
POM-POM2/CELLULOSE SYNTHASE INTERACTING1 Is
Essential for the Functional Association of Cellulose Synthase
and Microtubules in Arabidopsis W OA

Martin Bringmann,a Eryang Li,b,1 Arun Sampathkumar,a,2 Tomas Kocabek,b,3 Marie-Theres Hauser,b,4

and Staffan Perssona,4,5

aMax-Planck-Institute for Molecular Plant Physiology, 14476 Potsdam, Germany
b Department of Applied Genetics and Cell Biology, BOKU, University of Natural Resources and Life Sciences, A-1190 Vienna,

Austria

In plants, regulation of cellulose synthesis is fundamental for morphogenesis and plant growth. Cellulose is synthesized at

the plasma membrane, and the orientation of synthesis is guided by cortical microtubules; however, the guiding mechanism

is currently unknown. We show that the conditional root elongation pom2 mutants are impaired in cell elongation, fertility,

and microtubule-related functions. Map-based cloning of the POM-POM2 locus revealed that it is allelic to CELLULOSE

SYNTHASE INTERACTING1 (CSI1). Fluorescently tagged POM2/CSI1s associated with both plasma membrane–located

cellulose synthases (CESAs) and post-Golgi CESA-containing compartments. Interestingly, while CESA insertions coincided

with cortical microtubules in the pom2/csi1 mutants, the microtubule-defined movement of the CESAs was significantly

reduced in the mutant. We propose that POM2/CSI1 provides a scaffold between the CESAs and cortical microtubules that

guide cellulose synthesis.

INTRODUCTION

Cell expansion in plants is fundamental for cell morphogenesis

and growth. The expansion is driven by vacuolar turgor pressure

and is restricted by a strong, yet flexible, cell wall that permits

directional cell growth. The cell wall is mainly constituted of

polysaccharides, such as cellulose, hemicelluloses, and pectins,

and highly glycosylated proteins (Somerville et al., 2004). Cellu-

lose is made of b-1,4-linked glucan chains that form microfibrils

by intermolecular hydrogen bonds (Somerville, 2006; Carpita,

2011; Endler and Persson, 2011). These microfibrils provide the

main tensile strength to the cell walls and are hence of great

importance for directed cell growth (Baskin, 2001; Cosgrove,

2005). Cellulose is believed to be synthesized at the plasma

membrane by cellulose synthases (CESAs), which in higher

plants have been observed to form hexameric rosette complexes

(Kimura et al., 1999; reviewed in Guerriero et al., 2010). The

cellulosemicrofibrils have been observed to alignwith underlying

cortical microtubules (Green, 1962; Ledbetter and Porter, 1963).

Consistent with these observations, in vivo studies using fluo-

rescently labeled CESAs and microtubules revealed that the

CESAs track along cortical microtubules (Paredez et al., 2006).

Furthermore, perturbation of microtubule organization affects

the mechanical properties of the cell wall (Baskin, 2001; Bichet

et al., 2001; Sugimoto et al., 2003; Baskin et al., 2004;Wasteneys

and Fujita, 2006). However, no mechanism for how the guidance

of the CESAs by the microtubules occurs has been presented.

Mutant analyses and coimmunoprecipitation studies have

shown that three distinct CESA subunits are necessary to form a

functional complex (Somerville et al., 2004). Consequently, the

primary wall CESA complex requires a CESA1, a CESA3, and a

CESA6-related activity to be functional (Desprez et al., 2007;

Persson et al., 2007). The CESA complexes are assumed to be

assembled in the Golgi and transported to the cell surface where

they are inserted into the plasma membrane adjacent to cortical

microtubules (Crowell et al., 2009; Gutierrez et al., 2009). Apart

from Golgi and plasma membrane localization, the CESAs are

found in small post-Golgi compartments referred toas small CESA

compartments (smaCCs; Gutierrez et al., 2009) or microtubule-

associated CESA compartments (MASCs; Crowell et al., 2009). It

has been proposed that the smaCCs/MASCs may be involved in

either exo- or endocytosis of the CESAs.

Several components that are important for cell expansion

have been identified through genetic screens. Subsequent

cloning of the corresponding genes revealed many genes that

are associated with cellulose synthesis, such as POM-POM1/

CHITINASE-LIKE1 (POM1/CTL1), KORRIGAN/LION’S TAIL1/
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RADIALLY SWOLLEN2 (KOR/LIT/RSW2), COBRA, KOBITO/

ELONGATION DEFECTIVE1, RSW1/CESA1, CONSTITUTIVE

EXPRESSION OF VSP1/ECTOPIC LIGNIFICATION1/RSW5/

CESA3, and QUILL/PROCUSTE/CESA6 (Hauser et al., 1995;

Arioli et al., 1998; Nicol et al., 1998; Fagard et al., 2000; Lane

et al., 2001; Schindelman et al., 2001; Pagant et al., 2002;Wang

et al., 2006). Mutations in any of these genes result in epidermal

cell swelling, restricted root and hypocotyl elongation, and

reduced cellulose content. While it is unlikely that all of these

proteins partake in the CESA complex, their functions appear

crucial for production of the microfibrils. However, only CEL-

LULOSE SYNTHASE INTERACTING1 (CSI1) has so far been

identified to interact directly with the primary wall CESAs (Gu

et al., 2010). The interaction was identified through a yeast two-

hybrid screen using the catalytic domain of CESA6 as bait and

was confirmed by dual labeling of the CSI1 and CESAs (Gu

et al., 2010). CSI1 is a 2150–amino acid protein that holds

between 10 and 20 predicted Armadillo repeats and a

C-terminal C2 domain (Gu et al., 2010). Mutations in CSI1

caused reduced movement of CESA particles in the plasma

membrane, lower cellulose content, and defective cell elonga-

tion.

