gibco Laboratories,
0.5 g MES, pH 5.8, and 3.75g agar) with the addition of 1% sucrose where indicated.
Seeds were sterilized using a 70% ethanol, 0.1% Triton solution, then plated on the ½X
MS plates, covered in aluminum foil and moved to 4°C room for two days. The plates
were then moved to a plate rack where they were exposed to 16h/8h day/night cycle for
16 days, at which point the plates were scanned and slides were made for root stage
analysis. Lateral root lengths were measured in ImageJ [88]. Root slides were made
as described by Malamy and Benfey [2].
For the nitrogen stress assay, media was made as described by Tabata et al [39].
Nitrogen starvation did not include any direct nitrate or ammonia addition. The nitrogenlow concentration was 1 mM NO3, and the nitrogen-rich was 10 mM NO3 and 10 mM
NH4. Growth conditions were the same as above.
Results:
Phylogenetic Analysis of CEPR1 and CEPR2:
A phylogenetic analysis was performed to see if there might be other closely related
family members of these two receptors. Using HMMR3, I was able to construct a
protein model that can better serve to find distant members of these proteins than
simple homology using BLAST(p) [116, 117]. This method brought out the same two
receptors in Arabidopsis, although I used a very high cut-off for significant hits. On the
other hand, when I looked across species, there was evidence that while CEPR1 is
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represented by a single gene in all species sampled, CEPR2 appears to have been
duplicated in monocots (Fig. 3).

Figure 3. Phylogenetic analysis of XIP1/CEPR1 and CEPR2.

Interactor network analysis:
I performed gene ontology analysis to gain insight into an understanding of what
processes the interacting proteins participate in. Only the biological process gene
ontology provided any insight (Fig. 1). Enrichment in terms for metabolism of proteins,
carbohydrates, and macromolecules, among other related metabolism functions were
found in our set of interacting proteins. Also, there is enrichment for responses to
various stresses and stimuli.
Phenotyping of mutants:
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XIP1 and its interactors appear to play roles to carbon metabolism and transport, and
nitrogen metabolism. These two processes represent limits to growth in terms of
nutrition, as without the ability to metabolize or transport carbon (photoassimilate in the
form of sucrose) the plant would not have the energy to survive, and nitrogen
represents the primary limiting nutrient for plant growth. To see if there were major
differences between the various genotypes I examined, a general analysis of their
phenotypes was performed. Single, double and triple mutants of the genes of interest
(Table 1) were phenotyped under normal in-pot growth conditions, and a series of
above ground phenotypes were scored.
The day of the first open flower varied greatly (Fig. 4A), with genotypes that had the
xip1-2 allele taking the longest time to flower (with the exception of the xip1-2;cepr2-2
mutant which was made from single mutants from the Nossen and Columbia ecotypes,
and the xip1-2;cepr2-2 plants flowered significantly later than Nossen). This phenotype
is even more surprising as the background genotype of the xip1-2 allele, Nossen, was
one of the earliest to flower. Similarly, both over-expression lines (XIP1_OE7 and
XIP1_OE8) were slightly quicker to flower, but not significantly. This phenotype of XIP1
has not been previously been reported. In contrast to xip1-2, the ppc2-2 mutant
flowered relatively early, however, this phenotype was reversed in the triple ppc22;xip1-2;cepr2-2 mutant, possibly indicating that XIP1 is epistatic to PPC2 for this
phenotype. The ppdk, sus4, and sweet11;sweet12 mutants do not show significant
differences from the background, indicating that they do not have an effect on this
phenotype, however when they are paired with overexpression lines, they flower
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significantly earlier than Col, again indicating that XIP1 appears to drive flowering time
in these backgrounds.
