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Abstract The regulation of cell specification in plants is

particularly important in vascular development. The vas-

cular system is comprised two differentiated tissue types,

the xylem and phloem, which form conductive elements for

the transport of water, nutrients and signaling molecules. A

meristematic layer, the procambium, is located between

these two differentiated cell types and divides to initiate

vascular growth. We report the identification of a receptor-

like kinase (RLK) that is expressed in the vasculature.

Histochemical analyses of mutants in this kinase display an

aberrant accumulation of highly lignified cells, typical of

xylem or fiber cells, within the phloem. In addition, phloem

cells are sometimes located adjacent to xylem cells in

these mutants. We, therefore, named this RLK XYLEM

INTERMIXED WITH PHLOEM 1 (XIP1). Analyses of

longitudinal profiles of xip1 mutant stems show malformed

cell files, indicating defects in oriented cell divisions or cell

morphology. We propose that XIP1 prevents ectopic lig-

nification in phloem cells and is necessary to maintain the

organization of cell files or cell morphology in conductive

elements.
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Abbreviations

XIP1 XYLEM INTERMIXED WITH PHLOEM 1

RLK Receptor like kinase

LRR Leucine rich repeat

SAM Shoot apical meristem

RAM Root apical meristem

TB Toluidine blue

Introduction

To coordinate growth within plant organs, the develop-

mental identities of cells must be specified and maintained.

Synchronous growth is especially important for the

development of the plant vascular system, where adjoining

cells in single longitudinal files share the same cellular

identity and form conductive elements that transport vari-

ous substances throughout the plant body (Ye 2002). Plant

structural support and the transport of water, nutrients, and

signaling molecules are dependent on the specialized cells

of the xylem and phloem. Although these vascular tissues

are vital to plant survival, the mechanisms for the specifi-

cation and maintenance of their identities remain largely

unknown.

In adult plants, the majority of cells arise from stem cell

populations found in the shoot apical meristem (SAM) and

in the root apical meristem (RAM). Although the SAM and

RAM stem cell niches are organized differently, both uti-

lize a conserved intercellular signaling mechanism com-

prised a secreted peptide, a receptor-like kinase (RLK), and

a homeobox transcription factor to maintain stem cells

(Stahl and Simon 2010). The xylem and phloem arise from

a vascular meristem located between them known as the
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procambium. Procambium function is characterized by

oriented cell divisions which generate xylem to the center

of the organ and phloem to the periphery (Scheres et al.

1995; Galweiler et al. 1998). The initial meristematic cells

that contribute to vascular tissues are formed during early

embryogenesis, at the globular stage (Scheres et al. 1995).

Although vascular cells are present in late embryogenesis,

they do not fully differentiate until after germination.

The cambium is a secondary meristem that is derived

from the procambium in the adult plant and is responsible

for secondary growth in the diameter of stems and roots

through the production of phloem and xylem. The cam-

bium also regulates the lateral growth of the interfascicular

region, the connective tissue between vascular bundles in

the stem. In Arabidopsis, the development of the cambium

is confined to the base of the stem, the hypocotyl and the

mature root (Altamura et al. 2001), although how cambium

formation is regulated is not known. Cambium activity,

however, has been shown to be increased in plants over-

expressing Arabidopsis thaliana HOMEOBOX GENE 8

(AtHB8), an HD ZIP transcription factor involved in pro-

cambium initiation and cell proliferation (Baima et al.

2001; Kang and Dengler 2002; Donner et al. 2009). These

plants showed increased proliferation and differentiation of

xylem cells and ectopic lignification of phloem and pith

cells. In addition, high cambium activity (hca) mutants

were identified that have altered vascular bundle organi-

zation and increased expression of AtHB8 (Pineau et al.

2005). Mutations in two RLKs, REDUCED IN LATERAL

GROWTH1 (RUL1) and MORE LATERAL GROWTH1

(MOL1), resulted in a reduced interfascicular region and an

expanded interfascicular region, respectively, suggesting a

role of intercellular signaling in regulating cambium

activity (Agusti et al. 2011). The precise onset of the ini-

tiation of cambium formation during development is not

completely understood, nor is it understood how the cam-

bial meristem contributes to regulating the specification of

the secondary xylem and phloem cells, nor how the pro-

cambium contributes to maintaining vascular cell identity.

In general, when compared to the SAM and RAM, much

less is known about how the procambial and cambial

meristems are specified and maintained.

Although several genes have been identified that regu-

late the initiation and maintenance of the vascular cells,

fewer genes have thus far been associated with the speci-

fication of distinct cell types. Two NAC domain transcription

factors, VASCULAR-RELATED NAC DOMAIN 6 and 7

(VND6 and VND7), promote the differentiation of various

cell types including non-vascular tissues such as leaf epi-

dermis and mesophyll and root cortex into metaxylem

(mature xylem) and protoxylem (initial xylem) when over-

expressed, respectively (Kubo et al. 2005). The only gene

known to be required for determining phloem cell identity

is ALTERED PHLOEM DEVELOPMENT (APL), a MYB

coiled-coil transcription factor. APL is necessary for the

specification of phloem companion cells and sieve ele-

ments and limits the differentiation of xylem cells (Bonke

et al. 2003). However, the mechanisms that regulate APL

are not yet known.