To gain more knowledge about components that may affect

cell morphogenesis and cellulose production, we characterized

and cloned the gene responsible for pom2 (Hauser et al., 1995),

which displays microtubule and cell elongation related defects.

POM2 is allelic to CSI1, and fluorescently labeled POM2/CSI1s

are associated with both plasmamembrane–located CESAs and

smaCCs/MASCs. Intriguingly, while the POM2/CSI1 does not

affect insertion of CESAs adjacent to cortical microtubules, the

protein is essential for sustained CESA movement along the

microtubules. Hence, the POM2/CSI1 protein facilitates a con-

nection between the CESAs and cortical microtubules, either

directly or in association with other proteins.

RESULTS

pom2 Has Defects in Cell Elongation and Fertility

pom2-1 and pom2-2 were identified in a genetic screen for root

morphogenesis mutants (Hauser et al., 1995). We identified two

alleles, designated pom2-3 and pom2-4. All alleles were reces-

sive and developed a conditional expansion phenotype with

thick short roots on media supplemented with Suc (see Supple-

mental Figures 1A and 1B online; Table 1). Whereas wild-type

roots grew roughly 3.5 mm/d, pom2 roots typically elongated

only 0.5 to 0.7 mm/d under these conditions. Onmediumwithout

Suc, the pom2 roots also showed reduced growth and cell

elongation (see Supplemental Figure 2A online; Table 1). Similar

to the root phenotypes on conditions stimulating growth, skoto-

morphogenic hypocotyls of pom2 seedlings were significantly

shorter compared with the wild type (see Supplemental Figure

2B online). However, with the exception of pom2-3, full-grown

pom2 mutants were only slightly dwarfed (see Supplemental

Figure 2C online). By contrast, floral organs, such as petals,

sepals, stamens, and carpels, were also reduced in size (see

Supplemental Figure 2D online). The extent of the size reduction

of stamens was allele specific and lead to heterostyly in pom2-1

and pom2-2 but not in pom2-3 and pom2-4. These cell expansion

phenotypes indicate that POM2 is required for proper cell elonga-

tion in distinct organs.

The heterostyly correlated with fertility defects in the different

pom2 alleles. All pom2 alleles developed significantly fewer ovules

(Table 1). Whereas the wild type held around 40 ovules per gynoe-

cium, only 20 to 30 were visible in the pom2 alleles. pom2-1 and

pom2-2 had severely reduced fertility and occasionally displayed

one to three seeds in terminal siliques (Table 1). However, if fertilized

with wild-type pollen, pom2-1 and pom2-2 set up to 20 seeds/

silique (n = 5 for pom2-1; n = 22 for pom2-2). By contrast, all ovules

of pom2-3 and pom2-4were fertilized by their own pollen (Table 1).

As self-fertilization of the pom2-1 and pom2-2 was rare, we ana-

lyzed the number of pollen released per flower. Whereas wild-type

anthers release 326pollen forColumbia (Col) and234 for Landsberg

erecta (Ler), only 1.6, 5.4, 95, and 113 pollen per flower were

harvested from pom2-1, pom2-2, pom2-3, and pom2-4, respec-

tively. In addition, the majority of pollen grains were deformed (see

Supplemental Figure 2E online), and pollen tube development was

impaired in the pom2 alleles (see Supplemental Figure 2F online;

Table 1). Hence, the reduced fertility of the pom2mutants appears

to be a combination of development of smaller gynoecia with fewer

ovules, heterostyly, the inability of anthers to release pollen, col-

lapsed pollen grains, and poor pollen germination rate.

pom2/csi1Mutants Display Microtubule-Related

Phenotypes and Mitotic Defects

The pom2 mutants also displayed organ and cell twisting (Fig-

ures 1A and 1B). This was readily observed in roots and etiolated

hypocotyls (left-handed) of seedlings grown on medium with or

without added Suc. In addition, twisting was also observed in

soil-grown rosette leaves (left-handed; Figures 1A and 1B).