The day that the first dry silique appears, as defined by the time when the first silique
that shatters upon being touched, also varied greatly (Fig. 4B). Most genotypes obtain
their first ripe silique earlier than Col. However, in genotypes containing xip1-2, the first
dry silique appeared later when compared to the xip1-2 background Nossen. The XIP1
overexpression lines had significantly earlier first dry siliques, similarly to the first open
flower phenotype. The ppdk, ppc2, sweet11;sweet12, and sus4 genotypes also had
siliques that matured early when compared to Col (Fig 4B). The triple mutants ppc22;xip1-2;cepr2-2 and ppdk-2;xip1-2;cepr2-2 had even later first siliques, which may be
due to the loss of the effects of the Nossen background through outcrossing with
genotypes in the Col ecotype, and due to the epistatic effect of the xip1-2;cepr2 allele.
The progression of rosette leaf number was used to assay early biomass accumulation
and growth rate. With this assay, the pattern seemed to be established by day 17, and
continued up to the last day of assessment, day 21 (Fig. 5A). Nossen had more leaves
than Col on all three days the plants were measured; despite this, xip1-2 once again
was an outlier, with statistically lower number of leaves on all three days. XIP1_OE7
showed an increased growth rate, and double mutants with the overexpression lines all
showed overall significant increase in leaf number, except for XIP1_OE8 and ppdk2;XIP1_OE8 plants.
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Figure 4. (A) day of first open flower. (B) day of first dry silique. (Kruskal-Wallis test followed by pairwise Wilcox rank sum
test with false discovery rate correction; * indicates p<0.05 when compared to Col; ● indicates p<0.05 when compared to
Nossen; ◊ indicates p<0.05 when compared to xip1-2;cepr2-2, N = 8-10)
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Figure 5. (A) Number of rosette leaves. (B) Number of rosette leaves. (Kruskal-Wallis test followed by pairwise Wilcox rank
sum test with false discovery rate correction; significance indicated where majority of days are significant; * indicates p<0.05
when compared to Col; ● indicates p<0.05 when compared to Nossen; ◊ indicates p<0.05 when compared to xip1-2;cepr22, N = 8-10)
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Rosette leaf area was also used to measure early biomass accumulation and growth
rate. For this phenotype, the two cepr2 alleles both produced larger rosette areas (Fig.
5B), although cepr2-3 was not significantly larger, while xip1-2 produced a smaller area.
Again XIP1_OE7 had the opposite phenotype of the XIP1 knockout, with larger areas
than Col. The triple mutants ppc2-2;xip1-2;cepr2-2 and ppdk-2;xip1-2;cepr2-2, both
grew slower than the Col controls. Plants containing mutations in PPDK,
SWEET11;SWEET12, and SUS4 did not have significantly different growth rates,
however, when combined with XIP1_OE7 they grew faster, most likely due to the effects
of the overexpressed XIP1.
To measure later stage growth characteristics of these mutants, the total height of the
main shoot was measured. Several genotypes grew more slowly, such as xip1-2, ppc22;xip1-2;cepr2-2 and ppdk-2;xip1-2;cepr2-2, in accordance with what was seen with the
rosette leaf growth (Fig. 6A and B). Similarly, any genotypes that included XIP1
overexpression tend to have faster growth during the first 3 time points. However, by
the end of the trial, most of the genotypes reach a similar height, with the mutants
containing xip1-2;cepr2-2 having significantly taller main shoots (Fig. 6B). In sum, this
measurement is in accordance with the rosette leaf growth phenotypes, again showing
that XIP1 is necessary for early growth. However, it is interesting that mutants that lack
XIP1 and CEPR2 ultimately exceed the controls in height.