A signaling mechanism has recently been described to

regulate procambium activity by controlling cell prolifer-

ation and xylem differentiation. The Leucine Rich Repeat

(LRR) RLK PHLOEM INTERCALATED WITH XYLEM

(PXY), which is expressed mainly in the procambium,

controls the oriented cell divisions of the procambium

(Fisher and Turner 2007). In pxy mutants, phloem cells are

found adjacent to and intermixed with xylem cells in

inflorescence stems. PXY is a receptor for the tracheary

element differentiation factor (TDIF) peptide, a small

secreted peptide originating from the phloem and encoded

by the CLAVATA3/ESR 41/44 (CLE41/44) genes. Exog-

enous application of CLE41/44 peptide to seedlings

inhibits formation of xylem vessels in leaves and increases

the number of procambium cells in hypotcotyls; pxy

mutants are insensitive to the effects of CLE treatment

(Hirakawa et al. 2008). Additionally, CLE41/44 has been

shown to activate WUSCHEL RELATED HOMEOBOX 4

(WOX4) in a PXY-dependent manner (Hirakawa et al.

2010). However, WOX4 regulates procambium prolifera-

tion, and not xylem cell differentiation. Thus, a current

model suggests CLE41/44 is secreted from phloem cells

and binds PXY in the procambium, activating the WOX4

signaling pathway to regulate cell division in the procam-

bium. This mechanism is similar to the CLV3-CLV1-WUS

signaling mechanism controlling stem cells in the SAM

and CLE40-ACR4-WOX5 signaling in the RAM (Clark

et al. 1993; Clark et al. 1997; Schoof et al. 2000; Brand

et al. 2002; Sarkar et al. 2007; Stahl et al. 2009). However,

CLE41/44 peptide is a positive regulator of stem cell

proliferation in procambium tissue, rather than acting by

repressing as CLV3 does in the SAM.

In this study, we identified an LRR RLK that is

expressed in the vasculature and, we hypothesize, functions

in vascular development. We demonstrate that mutants in

this RLK lead to accumulation of cells with ectopic lig-

nification in regions of phloem in the vascular bundles of

inflorescence stems. However, mutant alleles in this RLK

also lead to phloem cells adjacent to xylem cells, similar to

pxy mutants, suggesting it additionally influences organi-

zation of tissue identities in vascular bundles. We, there-

fore, named this RLK XYLEM INTERMIXED WITH

PHLOEM 1 (XIP1). Mutant phenotypes suggest XIP1

plays a role in differentiation of phloem cells in vascular

development. These phenotypes are mainly apparent at the

base of the stem, suggesting the defects could be influenced

by the effects of secondary growth regulated by cambium
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activity. XIP1 is also necessary for the organization or the

morphological development of conductive elements in the

vasculature.

Materials and methods

Growth conditions and genetic analyses

The xip1-1 allele was generated by the Seattle TILLING

Project (Till et al. 2003). The xip1-2 allele was obtained

from the RIKEN transposon collection (RATM11-2459-1

H). The xip1-1 allele was back-crossed seven times into the

Col-0 ecotype. All lines were grown at 22�C in a Conviron

growth chamber with a 16 h light/8 h dark cycle. To

genotype the xip1-1 allele, two primer polymerase chain

reaction was performed using NEB Taq and the PCR

product was subsequently digested with HpaII (Fermentas),

as the xip1-1 mutation disrupts an HpaII restriction site.

The xip1-2 allele was genotyped using three primer poly-

merase chain reaction using Ex-Taq (TaKaRa). Primers

used for xip1-1: xip1-1 F 50CTCTCTGGTCCTATCCC

CGTCTCAT, xip1-1 R 50ACGTCGCATTTGATCGTTGC

TTTGG, and PCR for xip1-2: xip1-2 F 50TCAGAGCTGT

TTATGCAGAGTAACA, XIP1-2 R 50GATGATCTGAA

TTGGGAGAATTAAA and DS5-1 50GAAACGGTCG

GGAAACTAGCTCTAC. RNA for RT-PCR was extracted

from 100 mg of whole seedlings, 6 days after germination,

using RNEasy Extraction Kit (Qiagen). 1 lg of total RNA

was used for first strand synthesis using gene-specific

primers. Primers used for RT-PCR of XIP1CT: XIP1 CT

RT F 50AAATCGACAAACATCTTGTTGGATG, XIP1

CT RT R 50TAATCTTGGTCGTAGGTTTGGAGGT;

XIP1 NT: XIP1 NT F 50TCAGAGCTGTTTATGCAGAG

TAACA, XIP1 NT R 50AAGAGATTCAAGAATC

TCCCTTTGGTCG, and ACT7: ACT7 F 50-GGTGA GG

ATATTCAGCCACTTGTCTG, ACT7 R 50TGTGAGATC

CCGACCCGCAA GATC.