Twisting or spiraling of organs occurs in mutants affecting

cytoskeleton organization, for example, in the microtubule-

associated clasp, lefty1 and 2, and sku6/spr1 (Thitamadee

et al., 2002; Sedbrook et al., 2004; Ambrose et al., 2007; Kirik

et al., 2007). To investigate whether the microtubule organization

was disturbed in pom2, we crossed pom2-4 to the microtubule

marker lines Microtubule-Associated Protein4 (MAP4):green fluo-

rescent protein (GFP) or mCherry:Tubulin alpha-5 (TUA5) (Marc

et al., 1998; Gutierrez et al., 2009). Rapidly elongating cells in wild-

type roots and etiolated hypocotyls typically hold transversely or

obliquely orientated cortical microtubule arrays (Sugimoto et al.,

2000; Figure 1C). However, the cortical microtubules were less

well transversally arranged in rapidly elongating hypocotyl cells

(between 2 and 12 mm below the apical hook) in the pom2-4

mutant (Figures 1C and 1D). In addition, microtubule defects were

also observed in the other pom2 alleles, for example, in pom2-1

(see Supplemental Figure 3A online). These results suggest that

the organization of the microtubule array is impaired in the pom2

mutants. We also investigated whether the microtubule dynamics

were altered in pom2/csi1 by selecting instances along kymo-

graphs in which contrast changeswere unambiguously connected

to a single microtubule end. Using this criterion, we found no

significant differences in microtubule plus end growth (5.5 6 2.1

mm/min in pom2/csi1; 4.86 1.3 mm/min in the wild type), plus end
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shrinkage (15.36 9.2 mm/min in pom2/csi1; 11.56 5.0 mm/min in

the wild type), or in minus end shrinkage (2.4 6 1.4 mm/min in

pom2/csi1; 2.2 6 1.7 mm/min in the wild type) when comparing

pom2/csi1 mutant cells and wild-type cells (60 microtubule ends

fromsix cells fromsix seedlings). Thesegrowthand shrinkage rates

are in good agreementwith previously published results (Shawand

Lucas, 2011).

Apart from altered microtubule organization, mutations in

several microtubule-associated genes also lead to reduced

mitotic activity (Ambrose et al., 2007; Kirik et al., 2007; Sunohara

et al., 2009). To test whether the pom2 mutants also hold fewer

cells that actively divide, we crossed lines expressing the mitotic

marker cycB1;1:Cyclin Destruction Box (CDB):b-glucuronidase

(GUS) (Hauser and Bauer, 2000) with several pom2 mutant

alleles. The activity of the meristem was quantified by histo-

chemical GUS staining. Similar to other microtubule-associated

mutants, significantly fewer cells were actively dividing in the

pom2mutants (see Supplemental Figure 3B online). Thus, pom2

mutants are affected both in cell elongation, microtubule orga-

nization, and meristematic activity.

POM2 IsAllelic toCSI1andContributes theMainCSIActivity

POM2 was isolated by a map-based cloning strategy and was

initially mapped in the middle of chromosome II between the

cleaved amplified polymorphic sequence markers GPA1 and

m429 (Hauser et al., 1995). By analyzing 1022meiotic eventswith

diverse molecular markers (see Supplemental Table 1 online),

POM2 was narrowed down to a 110-kb interval containing 36

candidate genes. This region was covered by two overlapping

BACs (see Supplemental Figure 4A online). Allele-specific NcoI

and EcoRV restriction fragment length polymorphisms were

identified between the Col alleles pom2-1 and pom2-2 using

the labeled BAC T16B14 as probe (see Supplemental Figure 4A

online), with only a region around At2g22125 with the expected

genomic fragment lengths and the detected polymorphism pat-

tern (see Supplemental Figure 4B online). A 14.5-kb binary

cosmid clone, containing the full At2g22125 gene, was identified

using the (F6/R6) probe and complemented the pom2-3 pheno-

types. Mutations in all four alleles were identified through se-

quencing (outlined in Figure 1E), and all of the lines contained

reduced levels of POM2 mRNA (see Supplemental Figure 4C

online). Furthermore, T-DNA insertion lines that correspond to

At2g22125 (SALK_047252, pom2-5; SALK_051146, pom2-6;

SALK_115451, pom2-7; and SALK_136239, pom2-8; all of which

aremRNA nulls; Gu et al., 2010) phenocopied the pom2mutants;

hence, POM2 is At2g22125.

At2g22125was recently identified asCSI1 (Gu et al., 2010) and

is part of a three-member family, which contains POM2/CSI1,

CSI2, and CSI3. To assess whether the other members of this

family are also of importance for plant development, we obtained

homozygous T-DNA insertion mutants for CSI2 (SALK_022491

and SALK_024648) and CSI3 (SALK_009141 and SALK_

009157). These mutants were mRNA nulls or contained minute

mRNA levels, as assessed via quantitative RT-PCR (qRT-PCR)

(see Supplemental Figure 4D online). However, we did not

observe any phenotypes in the csi2 and csi3 single mutants or

in the double csi2 csi3 (SALK_022491 and SALK_009141) mu-

tants. These data suggest that POM2/CSI1 contributes the main

POM2/CSI-related activity in Arabidopsis thaliana. However,

pom2-7/csi1-5 csi2 csi3 triple mutants did display some mild

synergistic phenotypes (Figure 2), such as dwarfed plant growth,

a more dramatic collapsed pollen phenotype, and increased

organ twisting, suggesting that some functional redundancymay

be contributed by CSI2 and CSI3.