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Figure 6. (A) Height of main shoot on day 23, 25, 27. (B) Height of main shoot on day 41,46,63. (Kruskal-Wallis test followed
by pairwise Wilcox rank sum test with false discovery rate correction; significance indicated where majority of days are
significant; * indicates p<0.05 when compared to Col; ● indicates p<0.05 when compared to Nossen; ◊ indicates p<0.05
when compared to xip1-2;cepr2-2, N = 8-10)
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Figure 7. Number of secondary shoots. (Kruskal-Wallis test followed by pairwise Wilcox rank sum test with false discovery
rate correction; * indicates p<0.05 when compared to Col; ● indicates p<0.05 when compared to Nossen; ◊ indicates p<0.05
when compared to xip1-2;cepr2-2, N = 8-10)
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The number of secondary shoots, defined as shoots that originate at the base of the
main shoot, was assayed. The xip1-2 mutant produces far fewer secondary shoots
compared to its background Nossen at early time points, and while the values are more
similar towards the end of the growth period, there is a lot of variability (Fig. 7). The
double mutant, xip1-2;cepr2-2 produces more shoots by the end of the experiment,
while when ppc2-2 or ppdk-2 are combined into this genotype, offshoot numbers are not
significantly different from that of Col. Interestingly, the sweet11;sweet12 and sus4
mutants both produce more secondary shoots compared to Col across every time point.
Root phenotypes under normal growth conditions:
The root phenotypes of several of the double and triple mutants were analyzed. Primary
root lengths did not vary greatly (Fig. 8). The pattern observed on ½ MS plates was
generally not consistent with plant growth when sucrose was present in the medium
(Fig. 8B).
Several trends emerge when LRP densities were analyzed. First, when no sucrose is
present in the medium, xip1-2;cepr2-2 and ppc2-2; xip1-2;cepr2-2 mutants result in
higher densities of LRP in the roots (Fig. 9A). Interestingly, in ppc2-2; xip1-2;cepr2-2
and ppdk-2; xip1-2;cepr2-2 mutants, the root produces fewer LRP than in the double
xip1-2;cepr2-2 mutant, although not statistically significantly, indicating that PPC2 and
PPDK may be necessary for the increase in LRP density seen in the xip1-2;cepr2-2
genotype. Similarly, when sucrose is supplied to the media these trends remain among
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Figure 8. Primary root length on ½ MS (A) and ½ MS +1% sucrose (B). (no significant differences by Kruskal-Wallis test
followed by pairwise Wilcox rank sum test with false discovery rate correction; N = 15 for mutants, 115 for Col)
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Figure 9. Lateral root primordia density (# per mm of primary root length) on ½ MS (A) and ½ MS +1% sucrose (B). (KruskalWallis test followed by pairwise Wilcox rank sum test with false discovery rate correction; * indicates p<0.05 when compared
to Col; ◊ indicates p<0.05 when compared to xip1-2;cepr2-2; N = 15 for mutants, 115 for Col)
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these genotypes (Fig. 9B). When sucrose is added to the media, more mutants have
increased LRP densities, namely ppc2-2;xip1-2;cepr2-2, and all genotypes that
overexpress XIP1, with the exception of ppdk-2;XIP1_OE8 and XIP1_OE8.
When I look at the density of emerged (EM) LRs, some new patterns emerge (Fig. 10).
Most double mutants containing XIP1 overexpression produce EM LRs at higher
densities than Col under both conditions (Fig. 10A and B), however XIP1-OE8 does not
do this by itself. Similarly to LRP density, xip1-2;cepr2-2 and ppc2-2;xip1-2;cepr2-2
produce a higher density of EM LRs under both conditions, while ppdk-2;xip1-2;cepr2-2
produces a lower density of EM LRs.
I next compared lateral root length relative to primary root length as a way to see if the
extension of LRs in these mutants is affected as it is in the xip1-2;cepr2-2 double
mutant (Fig. 11). In this assay, there is large variability, but there are a number of
significant points. Without sucrose in the media none of the relationships come up as
significant, however, ppc2-2, ppdk-2;XIP1_OE7 and ppdk-2;XIP1_OE8, produce longer
LRs (Fig. 11A). Conversely, ppc2;XIP1_OE7 and ppc2;XIP1_OE8 produce shorter
LRs. Interestingly, the overexpression line background seems to reverse the phenotype
of the single ppdk-2 and ppc2-2 mutants, however, while the phenotype of the overexpression line does not differ from Col (Fig. 11A). When sucrose is added to the
media, ppc-2 mutants maintain the same phenotype as when there was not sucrose in
the media, while ppdk-2 mutants produce longer LRs (Fig. 11B). Multiple mutant
combinations that contain the xip1-2 allele also begin to produce longer lateral roots, as
was seen previously. In this experiment, the cepr2-2 mutants produced a phenotype
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that was similar to that of the double mutant, but this was not observed in two prior
experiments.