XIP1 promoter and translational fusions

The XIP1 promoter construct was generated by amplifying

the 2.5 kb region upstream of the XIP1 start codon

(Primers: XIP1 PF F 50TCGTCAGAGAGTGTCATAA

TAGCA, XIP1 PF R 50TTCAGAGAAAGATCAAAAGT

AACCTAG) and cloning it into pCR8-TOPO using the

TOPO cloning kit (Invitrogen). Using the LR Gateway

system (Invitrogen), the XIP1 promoter was subcloned into

pBIB-GUS-BASTA vector (Gou et al. 2010). The XIP1

translational fusion was generated by amplifying the 2.5 kb

upstream region from the XIP1 start codon in addition to

the genomic sequence minus the stop codon (Primers: XIP1

TF F 50GCAGGCGGCAAATTACTTTTAATT, XIP1 TF

R 50GAGTCTTGTTTGCGTGAGATGATCT). The ampli-

fied product was cloned into pCR8-TOPO and subcloned

into the pBIB-GFP-BASTA vector (Gou et al. 2010). The

promoter fusion construct was transformed into Col-0 plants

and the translational fusion constructs were transformed into

Col-0 and xip1-1 via Agrobacterium-mediated transforma-

tion (Clough and Bent 1998).

To analyze lines carrying the XIP1 promoter fusion

construct, tissue samples were cut and fixed in 90% acetone

and stained with GUS staining solution containing X-Gluc

[1 mM X-Gluc (Gold Bio Technology) dissolved in

DMSO, 10 mM EDTA, 2 mM potassium ferrocyanide,

0.5 mM potassium ferricyanide, 0.5 mM potassium ferro-

cyanide, 0.1% Triton X-100, 100 mM NaH2PO4, pH 7.0]

for 2–14 h and mounted in ddH2O. To visualize the radial

pattern of expression, hand-cut cross sections were

obtained and stained with GUS staining solution for 2–14 h

and mounted in ddH2O on glass slides (Fisher and Turner

2007). Images of plant organs were taken using a Canon

Power Shot SX110 digital camera mounted on a Leica

dissecting microscope. Hand-cut section images were taken

using a Zeiss Axioplan microscope and QCapture Pro 5.0

imaging software.

Roots from lines carrying the translational fusion con-

struct were grown on 0.59 MS plates for at least 5 days

and mounted in 10% glycerol on microscope slides.

Imaging of roots was performed using a Nikon 510 meta-

confocal microscope and LSM imaging software.

Microscopy and histochemical analysis

Hand-sections of inflorescence stems were cut using a

double edged razor and suspended in ddH2O as described

(Lux et al. 2005). Toluidine blue and aniline blue staining

procedures were conducted as described by Fisher and

Turner (2007). Staining hand-cut sections with Maule

reagent and phloroglucinol-HCl were performed as

described previously (Guo et al. 2001). All stained sections

were visualized using a Zeiss Axioplan microscope and

QCapture Pro 5.0 imaging software. Of twenty samples of

each of the genotypes stained with toluidine blue, blue

staining cells in the phloem were seen in all twenty xip1

samples for each allele, and no blue cells were found in

wild-type controls. Twelve samples for each genotype of

phloroglucinol with no staining detected in the phloem for

the wild type controls and all samples of xip1 mutants

showing staining in phloem. Twelve samples of each

genotype were stained with Maule reagent, with no

abnormal staining detected in the phloem of wild-type

controls, and all xip1 mutants showing red staining in

phloem. In analine blue stained sections, 4/12 individuals

showed phloem cells adjacent to xylem cells in xip1-2

mutants, and 8/12 xip1-1 individuals were identified with
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phloem cells adjacent to xylem cells. All aniline blue

stained xip1 mutants showed blue staining in the phloem.

Thin plastic sections were obtained using the following

protocol. Inflorescence stems were cut and fixed in 2%

gluteraldehyde/19 PBS solution for 3–4 h and then sub-

jected to an ethanol dehydration series (30, 50, 70, 90,

100% 92). The tissues were infiltrated with LR white resin

(electron microscopy sciences) and placed in plastic molds.

13 lm thin sections were cut using a Sorvall MT2-B Ultra

microtome. Sections were stained with TB as described

above and visualized using a Zeiss Axioplan microscope

and QCapture Pro 5.0 imaging software. Six samples of

each genotype were analyzed.

For propidium iodide staining, whole-mount inflores-

cence stems of 4-week-old plants were treated as described

in Przemeck et al. (1996). Stems were fixed in 6:1

EtOH:acedic acid for 2–4 h. After fixation, samples were

rehydrated using a series of 10 min washes (100% EtOH,

70% EtOH, 50% EtOH, 30% EtOH, 10% EtOH, ddH2O)

and stained with 5 lg/ml propidium iodide for 2–4 h. Six

stems of each genotype were cut longitudinally and

mounted in chloralhydrate/glycerol/water (8:1:2). Images

were taken using epiflourescence optics and a Zeiss axio-

plan microscope and QCapture Pro imaging software.

Misaligned cells were seen in all mutant stems and not

present in wild-type controls. Images were taken from the

apical portion of stems. Six samples of each allele were

analyzed. All Col-0 and Nos (six individuals each of

Col-O and Nos) samples showed continuous xylem ele-

ments. All samples of xip1 mutants showed mis-alignment

or discontinuous elements.

For height growth measurements, plants were grown on

soil for 3 weeks and individual plants measured from the

base to the apex of the main bolt. Samples included 32

Col-0, 33 xip1-1, 25 Nos, and 46 xip1-2. Standard error

was determined and t-tests indicate significance between

Col-0 and xip1-1 p \ 0.001, and between Nos and xip1-2

p = 0.01.