POM2/CSI1 Colocalizes with CESAs and

CESA-Containing Vesicles

To gain further insight into the function of POM2/CSI1, we made

a C-terminal fusion of the protein to cyan fluorescent protein

(CFP) under a 35S constitutive promoter. This construct com-

plemented the pom2/csi1 phenotype (pom2-8/csi1-1) and mim-

icked the published CSI1p:CSI1:red fluorescent protein behavior

(Gu et al., 2010). Hence, as previously described, the POM2/CSI1

fluorescent protein was present as distinct punctae at the cell

cortex in rapidly elongating hypocotyl cells and displayed bidi-

rectional motility of ;200 to 300 nm/min when imaged with a

Table 1. Summary of Quantified Phenotypes of Wild-Type and pom2 Alleles

Allele Accession

Length (mm) Etiolated Hypocotyls 4.5% (mm)

Diameter of

Palisade Tissue

Pollen

Germination (%)

Roots Etiolated Hypocotyls
Length of

Epidermis Diameter

No. per Siliquea

0% 4.5% 0% 4.5% Ovules Seeds

pom2-1 Col 4.8 ± 2.6 2.7 ± 1.0 9.2 ± 1.9 5.6 ± 2.1 n.d. n.d. 44.3 6 4.7 1.6 20.9 ± 3.2 0 ± 0b

pom2-2 Col 3.5 ± 1.7 2.3 ± 0.9 7.1 ± 1.5 4.7 ± 1.8 201 ± 47 735 ± 120 39.8 6 5.0 21.3 25.0 ± 6.0 0 ± 0b

pom2-3 Ler 3.4 ± 1.1 2.2 ± 0.6 5.3 ± 0.9 3.4 ± 1.5 n.d. n.d. 36.8 6 6.1 12.0 25.5 ± 7.0 22.7 ± 5.9

pom2-4 Col,

Nossen

5.1 ± 2.0 3.8 ± 1.1 7.3 ± 1.3 6.7 ± 1.9 n.d. n.d. 36.5 6 4.1 20.3 22.6 ± 3.9 18.3 ± 4.9

Wild type Col 10.8 6 2.9 16.2 6 3.3 11.9 6 2.8 13.0 6 3.3 389 6 80 302.5 6 96 32.9 6 4.5 83.1 36.1 6 5.0 40.0 6 3.9

Wild type Ler 11.0 6 4.1 10.6 6 2.7 11.5 6 2.3 10.6 6 2.5 n.d. n.d. 39.8 6 5.0 45.4 44.0 6 5.6 45.2 6 6.1

Significant differences to the wild type are in bold; 4.5% refers to Suc supplement in MS media. n.d., not determined.
aSelf-fertilization.
bUpon cross-fertilization, up to 20 seeds/siliques developed.
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spinning-disc confocal microscope (see Supplemental Figures 5A

and 5B online; Gu et al., 2010). In addition, several of the pom2

alleles could hold truncated proteins based on the location of the

insertion and on the qRT-PCR results (Figure 1E; see Supplemen-

tal Figure 4C online). We therefore also generated a truncated

POM2, in which the C2 domainwas removed, and fused it to CFP.

This construct did not rescue the pom2mutants, and the fluores-

cent pattern was diffuse and distinct from the cortical foci seen

using the full-length POM/CSI1:CFP construct (see Supplemental

Figure 5C online), suggesting that truncations of the POM2/CSI1

protein render it nonfunctional and that the C-terminal C2 domain

contributes to POM2/CSI1 cellular localization.

To ensure that the POM2/CSI1:CFP punctae corresponded to

plasma membrane–based CESA particles, we crossed the

POM2/CSI1:CFP with a tdTomato:CESA6 line. The fluorescent

signals from these two markers showed marked coincidence

(see Supplemental Figure 5Donline). Statistical analysis revealed

that the overlap was highly significant compared with random-

ized signals (see Supplemental Figure 5E online). Furthermore,

the CESA and POM2/CSI1 signals co-occurred throughout

different cells in etiolated hypocotyls (see Supplemental Figure

5F online). Curiously, we also observed a population of cortical

POM2/CSI1s that moved with velocities of well over 1000 nm/

min (see Supplemental Figures 5A and 5B online). Such high

velocities have not been reported for plasma membrane–bound

CESAs, but rather for CESA containing vesicles (i.e., smaCCs/

MASCs) at the cell cortex (Gutierrez et al., 2009).

To explore whether the rapidly moving POM2/CSI1s were

associated with smaCCs/MASCs, we treated seedlings with the

cellulose synthesis inhibitor isoxaben. This drug causes rapid

disappearance of the plasma membrane–located CESA com-

plexes and a concomitant accumulation of smaCCs/MASCs

tethered at the cell cortex (Gutierrez et al., 2009). After isoxaben

treatment, we observed a gradual increase in the number of

tethered smaCCs/MASCs, as estimated from their erratic motil-

ities (Gutierrez et al., 2009; Figure 3A). In addition, these vesicles

were accompanied by POM2/CSI1 signal, indicating that the

POM2/CSI1 can associate with the smaCCs/MASCs (Figure 3A).

The smaCCs/MASCs may also bifurcate into smaller compart-

ments or merge into bigger ones (Figure 3; Gutierrez et al., 2009).

In agreement with this observation, we also detected merging

and bifurcating fluorescent signals of the POM2/CSI1-decorated

compartments (Figure 3). These events were corroborated by

three-dimensional heat map analyses (i.e., we observed that the

sum of the migrating smaCCs/MASCs and POM2/CSI1 branches

roughly equaled the trunk of the signal) (Figures 3C and 3D).