Root phenotypes under variable nitrogen conditions:
As XIP1 and CEPR2 were found to be responsible for root growth under different
nitrogen conditions [39], I looked at the effect of varying the availability of nitrogen on
these mutant phenotypes. The rate of lateral root initiation, as measured by the density
of LRP and EM LR, showed no major differences between most of the genotypes and
Col (Fig. 12). The double mutant xip1-2;cepr2-2, produced roots with higher density of
LRs under all conditions, and sweet11;sweet12 produced a lower density of lateral roots
under the most severe nitrogen restriction condition.
Under low nitrogen (1mM NO3) and rich nitrogen (10mM NO3 and 10mM NH4), the
double mutant produces very long lateral roots, while the sweet11;sweet12 mutant
produced significantly shorter roots (Fig. 13 B and C).
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Figure 10. Emerged root density (# per mm of primary root length) on ½ MS and ½ MS +1% sucrose. (Kruskal-Wallis test
followed by pairwise Wilcox rank sum test with false discovery rate correction; * indicates p<0.05 when compared to Col; ◊
indicates p<0.05 when compared to xip1-2;cepr2-2; N = 15 for mutants, 115 for Col)
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Figure 11. Ratio of total lateral root length to primary root length on ½ MS (A) and ½ MS +1% sucrose (B). (Kruskal-Wallis
test followed by pairwise Wilcox rank sum test with false discovery rate correction; * indicates p<0.05 when compared to
Col; ◊ indicates p<0.05 when compared to xip1-2;cepr2-2; N = 15 for mutants, 115 for Col)
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Figure 12. Lateral root primordia density of various genotypes on plates with different levels of nitrogen. (* indicates p<0.05
by student t-test when compared to Col; N = 6-10)
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Figure 13. Total lateral root length to primary root length ratio. (* indicates p<0.05 by student t-test when compared to Col;
N = 6-10)
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Discussion:
The transmission of signals from the environment into individual cells is vital for proper
cellular function. In multi-cellular organisms, these external signals may relay the state
of neighboring or distant tissues, and require responses that affect the well-being of the
whole organism. Understanding how signals interact with receptors to act on
downstream proteins to produce changes within cells will allow us to understand what
role the receptor performs.
XIP1 is a receptor that is primarily expressed in the phloem of Arabidopsis [39, 84]. In
vascular plants, the phloem is responsible for the transport of photosynthates from
source tissues to sink tissues, which comprise non-photosynthesizing tissues such as
the root, storage tissues, such as seeds, and to newly developing regions of the shoot
which have yet to become energy self-reliant via photosynthesis. XIP1 interacts with a
set of proteins that are enriched for specific biological functions, including carbohydrate
and nitrogen metabolism, among others (Fig. 1). From the list of peptides that interact
with XIP1, there were several that appear to span nitrogen and carbohydrate
metabolism, PPC2 and PPDK among others, which we chose to focus on.
Furthermore, there were several hexose and disaccharide transporters, indicating that
XIP1 may play a role in the transport of saccharides in the plant. These interactors are
also consistent with XIP1 loss-of-function phenotypes: a knockout mutant in the XIP1
gene produces plants that develop and grow less well at early stages (Fig. 5 and 6),
while also increasing the time to first flowering (Fig. 4A) and to silique ripening (Fig. 4B).