Results

Mutants in At5g49660, an LRR RLK, affect plant

growth and cause anthocyanin accumulation in leaves

In the Arabidopsis thaliana genome, over 400 genes have

been annotated as RLKs including over 200 LRR RLKs

(Shiu and Bleecker 2001). The function of the majority of

these RLKs remains unknown. In a reverse genetic screen

to determine the roles of unknown RLKs involved in

Arabidopsis development, we isolated insertion mutant

alleles for a large subclass of LRR RLKs and screened for

developmental phenotypes. There were no insertion mutant

alleles available for At5g49660, so this gene was investi-

gated further. At5g49660 encodes an LRR RLK with 16

extracellular LRRs flanked by two pairs of cysteine resi-

dues, a transmembrane domain and a cytoplasmic kinase

domain containing the conserved kinase sub-domains

associated with an active kinase (Fig. 1a, S1). Using the

amino acid sequence of the kinase domain as determined

by pfam (http://pfam.sanger.ac.uk), the phylogenetic rela-

tionship of At5g49660 was compared with other closely

related LRR RLKs (Shiu and Bleecker 2001) using

MAFFT sequence alignment, and a phylogenetic tree was

created using PhyML (http://mobyle.pasteur.fr/cgi-bin/

portal.py#welcome). The resulting phylogenetic tree con-

firms At5g49660 is part of the LRR XI family, showing

distant similarity to CLAVATA1 (CLV1) (45% amino acid

identity) and PXY (49% amino acid identity) (Fig. 2).

At5g49660 is most similar to a gene involved in endosperm

development, HAIKU2 (IKU2), (Luo et al. 2005), but in a

pair-wise comparison, the 48% amino acid identity sug-

gests these two kinase domains have diverged significantly

in their functions. Based on the high degree of sequence

divergence between At5g49660 and LRR X, XI, and XIII

subfamilies of RLKs, there was no hint to the role of

At5g49660. To determine the function of At5g49660, we

isolated seven ethylmethane sulphonate (EMS) mutated

lines (Fig. 1a) using the ‘‘Targeting Induced Local Lesions

IN Genomes’’ (TILLING) resource (Till et al. 2003). Once

identified, mutants were backcrossed into the Col-0

accession and screened for phenotypic defects. Of the 7

missense mutations in At5g49660 identified through

TILLING, all of the mutations are located in the extra-

cellular LRR region except for one mutation, which is a

substitution of a serine to a phenylalanine at position 677

(S677P) (Fig. S1) in the kinase domain. The S677P

mutation is adjacent to sub-domain 1 in the kinase domain

and eliminates a semi-conserved serine residue (Fig. S1).

Arabidopsis plants homozygous for the S677P mutation in

At5g49660 were the only plants identified from the

TILLING screen that exhibited an obvious mutant pheno-

type. In these mutant plants, the inflorescence stems were

shorter than the Col-0 accession plants (Fig. 1b, f),

although general morphology and fertility were normal. In

addition, the cotyledons and rosette leaves of plants with

the S677P mutation had a purple color, indicative of

anthocyanin accumulation (Fig. 1c).

An insertion mutation in At5g49660 was later identified

in the RIKEN collection of Arabidopsis DS transposon

lines (stock # RATM11-2459-1 H). This insertion mutation

is located within the coding region of the kinase domain (at

amino acid 769) and therefore should represent a null allele

(Fig. 1a). RT-PCR of At5g49660 RNA from seedlings

homozygous for the insertion allele does not produce RNA

corresponding to the C-terminal region downstream of the
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insertion, but does express RNA from the N-terminal

region (Fig. 1e, f). Therefore, plants homozygous for the

insertion do not express a full length transcript. Compari-

son of the growth characteristics of plants homozygous for

the insertion in At5g49660 to wild-type Nossen (Nos)

accession plants showed similar phenotypes as plants

homozygous for the S677P missense mutation, including

reduced growth and accumulation of anthocyanin (Fig. 1b,

d, f).

In order to show that the S677P mutation in At5g49660

is responsible for the phenotypes observed, we comple-

mented plants homozygous for the S677P mutation with a

wild-type copy of the At5g49660 gene. The genomic

region of At5g49660 including 2.5 kb upstream of the

coding sequence was fused with the sequence for green

florescent protein (GFP), creating a C-terminal transla-

tional fusion. Plants with the S667P mutation in At5g49660

transformed with this At5g49660:GFP fusion showed

similar height compared to wild-type plants and also lacked

noticeable anthocyanin accumulation in leaves (Fig. 1b).

The ability to rescue the phenotypes associated with the

missense mutation with a wild-type copy of the At5g49660

gene provides further evidence that the mutant phenotype

is due to the mutation in At5g49660.