POM2/CSI1 Co-Occurs with Microtubules and Remains at

the Cell Cortex after Microtubule Depolymerization

Plasma membrane–located CESA particles track along cortical

microtubules (Paredez et al., 2006). To put the POM2/CSI1 in

context to the microtubules, we crossed the POM2/CSI1:CFP-

expressing line with a plant expressingmCherry:TUA5. Similar to

what has been shown for the CESAs, POM2/CSI1 migration

occurred along cortical microtubules under control conditions

(see Supplemental Figure 6A online). We quantified the coinci-

dence of the two signals using van Steensel’s cross-correlation

function algorithm (Bolte and Cordelières, 2006), which con-

firmed colocalization of the two signals (see Supplemental Figure

6B online). To assess whether the motility and location of POM2/

CSI1 depends on microtubules, we treated POM2/CSI1:CFP-

expressing seedlings with oryzalin overnight. This treatment

completely abolished the microtubule array, and the signal was

Figure 1. Positional Cloning of POM2 and Microtubule-Related Defects

in the Mutant.

(A) Six-day-old etiolated pom2-4 hypocotyl displaying twisting of cell

files (red outline).

(B) Rosette leaves of 3-week-old pom2-4 plants that spiral.

(C)Microtubule organization in 3-d-old elongating hypocotyl cells of the wild

type (wt; left) and pom2-4 (right). Microtubules are labeled bymCherry:TUA5.

(D)Microtubule angle distribution in elongating hypocotyl cells in the wild

type and pom2-4. Angles were measured against the growth axis. Seven

cells from seven seedlings were used for the analysis.

(E) Mapped pom2 mutations in POM2 (At2g22125). Black line indicates

introns and boxed areas exons. aa, amino acids.

Bars = 100 mm in (A), 2 cm in (B), and 10 mm in (C).
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instead seen as a diffuse cytoplasmic smear (see Supplemental

Figure 6E online). However, the POM2/CSI1 signal remained at

the cell cortex and followed similar trajectories as theCESAs (see

Supplemental Figures 6C and 6D online). The CESA and POM2/

CSI1 trajectories were, however, less well defined than in the

control-treated cells (Paredez et al., 2006). These results suggest

that the interaction betweenCESAs andPOM2/CSI1 is sustained

in the absence of microtubules.

POM2/CSI1 Co-Occurs with Microtubule Depolymerizing

Ends and smaCCs/MASCs upon Isoxaben Treatment

Exposure of cells to isoxaben causes, in addition to the accu-

mulation of smaCCs/MASCs, tethering of the vesicles to cortical

microtubules and co-occurrence of the smaCCs/MASCs with

microtubule depolymerizing ends (Gutierrez et al., 2009). Similar

isoxaben treatments also resulted in the co-occurrence of

POM2/CSI1 foci with microtubule depolymerizing ends (Figure

4A; see Supplemental Movie 1 online). We observed POM2/CSI1

on 33 out of 67 microtubule depolymerizing plus and minus ends

(three cells from three seedlings) under these conditions. These

POM2/CSI1s displayed rapid movement interspersed with infre-

quent stops, which followed the dynamics of the microtubule

ends (Figure 4A). Furthermore, multiple POM2/CSI1s that pop-

ulated the same microtubule were collected by the depo-

lymerizing end–associated POM2/CSI1s (Figures 4B to 4D; see

Supplemental Movie 2 online). Hence, aggregation of the POM2/

CSI1s occurred in a stepwise fashion, each step adding an

additional POM2/CSI1 (Figures 4C and 4D). This behavior is

similar to what has been described for smaCCs/MASCs

(Gutierrez et al., 2009). The POM2/CSI1 particles also exclusively

co-occurred with microtubule depolymerizing ends and not with

growing ends (see Supplemental Figure 7A and Supplemental

Movie 3 online), which also was reported for smaCCs/MASCs

(Gutierrez et al., 2009). Interestingly, the association of POM2/

CSI1 with microtubule depolymerizing ends may be connected

with a bifurcation mechanism. Bifurcation of microtubule end–

associatedPOM2/CSI1 signals occurredwhendepolymerization

progressed across another adjacent microtubule (Figure 4D).

Hence, the retracting microtubule ends may aid the bifurcation,

perhaps facilitating redistribution of POM2/CSI1 and, therefore,

possibly also smaCCs/MASCs, to other cellular locations.

POM2/CSI1 Does Not Affect Insertion Rates or the Spatial

Distribution of CESA Deliveries

To assess how the POM2/CSI1 punctae are established at the

cell cortex, we bleached the existing POM2/CSI1:CFP signal and

Figure 2. Triple pom2/csi1 csi2 csi3 Mutant Phenotypes.

(A) Graph displaying length of 5-d-old etiolated hypocotyls, 5-d-old light-

grown seedling roots, and mature siliques from 7-week-old soil-grown

plants of wild-type, pom2-7/csi1-5, andpom2-7/csi1-5 csi2 csi3 genotypes.

(B) Seven-week-old wild-type, pom2-7/csi1-5, and pom2-7/csi1-5 csi2

csi3 triple mutants. Bar = 5 cm.

(C) Five-day-old etiolated wild-type, pom2-7/csi1-5, and pom2-7/csi1-5

csi2 csi3 triple mutant seedlings. Bar = 5 mm.