Here we propose a model where XIP1/CEPR1 and CEPR2 in the shoot positively
regulate PPDK and SWEET11, negatively regulate PPC2, and drive SUS4 to produce
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sucrose, in order to drive increased sucrose loading of the phloem (Fig. 14). This model
was tested by looking at a set of phenotypes using a series of lines that included loss of
function mutants, as well as overexpression mutants, and various combinations of the
two. Our proposed pathway emerged when the different phenotypes of the single,
double and triple mutants was considered, and thus our interpretations of the underlying
genetic interactions between mutants in these genes.

Figure 14. Model for how XIP1/CEPR1 and CEPR2 interact with the genes of
interest.

XIP1 controls flower time and silique ripening through PPC2, PPDK and SWEET11
Mutation of XIP1 produces plants that flower later, while overexpression lines flower
earlier (Fig. 4A). Out of the interactors that were tested, PPC2 also appears to play a
role in this phenotype, as PPC2 mutants flowers early, in contrast to XIP1; however, the
triple mutant ppc2-2;xip1-2;cepr2-2, flowers late, indicating that XIP1/CEPR1 and
CEPR2 are epistatic to PPC2 for flowering time. This trend is also seen in the timing of
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the drying of the first silique (Fig. 4B). Here mutations in PPC2, PPDK, and SWEET11
all produce earlier dry siliques, whereas xip1-2 plants and the double xip1-2;cepr2
plants produce late siliques. Furthermore, both overexpression lines have some of the
earliest maturing siliques. XIP1 seems to be epistatic to PPC2, and PPDK, as the triple
mutants of ppc2-2;xip1-2;cepr2-2 and ppkd-2;xip1-2;cepr2-2 both have later silique
maturation, which is the same phenotype as that of the xip1-2;cepr2-2 mutant, and is
opposite of the ppc2-2 and ppdk-2 single mutants (Fig. 4B). The effects of pairing XIP1
overexpression with ppc2-2 or ppdk-2 do not appear to be additive, suggesting that
XIP1 and PPC or PPDK act in a single pathway. From these two phenotypes, it
appears that XIP1 negatively regulates PPC2, while positively regulating PPDK and
SWEET11, to help drive early silique ripening and PPC2 suppresses early flowering
(Fig. 14).
XIP1 controls establishment and early growth
The data for early growth shows a similar effect to that of flowering and silique maturing,
if not as strongly, with the xip1-2 the xip1-2;cepr2-2 mutants having lower number of
rosette leaves, and lower rosette leaf area, whereas ppc2-2 plants produce higher
number of leaves, and the triple mutant phenocopying the xip1-2;cepr2-2 mutant. When
these findings are combined with the effects overexpression of XIP1 on these two
phenotypes, specifically increased number of rosette leaves and larger rosette leaf
areas, we conclude that XIP1 helps maintain normal early growth rate, and enhanced
growth rate when it is over-expressed. This pattern is identical when we look at the
height of the main shoot early in the experiment (Fig. 6A). This is consistent with
mutants that have a deficit in either mobilization of photoassimilate [118, 119], or have a
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problem breaking down storage molecules such as starch [99], both of which would
reduce the flux of saccharides from source tissues to sink tissues, such as newly
developing tissues. Overall, the opposite phenotypes of overexpression and the loss of
function plants show that XIP1 plays a role in maintaining early growth rate.
XIP1 controls apical dominance through SWEET11 and SUS4
Recently Mason et al offered evidence that apical dominance, the suppression of
auxiliary buds and secondary shoots, was driven by the primary shoot’s strength as a
sink for sucrose [120]. Our results show that the double mutants xip1-2;cepr2-2, and
sweet11;sweet12, as well as the sus4 single mutant all have reduced apical dominance,
as is evident by an increase in the number of secondary shoots. As SWEETs are bidirectional in their transport, and SUS is responsible for breaking down sucrose in sink
tissues, the removal of these proteins may be leaving too much sucrose in the phloem,
which is driving the formation of secondary shoots. XIP1/CEPR1 and CEPR2 might
function by negatively controlling the activities of SWEET11 and SUS4 in sink tissues,
producing a similar effect (Fig. 14).