At5g49660 is expressed in the vasculature throughout

development

Gene expression data can provide clues to determine the

cellular basis of growth defects. To determine which cell

types At5g49660 is expressed in, we generated a promoter

fusion by cloning the putative At5g49660 promoter

upstream of the b-glucuronidase (GUS) reporter gene. The

2.5 kb sequence upstream of the start codon, identical to

that used in the genomic rescue clone, was fused to the

GUS coding sequence. After transformation of Col-0

plants, eight independent lines were analyzed for GUS

activity. GUS activity was detected in the vasculature,

beginning with the mature embryo stage through the adult

plant in all eight lines (Fig. 3). At5g49660 was expressed

in the vasculature of stems, leaves, sepals, pedals, pedicels,

hypocotyls and roots (Fig. 3b–l). Hand-cut cross sections

of stems and pedicels show expression within the phloem

and procambium regions of the vasculature (Fig. 3c–e, g,

i). Vascular expression of At5g49660 in roots was analyzed

using the translational fusion to GFP (Fig. 3l) and micro-

array expression analyses available in the AREX database

(Birnbaum et al. 2003; Brady et al. 2007). Based on the

AREX data, At5g49660 is restricted to the phloem and
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Fig. 1 Gene model of XIP1 and growth defects of xip1 mutants.

a Gene model of XIP1 with protein domains and mutant alleles

shown. b xip1 mutants show reduced growth compared to wild

type plants, from left to right Col-0, xip1-1, xip1-1 XIP1::GFP, Nos,

xip1-2. c, d Anthocyanin accumulation in xip1-1 and xip1-2 plants

(right) compared to Col-0 and Nos (left), respectively. e RT-PCR of

XIP1 transcript from RNA samples from seedlings 6 days after

germination; from right to left: Col-0, xip1-1, Nos and xip1-2.

f Height of Col-0 and xip1-1 plants and Nos and xip1-2 plants

measured 4 weeks after germination. Error bars represent the

standard error, and t test analysis shows a significance of p \ 0.001

between Col-1 and xip1-1, and p \ 0.01 between Nos and xip1-2

Planta (2012) 235:111–122 115

123



procambium in the root. Our GFP analysis confirms

expression within the vasculature. Our results, together

with the publicly available data, indicate At5g49660

expression is restricted to vascular tissues, most likely

phloem and procambium.

At5g49660 mutants display defects in vascular

organization and phloem differentiation

in inflorescence stems

Based on the expression of At5g49660 in the vasculature,

we examined the morphology of the vasculature in plants

carrying the S677P mutation, as well as the insertion

mutation in At5g49660. Inflorescence stems from 6-week-

old mutants and their corresponding wild-type accessions

were hand-sectioned and stained with toluidine blue (TB),

which binds lignin and stains the secondary cell walls of

the xylem blue and the primary cell walls of the phloem

and pith cells purple (Fig. 4a–f). In stems from both the

missense and insertion mutants, aberrant blue staining was

found within the phloem (Fig. 4b, d). Based on this mutant

phenotype of xylem-like lignification of phloem we named

At5g49660 XIP1, with the missense mutation denoted as

xip1-1 and the insertion mutation as xip1-2. This staining

of the phloem cells in xip1 mutants was only observed at

the base of the stem, within 2–3 cm from the base of the

rosette. xip1-1 plants transformed with the XIP1:GFP

translational fusion have normal growth and also did not

show aberrant blue staining of phloem cells when stem

sections were stained with TB (Fig. 4e, f). Staining with

phloroglucinol-HCl, which stains lignified cells red, gave

similar results. Red-staining lignified cells were visible in

the phloem region in xip1-1 and xip1-2 mutants, but absent

in wild-type controls (Fig. 4g, h, i, j). Although the TB and

phloroglucinol-HCl staining of phloem cells may be due to

a partial transformation of phloem to xylem, the staining in

the phloem is also consistent with the production of phloem

fiber sclereids. Other than the intermixing of cells with

xylem characteristics into the phloem in the xip1-1 and

xip1-2 mutants, the vascular bundles appeared similar to

wild type plants in morphology.

To identify the additional defects in vasculature iden-

tity in xip1 mutants, hand-cut sections were further ana-

lyzed using aniline blue, which causes callose in the

xylem to fluoresce blue and sieve plates in the phloem to

fluoresce yellow under UV light (Fig. 4k–n). Aniline blue

stained xip1-1 and xip1-2 sections showed blue fluores-

cence in the phloem region, confirming the presence of

some cells with altered secondary walls in the phloem

(Fig. 4l, n). Yellow fluorescing cells in the phloem of

xip1 mutants indicate that at least some of the cells in this

region retain phloem identity, while other cells show

aberrant lignification. In addition, in xip1-1 mutants,

phloem cells were located adjacent to xylem, in the

region normally occupied by the procambium (8/12

plants) (insert in Fig. 4j). This phenotype, which is typical

of pxy mutants, was less obvious in xip1-2 plants (4/12

plants) and never seen in wild-type controls. The differ-

ences between the xip1-1 allele and xip1-2 allele could be

attributed to accession differences.

The type of lignin deposited in the cell walls of xylem

cells differs from the lignin found in the interfascicular

region, the lignified tissue formed between xylem bundles

in cambial growth. Interfascicular fibers stain red after

treatment with Maule reagent due to the presence of

syringyl type (s-type) lignin, and xylem cells appear brown

due to a reduction or absence of s-type lignin. Hand-cut

sections of wild-type and mutant inflorescence stems were

stained with Maule reagent to determine the distribution of

s-type lignin (Fig. 4o–r). Cells in the phloem region of

xip1-1 (12/12) and xip1-2 (12/12) sections showed red

staining similar to the stained regions of interfascicular

fibers, indicating the presence of s-type lignin (Fig. 4p, r).