(D) Five-day-old light-grown wild-type, pom2-7/csi1-5, and pom2-7/

csi1-5 csi2 csi3 triple mutant seedlings. Bar = 5 mm.

(E) Mature siliques from 7-week-old wild-type, pom2-7/csi1-5, and

pom2-7/csi1-5 csi2 csi3 triple mutant plants. Bar = 1 cm.

(F) to (H) Environmental scanning electron microscopy images of pollen

grains on anthers from wild-type, pom2-7/csi1-5, and pom2-7/csi1-5

csi2 csi3 triple mutant plants. Bar = 70 mm.

(I) Twisting rosette leaves in 4-week-old pom2-7/csi1-5 and pom2-7/

csi1-5 csi2 csi3 triple mutant plants. Bar = 5 cm.
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observed its repopulation. The POM2/CFP fluorescence first

dimly reemerged evenly across the bleached area (see Supple-

mental Figure 7B online), as expected from a cytosolic protein

due to rapid cytoplasmic streaming. After ;60 s, distinct

punctae appeared at the cell cortex that moved with constant

velocities of ;200 to 300 nm/min (see Supplemental Figure 7B

online). The POM2/CSI1 punctae continued to appear during the

time of recovery, and after ;120 s, the bleached area was

repopulated by the fluorescent foci. The establishment of distinct

POM2/CSI1-related punctae at the plasma membrane could

occur either through codelivery together with CESA particles or

through the gradual association of cytosolic POM2/CSI1 with

Figure 3. POM2/CSI1-Containing Compartments Can Merge and Bifurcate at the Cell Cortex.

(A) Kymographs from 4-d-old etiolated seedlings expressing tdTomato:CESA6 and POM2:CFP. Kymographs display CESA and POM2/CSI movement

at the plasmamembrane in nontreated cells (left) and CESA and POM/CSI1 movement at the cell cortex in isoxaben-treated (100 nm for 8 h) cells (right).

(B) and (C) Images from two different time series in 4-d-old etiolated seedlings expressing tdTomato:CESA6 and POM2:CFP. The images show a split of

one compartment into two (for both the CESA and POM2/CSI1 fluorescent signal) at 5 s (B), and a merge of the signals at 5 s in another time series (C).

Right panel shows kymographs depicting the split of the signal into two (Top) and the merge of two compartments into one (Bottom). Bars = 2 mm.

(D) and (E) Surface plots displayed as heat maps. The mean intensity of the signals above background was measured for (B) and (C) and is displayed as

relative values 6 SD for all pixels along the indicated trace.
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Figure 4. POM2/CSI1 Fluorescent Signals Associate with Microtubule Depolymerizing Ends.

(A) Images from time series (see Supplemental Movie 1 online) of cells in 4-d-old hypocotyls expressingmCherry:TUA5 and POM2:CFP treated with 100

nM isoxaben for 2 h. Yellow arrowheads indicate POM2/CSI1 fluorescent signal associated with a depolymerizing microtubule end. Right panel displays

kymographs, which show that the POM2/CSI1 signal follows the microtubule retracting end.

(B) Time series (see Supplemental Movie 2 online) of POM2/CSI1 collecting other POM2/CSI1s. Yellow arrowheads indicate collecting POM2/CSI1 and

red arrowheads collected POM2/CSI1s.

(C) Kymograph displaying POM2/CSI1 bidirectional migration (left), accelerating and stopping POM2/CSI1 (middle), and collecting POM2/CSI1 (right).

(D) Surface plot displayed as a heat map. The mean intensity of the signals above background was measured for the right kymograph in (C) and is

displayed as relative values 6 SD.

(E) Kymograph showing bifurcation andmerge of POM2/CSI1 signal that is associated with a retracting microtubule end. When the end crosses another

microtubule, the POM2/CSI1 signal bifurcates (yellow arrowheads). Merging events of two POM2/CSI1 signals happen along retracting microtubules

that contain laterally associated POM2/CSI1 (red arrowheads).

Bars = 5 mm (A), (C), and (E) and 1 mM in (B).
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newly delivered CESAs that subsequently amass to a brighter

puncta. To investigate this, we bleached both fluorescent signals

in the dual-labeled POM2/CSI1:CFP and tdTomato:CESA6 line.

We observed that the appearance of a CESA particle at the

plasma membrane was accompanied by the appearance of a

POM2/CSI1 fluorescent puncta at the cell cortex in 16 out of 69

(or 23%) observed delivery events (three cells from three seed-

lings; see Supplemental Figure 7Conline). The appearance of the

remaining CESA punctae occurred independently from any clear

POM2/CSI1 signal at the plasma membrane (see Supplemental

Figure 7C online). Bleaching of smaller areas did not appear to

change the estimate of codelivery events. The co-occurrence of

the two fluorescent signals observed in some of the delivery

events suggests that POM2/CSI1 can accumulate with CESAs

prior to plasma membrane delivery (e.g., with the smaCCs/

MASCs, as discussed above). Consequently, POM2/CSI1 could

have a role in the delivery of CESAs to the plasma membrane. To

assess this, we generated GFP:CESA3 and mCherry:TUA5 dual-

labeled lines in the pom2mutant background. To quantify the rate,

aswell as the spatial distribution, of CESA insertions, we bleached

the GFP channel and measured the appearance of new CESAs at

the plasmamembrane. The criteria used to identify delivery events

were identical towhatwas describedbyGutierrez et al. (2009) (i.e.,

a CESA particle appeared in the focal plane and showed a brief

period of wobbling motility, which after a short period of time

reverted to a steady movement of ;200 to 400 nm/min along a

linear track). We subsequently mapped these events on images of

mCherry:TUA5. In the wild type, we observed an insertion rate of

;0.06 CESAs mm22 min21, which corresponds to 3.1 (60.6)

insertion events mm22 h21 (three cells from three seedlings). This

observation is in close agreement with previously reported inser-

tion rates (4.8 insertion events mm22 h21; Gutierrez et al., 2009).