XIP1 suppresses LR initiation through PPC2, PPDK, and SWEET11
In terms of lateral root phenotypes, XIP1/CEPR1, CEPR2 and the three genes of
interest, PPC2, PPDK, and SWEET11, appear to have consistent genetic interactions
as is evident from the phenotypes of the mutants. The xip1-2;cepr2-2 double mutant
produces roots with increased LRP and EM LRs densities, therefore these two genes
normally suppress the initiation of these stages of lateral root progression. When the
ppdk-2 allele is added to this background, the densities decrease (Fig. 9 and 10),
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indicating that the increased density relies on a functional copy of PPDK. PPC2 appears
to have a similar role in LRP initiation when combined with xip1-2;cepr2-2, however the
differences between the double and triple mutants were not statistically significant. With
the initiation of LRP and their eventual emergence, the addition of sucrose to the media
does not affect the pattern of the phenotypes that are observed, suggesting that the
effects of the various mutants is independent of saccharide levels.
XIP1 controls LR extension through PPC2 and PPDK
Upon emerging from the primary root, lateral roots have a meristematic zone that
mirrors the one found in the primary root [20]. It is therefore interesting to consider how
the plant controls the growth of each to optimize their growth. In phosphate stress,
primary root growth is repressed or arrested, while lateral root growth is enhanced as a
way to search for phosphate supply [45, 46]. The arrest of the primary root occurs
through a signaling module that includes a peptide hormone, CLE14, and a LRR-RLK,
CLV2 [45]. In our experiments, we have observed that double mutants in XIP1/CEPR1
and CEPR2 produce longer lateral roots only when the media is supplied with sucrose,
and actually produce shorter LRs under normal conditions. This indicates that these
two receptor proteins suppress lateral root elongation in response to extra saccharides.
When I looked at what effects the interactors have on this phenotype, several patterns
emerge. First, the PPDK knockout appears to act similarly to the double receptor
knockout, with the requirement of extra sucrose in the media in order to extend lateral
roots above what is observed in Col (Fig. 11). In this respect ppdk-2 mutants that were
paired with the XIP1 overexpression lines behaved as if they had been grown on
sucrose (Fig. 11). At the same time, while ppc-2 produced long roots without sucrose in
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the environment, when combined with the XIP1 overexpression lines, the phenotype
reverses to values close to Col. This observation becomes more interesting when one
considers that while PPDK drives the production of PEP, which can lead to the
production of sucrose, PPC2 converts PEP into OAA, therefore the ppc2-2 allele
possibly produces more sucrose, as none of the PEP is metabolized to OAA, and can
therefore go on to become sucrose through gluconeogenesis (Fig. 14). Alternatively,
the loss of one of these enzymes could change the concentration of downstream
metabolites, and since both have numerous controls on their activities, these could be
compensatory changes. In this case, the overexpression of XIP1 could cause the
increase of one of those metabolites which could affect the enzymes’ activities.
There are several places where the simple model presented in Figure 14 breaks down.
Firstly, when looking at when the first dry silique appears, the effects of the PPDK and
SWEET11;SWEET12 mutants do not fit. This may be due to the reversible activities of
these two proteins. PPDK catalyzes a reversible reaction, and its activity has been
associated with nitrogen remobilization and seed growth [98]. On the other hand,
SWEET proteins are bi-directional and play a role in the loading of saccharides into the
seed [121]. Since both of these genes have been associated with seed filling, they may
have other interacting networks that are overriding the pathway we are trying to
analyze. There are also inconsistencies with PPDK in the LRP and EM LR density
phenotypes. The single PPDK mutant and the double xip1-2;cepr2-2 mutant produce
higher densities of LRP and EM LR; however, when these three mutants are combined
into one strain, the phenotype changes and the densities are closer to the control Col.