Red stained phloem cells were never observed in wild-type

sections (n = 12 each for Col-0 and Nos).

Fig. 2 Phylogenetic analysis of kinase domains related to XIP1 in

LRR RLK families X, XI, and XIII. The kinase domain, as

determined by pfam database, was used to align the amino acid

sequences of a subset of related RLKs. The phylogeny was

determined using phylogenies by maximum likelihood analysis with

bootstrap values provided. This phylogenetic tree includes RLKs

involved in many different processes including responses to stress

(PEPR1, PEPR1), abscission (HAE), SAM maintenance (CLV1,

BAM1, BAM2, BAM3), endosperm development (IKU2), brassinos-

teroid perception (BRI1, BRL1, BRL3), and vascular development

(BRI1, BRL1, BRL3, VH1, PXY, PXL1, PXL2)
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Longitudinal sections of xip1 mutants show malformed

vascular cells

Vascular cells need to be aligned with one another at their

apical and basal ends to create conductive elements for

transport of water, nutrients and small molecules. To

determine whether xip1 mutants have an altered arrange-

ment of vascular cells that contributes to their growth

defects, thin longitudinal sections of mutant and wild-type

stems cut from the base were examined. The apical and

basal boundaries of cells will be clearly visible if cells lie

in the same optical plane and therefore constitute a con-

tinuous cell file, as can be seen in the pith cells in the

sections from both wild-type and xip1 plants (Fig. 5a–d). In

sections from wild-type plants, vascular cells lie within the

same optical plane and both apical and basal boundaries of

the cells are visible (Fig. 5a, c). In contrast, xip1 vascular

cells have less visible apical and basal cell boundaries and

instead have a ‘‘bottle-shaped’’ appearance, whereas the

pith cells appear wild-type in the xip1 sections (Fig. 5b, d).

These data may indicate that vascular vessels show an

alteration in the orientation and alignment of cells or the

morphology of the vascular cells in xip1 stems is disrupted.

We further examined the structure of the vasculature in

whole-mount stems. After staining stems with propidium

iodide, we were able to visualize xylem elements in apical

stems (Przemeck et al. 1996). In wild-type stems, xylem

elements were visualized as continuous vessels (Fig. 5e, g).

xip1 mutants showed discontinuous or misaligned xylem

cells (Fig. 5f, h). Misalignment of xylem elements in the

xip1 mutants was visible in the apical portion of the stems,

suggesting XIP1 is necessary for vascular development

throughout the stem. Therefore, in addition to phloem

specification defects, xylem vessel formation is also dis-

rupted in xip1 mutants.

Discussion

XIP1 is a regulator of vascular development

Coordinated cellular patterning and growth are necessary

for proper formation of the vascular system in plants. In

this study, we have identified a previously uncharacterized

LRR RLK, XIP1, which is expressed mainly in the vas-

culature in Arabidopsis. We identified a mutant allele in

XIP1 using TILLING and a transposon insertion that

resulted in plants with several growth defects, including

slower growth of the inflorescence stem and accumulation

of anthocyanin in leaves. Further analysis showed defects

in the development of the vasculature, specifically in

phloem and xylem development. Using histochemical

analyses, we showed that xip1 phloem cells develop

modified secondary walls resembling xylem or fiber cells.

In addition, xip1 phloem cells were sometimes adjacent to

xylem cells, in the position of procambium cells, and the

Fig. 3 XIP1 is expressed in the

vasculature throughout plant

development. a GUS staining in

the mature embryo. b XIP1

expression in the vasculature of

the inflorescence stem. Hand-

cut sections show GUS staining

in the vasculature and at the

base (c, d) and apical region of

the stem (e). f, g Vascular

expression in veins of whole

leaves and hand-cut cross

sections. h XIP1 is expressed

throughout the vasculature of

petals and sepals. i XIP1

expression in hand-cut sections

of petioles. j GUS staining in

the hypocotyl. k, l XIP1

expression in the root

vasculature based on analysis of

GUS expression from a

promoter fusion (k) and GFP

expression from a translational

fusion (l). p Phloem, xy xylem.

Scale bar 50 lm
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vessel elements do not appear to align in linear cell files or

show abnormal morphology.

The xip1-1 mutant allele is a missense mutation that

results in a substitution of a serine to a phenylalanine in the

kinase domain, which could eliminate an important phos-

phorylation site affecting the activity or function of XIP1.

This serine residue shows some conservation in other

related LRR RLKs including HAIKU2 (IKU2), involved in

endosperm development, PXY-LIKE 2 (PXL2), related to

and proposed to be redundant with PXY, and PEP1

RECEPTOR 1 and 2 (PEPR1/2), involved in defense

response (Fig. 2) (Luo et al. 2005; Yamaguchi et al. 2006;