However, we observed similar insertion rates in the pom2mutants

(4.2 6 1.4 in pom2-4; 3.1 6 1.4 in pom2-5; three cells from three

seedlings); therefore, the overall rate of CESA insertion does not

appear to be affected in the pom2mutants. Furthermore, 283 out

of 324 CESA insertions, or 87%, occurred at sites occupied by

microtubules in thepom2mutants (threecells from three seedlings

for pom2-4 and pom2-5, respectively; Figures 5A and 5B). This

was considerably more than expected by chance (54% based on

microtubule image coverage); hence, CESA insertion coincides

with microtubules also in the pom2mutants.

POM2/CSI1 Is Essential for Coalignment of Microtubules

and CESAs

After insertion, the CESAs begin tomovewith a steady rate along

trajectories defined by the underlying microtubules (Gutierrez

et al., 2009). To assess whether POM2/CSI1 has a role in this

process, we analyzed the tracking behavior of the CESAs and

compared the coincidence of CESAmolecules andmicrotubules

over time using Pearson correlation coefficients (Figure 5C). To

do the latter, we compared the coincidence of fluorescent

signals in time averages from 100 single images (500-s total

imaging time) of wild-type and pom2 cells expressing both GFP:

CESA3 andmCherry:TUA5.Whilewe observed a high correlation

between CESA and microtubule fluorescence in the wild-type

background, the correlation between the two channels was

significantly lower in the pom2 mutants (Figure 5C). We further

measured the amount of CESAs that maintained trajectories

associated with cortical microtubules in the wild type and pom2

mutants. Only ;10% of the CESAs were associated with mi-

crotubules in the pom2 mutants; however, 94% of the CESAs

maintained trajectories along microtubules in the wild-type

background (284 particles from three cells from three seedlings

in the wild type, pom2-4, and pom2-7, respectively). These

analyses were corroborated by visual inspection of consecutive

and averaged time frame images, which revealed that the CESA

trajectories moved independently of the direction of the under-

lying cortical microtubules in the pom2mutants (cf. Figures 5D to

5F; see Supplemental Movie 4 online). Thus, POM2/CSI1 is

important for the microtubule-based guidance of the CESAs.

Loss of the microtubule array does not affect the velocity of

CESA particles localized to the plasma membrane (Paredez

et al., 2006; Chen et al., 2010; Bischoff et al., 2011). However,

plasma membrane–located CESAs in the pom2/csi1 mutants

showed a two- to threefold reduction in speed comparedwith the

wild-type background (Gu et al., 2010). One possible explanation

for this is that POM2/CSI1, in addition to its role in coaligning the

CESAs and microtubules, also influences the activity of the

CESAs as determined by the decreased motility. Another pos-

sibility is that POM2/CSI1 contributes to a currently not recog-

nized guiding mechanism for the CESAs independently of the

microtubule array. To test the latter, we tracked individual

plasma membrane located CESA particles over 100 single

images (500-s total imaging time) and assessed the degree of

linearity of migrating CESAs over time. We subsequently esti-

mated the deviations from linear trajectories in the pom2-4

mutant and the wild type by plotting the displacement in the x

and y direction over time and calculating the linear regression

coefficients (Figure 5G). The CESAs deviated significantly more

from linear tracks in the pom2-4 compared with the wild type

(Figure 5G). However, similar deviations were also observed in

oryzalin-treated wild-type cells (Figure 5G). It is therefore likely

that the reduced CESA velocities observed in the pom2mutants

correspond to an alteration in CESA activity and not an alterna-

tive guiding mechanism by POM2/CSI1. Hence, it is evident that

the POM2/CSI1 not only provides for an association between the

cortical microtubules and the CESAs but also is important for the

maintenance of an active CESA complex. These results further

show that the linear movement of the plasmamembrane located

CESAs is stabilized by the cortical microtubules.

DISCUSSION

Turgor-driven expansion, coupledwith cell wall reorganization, is

essential for anisotropic cell development and plant growth.

Several genetic screens have revealed mutants with defects in

cell elongation, some of which affect cellulose production. We

show that the conditional root expansion mutant pom2 affects

CSI1 (Gu et al., 2010) and that the function of the protein is

essential for the guidance of the CESA complexes along the

cortical microtubules.

Already in the early 1960s, Paul Green and others observed

that cellulose microfibrils were disrupted by the antispindle fiber

drug colchicine and proposed that the spindle fibers, later
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Figure 5. POM2/CSI1 Is Necessary for Coalignment of CESAs and Microtubules at the Cell Cortex.