This could be due to the loss of suppression on PPC2 when XIP1 is removed, which
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depletes PEP and reduces overall sucrose flux. Analyzing a quadruple mutant, ppc22;ppdk-2;xip1-2;cepr2-2, could help resolve this question. Finally, the effect of the XIP1
overexpression lines on LRP densities are also troubling, as they produce an effect
similar, but not as big, to the double xip1-2;cepr2-2 mutant. This could be due to a loss
of stoichiometry caused by the overexpression.
Receptors transduce signals from a cells’ environment and produce an appropriate
response. XIP1 is a receptor that has been associated with the perception of low
nitrogen availability in the soil and the ensuing organismal responses to that stimulus on
an organismal level [39, 54]. Here I have shown that it also appears to play a role in
early development and growth, as well as in controlling the timing of flowering.
Furthermore, three physical interactors have been shown to have phenotypes
consistent with being in the same genetic pathway as XIP1/CEPR1 or XIP1/CEPR1 and
CEPR2. Continuing studies of how these proteins interact and affect the plant as a
whole will shine a light on this interesting module that appears to bridge carbohydrate
and nitrogen metabolism.
Future directions:
There are numerous questions as to how XIP1 and these interactors produce the
phenotypes we observe. To probe these questions, there are a number of experiments
that will have to be completed. Firstly, a more thorough range of mutants need to be
examined, as not all interactors were combined with the double xip1-2;cepr2-2 mutant
(i.e. SUS4, SWEET11;SWEET12), nor were they combined with the overexpression
lines.
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Secondly, we use a XIP1/CEPR1 and CEPR2 double mutant because these two
receptors are required for the perception of CEPs, and their loss produces a visible
phenotype in respect to lateral root elongation with sucrose in the media. It needs to be
resolved whether CEPR2 also interacts with the same or and overlapping set of
interacting proteins as does XIP1. These two proteins share some overlapping
expression patterns, however, CEPR2 is more restricted to the vasculature of the
leaves (and not roots), and may have share a subset of interactors with XIP1.
Not all the phenotypes we observe with our mutants were conclusive. This problem
may be due to these proteins having different effects in the shoot verses in the root. To
resolve this, grafting experiments need to be performed to see if phenotypes vary based
on the single mutants. For example, in plants with a wild-type shoot, where normal
sucrose production and export is occurring, and a grafted mutant root, where either a
transport (SWEET11) or an enzyme responsible for some part of the metabolism of
sucrose (SUS4, PPC2, PPDK) is knocked out, we would need to determine how the
root phenotypes are affected, and vice versa. This can also be extended by performing
grafts in adult plants, so as to see the effects on growth on a longer-term basis.
The phenotype of lateral root extension in the xip1-2;cepr2-2 mutant is sensitive to
extracellular sucrose. Understanding how sucrose levels affect these phenotypes
would help strengthen the hypothesis that XIP1 and CEPR2 have their effect by
controlling the rate of photoassimilate loading, primarily sucrose, into the phloem. One
can naturally adjust the amount photoassimilate the plant produces by varying the
length of day. For example, when sweet11;sweet12 are grown under constant light
conditions, the plants are shorter, and smaller [103]. One could ask if this phenotype
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would exist when combined with xip1-2;cepr2-2, or if the loss of the receptors, and their
sucrose flux promoting activity would rescue. To this end, analyzing the metabolome on
the various mutants could shed light on the changes in the various metabolites that are
moving through the plants. Specifically, analysis of metabolites that are part of the
sucrose and nitrogen metabolism as well as compounds downstream of these pathways
would be informative.
Finally, XIP1/CEPR1 and CEPR2 have been mostly associated with responses to
nitrogen. The few experiments that I have performed have not elucidated the way in
which the interacting proteins affect the response to low nitrogen. These experiments
could be repeated with a larger selection of mutants. Combining the metabolome and
more mutants would also serve to show how the plants deal with nitrogen stress when
these proteins are removed. There is the possibility that under nitrogen limiting
conditions, the interactors may not interact with XIP1 as the initial coimmunoprecipitation was performed under normal, nitrogen rich, conditions, but this
cannot be known without further experiments.
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