Fisher and Turner 2007; Yamaguchi et al. 2010). The

similar phenotypes seen in the insertion allele of XIP1,

Fig. 4 Hand-cut cross sections of xip1 inflorescence stems show

aberrant xylem like cells within the phloem. Toluidine blue staining

of 6-week-old inflorescence stems of Col-0 (a), Nos (c), xip1-1
(b) and xip1-2 (d). Lignin stains blue in xylem (xy) and interfascicular

fibers (if) in wild-type and also within phloem (p) in xip1-1 and xip1-2
(white arrow heads). Toluidine blue staining of 6-week-old inflores-

cence stems of Col-0 (e) and xip1-1 (f) plants transformed with the

XIP1:GFP translational fusion. Phloroglucinol staining of Col-0 (g),

xip1-1 (h), Nos (i), and xip1-2 (j) hand-cut sections indicating total

lignin with ectopic lignin deposition seen in phloem (black arrow
heads) of xip1-1 and xip1-2 sections (h, j). Aniline blue staining of

wild-type Col-0 (k), Nos (m), xip1-1 (l) and xip1-2 (n) hand-cut

sections of 6-week-old inflorescence stems. Blue color indicates

callose deposition in xylem (yellow arrow heads) in wild-type Col-0

(k) and Nos (m) and xylem and phloem (white arrow heads) in xip1-1
(l) and xip1-2 (n). Yellow fluorescent cells indicate sieve elements in

phloem cells with yellow cells adjacent and intermixed with xylem

(black arrow) in xip1-1 sections (l, inlay). Maule reagent staining of

hand-cut sections shows staining of s-type lignin in interfascicular

fibers in Col-0 (o) and Nos (q) and in both interfascicular fibers and

the phloem region (white arrow heads) in xip1-1 (p) and xip1-2 (r).

Xylem cells stain brown. Scale bar 50 lm
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xip1-2, compared to xip1-1 suggests both represent loss-of-

function alleles. The slightly stronger xip phenotype

observed with xip1-1 mutant may be due to differences in

the background accessions or due to altered activity of

XIP1 in this mutant. However, xip1-1 phenotypes are

recessive, suggesting the differences are mostly likely due

to accession differences.

We propose that the disrupted specification and organi-

zation of the vascular cells in xip1 leads to less efficient

vascular transport that impairs growth of inflorescence

stems. The requirement for coordinated cell division and

specification of vascular cells to maintain cell files would

imply that disruption of these developmental patterns would

lead to a disorganized vascular system. Indeed, several

other examples of defects in vascular development result in

plants with shorter inflorescent stems (Hanzawa et al. 2000;

Pineau et al. 2005; Fisher and Turner 2007). In particular,

pxy mutants, which show altered orientation of the divisions

in the procambium, have reduced inflorescence stem height

as well as the accumulation of anthocyanin in the cotyle-

dons, similar to what we observe for xip1 mutants (Fisher

and Turner 2007). Defects in vessels, due to misaligned

vascular cells or abnormal morphology, may form a vas-

culature that does not function as effectively in transport

which may lead to shorter plants with more physiological

stress, as indicated by the anthocyanin accumulation.

a b c d
v

vv

v

v

v

xy ptp pt pt ptxy xy xyp

v

v

v

v
v

v

e f g h

i

PXY/TDR

XIP1

CLE41/44

?

XIP1

Phloem Procambium/
Cambium

WOX4
Xylem

Fig. 5 Longitudinal sections of xip1 inflorescence stems. Longitu-

dinal sections of Col-0 (a), xip1-1 (b), Nos (c) and xip1-2 (d) 6-week-

old inflorescence stems. Apical and basal end of xylem (xy) and pith

(pt) cells can be seen in the plane of the section in wild type.

Connected vessels (v) can be seen in both Col-0 and Nos sections.

Apical and basal end of cells appear in focus only in pith cells in xip1-

1 (b) and xip1-2 (d) sections and vascular cells the boundaries appear

out of the plane of section (arrows). Cells with aberrant morphology

can be seen in the xylem of xip1-1 (b) and xip1-2 (d). Whole-mount

apical regions of stems stained with propidium iodide show visible

xylem tracheary elements as fluorescent cells. Col-0 (e) and Nos

(g) show continuous vessels compared to discontinuous elements

(white arrow heads) seen in xip1-1 (f) and xip1-2 (h). i Model

depicting likely locations and functions of XIP1 within the vascular

tissues. CLE41/44 peptide originates from phloem cells and signals to

PXY in the procambium to regulate WOX4, and to orient cell

divisions and to maintain the fate of the procambium. XIP1 receives

an as yet unknown signal, and prevents xylem or fiber formation and

regulates vascular differentiation, which may have downstream

consequences for phloem identity and CLE41/44 expression.

a–d Scale bar 50 lm, e–h scale bar 20 lm
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XIP1 and other receptor kinases in vascular

development

Recent reports have described the LRR RLK PXY/TDR to

be part of a signaling pathway required for maintaining

procambium/cambium function, including promoting pro-

liferation within the procambium and suppressing xylem

cell differentiation (Hirakawa et al. 2010). In this pathway,

the CLE41/44/TDIF peptide is secreted from phloem cells

and interacts with PXY/TDR in the procambium/cambium

(Fig. 5i). The CLE41/44/TDIF-PXY/TDR network induces

the expression of WOX4, a WUS-like transcription factor,

specifically in the procambium/cambium and promotes

proliferation (Fig. 5f) (Ji et al. 2009; Hirakawa et al. 2010).

The histochemical analyses of the xip1 mutants indicate the

abnormal development of lignified phloem cells could be

caused by either a phloem to xylem cell fate transforma-

tion, or due to abnormal differentiation due to cambium

activity. Because xip1 mutants also develop a phloem

intermixed with xylem phenotype similar to pxy mutants,

the XIP1 name is appropriate, although it is still an open

question as to whether there is a phloem to xylem trans-

formation in xip1 mutants.

The appearance of phloem cells adjacent to xylem cells

and the malformed alignment/morphology of cells in xip1

stems is similar to what is seen in pxy mutants, indicating

that in xip1 mutants either (1) PXY signaling may be dis-

rupted, perhaps by loss of CLE peptide signaling, thus

affecting cambium activity and oriented cell divisions or

(2) XIP1 may be involved in the regulation of cambium

proliferation directly. Procambium activity/formation

has been previously postulated to be regulated through

the action of several KANADI genes (Eshed et al. 2001;

Ilegems et al. 2010). These genes are predominantly

expressed in the phloem and they are hypothesized to

restrict procambium precursor cell formation through

suppression of the auxin efflux carrier PIN1. In our model,

XIP1 may be acting in a feedback mechanism through the

CLE41/44/TDIF peptide-PXY-WOX4 pathway or through

a separate pathway that regulates cambium activity and

phloem cell differentiation (Fig. 5f).

A similar feedback pathway has been postulated for

regulating meristem maintenance in the SAM. Although

the effect on the WUS/WOX transcription factors is

different, meristem maintenance of the SAM requires sig-

naling from CLV3-CLV1/BAM1/2/CRN/CLV2 (CLE-

LRR RLK interaction) to repress the expression of WUS.

There is also a feedback mechanism that maintains this

pathway. Our model, based on previous analysis of PXY/

TDR suggests a CLE- LRR RLK module acts in a mech-

anistically similar way to maintain the meristem cells

throughout the Arabidopsis vasculature. One extension of

our model is that XIP1 could perceive signals from the

procambium/cambium, to regulate phloem differentiation.

A better understanding of how XIP1, PXY and PXL2

signaling pathways function independently or together to

regulate the procambium/cambium and differentiation of

phloem/xylem will contribute greatly to the mechanisms

regulating vascular stem cell populations in plants.

Possible XIP1 function in secondary growth

The presence of the xip1 phenotype only at the base of the

inflorescence stem suggests the defects may be attributed to

abnormal secondary growth, a process regulated by the

cambial meristem. The procambial meristem develops into

the cambial meristem, which in turn regulates the forma-

tion of secondary xylem and phloem tissues. This sec-

ondary meristem is responsible for radial growth in adult

plants. In Arabidopsis, cambium development appears

restricted to the base of the inflorescence stem, hypocotyls

and upper portion of the root. Our observation that defects

are restricted to the base of the stem in xip1 plants suggests

XIP1 may be important for secondary growth and devel-

opment in stems. However, XIP1 is expressed in the vas-

culature throughout development, which suggests that

XIP1 may play a redundant role in vascular development.

The abnormal phloem cell phenotype that we see in xip1

plants is reminiscent of the phenotype associated with

AtHB8, a transcription factor involved in procambium/

cambium development. Over-expression of AtHB8 is pro-

posed to increase vascular cell differentiation and second-

ary growth. The staining of stem cross-sections from

AtHB8 over-expressing plants with toluidine blue showed

the presence of blue stained cells in the phloem, similar to

xip1 mutants (Baima et al. 2001). The authors propose

these cells as phloem fiber sclereids because of their thick

secondary cell walls. Phloem fiber sclereids can originate

from primary or secondary meristems such as the cambium

(Lev-Yadun 1994). Ectopic fiber sclereid formation in the

pith cells of wild type Arabidopsis due to repeated cutting

of the stems (Lev-Yadun 1994) is likely a result of

enhanced cambium activity. The staining pattern of s-type

lignin in xip1 mutants is also consistent with a defect in

phloem fiber sclereid formation in xip1 mutants. It is

possible that XIP1 may function to perceive signals from

the procambium/cambium to regulate the differentiation of

phloem cells, or that XIP1 perceives a signal that restricts

procambium/cambium activity. The presence of cells in the

phloem with modified secondary cell walls raises the

question if the procambium/cambium meristems are also

‘‘over-active’’ in xip1 plants. Indeed, mutants with over-

active procambium and cambium, including over-express-

ing AtHB8 and high cambium activity (hca) mutants, show

a significant decrease in plant height (Baima et al. 2001;

Pineau et al. 2005).
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The lignified secondary cell walls seen in the phloem of

xip1 mutants are similar to the phenotype of pxy-like 1

(pxl1) double mutants with either pxy or pxl2, as described

in Fischer and Turner (2007). It is not yet clear if XIP1 acts

independently to repress ectopic lignification in the

phloem, or acts together with PXY, PXL1 or PXL2 in the

vasculature to regulate various aspects of procambium/

cambium activity and vascular cell fate determination.

Both pxy and xip1 mutants also show defects in oriented

cell divisions shown by disorganized cell files and phloem

located near xylem cells, the pxy phenotype. Loss of either

pxy or xip1 results in reduced plant growth and this phe-

notype may be due to defects in cell division throughout

the vasculature of the plant or to the disrupted transport

system. These results indicate PXY and XIP1 may play a

global role in the vasculature of all other organs as well.

Continued analysis of these receptors and their interactions

will provide further insight in the gene networks required

for vascular development.
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