(A) Map of CESA complex delivery sites in an elongating pom2-4 mutant cell from a 4-d-old etiolated hypocotyl. The sites were mapped on a 10-min

average projection of microtubule signal. Red plus symbols indicate CESA insertion sites.

(B) Single image frame showing CESA insertions (green channel; white arrowheads) on microtubules (red channel) in a pom2-4 mutant cell from a 4-d-

old etiolated hypocotyl. Bars = 5 mm in (A) and (B).
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termed microtubules (Ledbetter and Porter, 1963), may have a

role in the orientation of microfibril deposition. This hypothesis

was corroborated by live-cell imaging (Paredez et al., 2006),

which showed that cortical microtubules define the trajectories

of plasma membrane–based CESAs. The tight spatial and tem-

poral link between the CESA trajectories and microtubules

indicated an intimate contact between the two arrays (Baskin,

2001; Paredez et al., 2006). We show that mutations in POM2/

CSI1 substantially reduce coalignment of the CESAs and cortical

microtubules, suggesting that POM2/CSI1 facilitates a link be-

tween the CESAs and the microtubules during cellulose synthe-

sis. POM2/CSI1 contains many Armadillo repeats, which are

present in several microtubule binding proteins (reviewed in

Tewari et al., 2010). One possible scenario could therefore be

that POM2/CSI1 contributes a direct link between the CESAs

and microtubules. Another scenario may involve additional

components (e.g., proteins that could promote motility along

the microtubules). For instance, mutations in a kinesin-like pro-

tein caused altered deposition of secondary wall cellulose mi-

crofibrils in Arabidopsis (Zhong et al., 2002). Similarly, mutations

in the rice (Oryza sativa) kinesin-4 also led to deficiencies in

secondary wall cellulose production (Zhang et al., 2010). While

these mutants affect secondary wall cellulose synthesis, it is

possible that kinesin-related activity also could play a role in

primary wall cellulose production, perhaps by supporting the

means of motility for POM2/CSI1 and, hence, the CESAs, along

the microtubules. Interestingly, an Armadillo repeat protein,

KAP3, associates with kinesins and is important for cargo

movement along microtubules in neuronal axons (reviewed in

Manning and Snyder, 2010).

While it is possible that active microtubule-associated ma-

chinery could be involved in promoting migration of the CESA

complex along the microtubule, it is perhaps more likely that

polymerization of the cellulose microfibril drives CESA motility.

For example, both CESA and POM2/CSI1 motility can be ob-

served in the absence of a microtubule array (see Supplemental

Figure 6C online; Paredez et al., 2006). Providing that this

hypothesis is correct, and also that the main POM2/CSI1 activity

is related to guidance of the CESAs along cortical microtubules,

we would expect the CESA complexes to migrate with a similar

speed in pom2/csi1 mutant cells as in wild-type cells. However,

this is not the case. The rate of CESAmigration is reduced two- to

threefold in the pom2/csi1 background (Gu et al., 2010). This

raises some interesting questions regarding the function of

POM2/CSI1 and regarding the role of microtubules in the main-

tenance of CESA migration. Two recent reports show that

disruption of the microtubule array can promote CESAmigration

(Chen et al., 2010; Bischoff et al., 2011), which further corrob-

orates that the CESA activity supports CESA motility. For exam-

ple, one of these studies showed that the migration of CESA5

was reduced in etiolated prc1-1 seedlings compared with the

wild type (Bischoff et al., 2011). However, removal of the micro-

tubules using oryzalin restored CESA5 migration to speeds

observed in wild-type seedlings. These data suggest that the

removal of microtubules should result in CESA migratory rates

comparable to control seedlings. Yet, the abolished coalignment

of theCESAs and corticalmicrotubules in thepom2/csi1mutants

still result in reduced CESA velocities. Several scenarios may

explain this observation. For example, it is possible that POM2/

CSI1 may provide an additional layer of guidance to the CESA

migration, perhaps via the putative C2 domain that is present in

the C terminus of POM2/CSI1 that may interact with plasma

membrane lipids. Such interactions could provide directionality

of the CESA complex based on the lipid environment. If this

hypothesis is true, one would expect a different CESA complex

directionality in wild-type cells without microtubules and cells

from pom2/csi1 mutants. However, we observed similar devia-

tions in linear tracking behavior of CESAs in oryzalin-treatedwild-

type cells and in pom2/csi1 cells (Figure 5G). These results

support an important function of POM2/CSI1 in microtubule-

based tracking of the CESAs. The reduced CESA motility in the

pom2/csi1 mutants could instead be due to an important func-

tion of POM2/CSI1 for CESA activity, perhaps by modulating the

CESA active sites withwhich POM2/CSI1 appears to interact (Gu

et al., 2010). In support of this, mutations in several components

that affect cellulose synthesis, such as KOR and CESA6, lead to

reduced CESA motility (Paredez et al., 2008; Bischoff et al.,

2011). It is also possible that POM2/CSI1 facilitates a docking

site for other proteins necessary for CESA activity (e.g., for Suc

synthase) that may provide substrate for cellulose synthesis.

While mutations in POM2/CSI1 result in phenotypes that

typically are observed in cellulose-deficient mutants, such as

cell elongation deficiency, collapsed pollen grains, and reduced

cellulose levels (Gu et al., 2010), the pom2/csi1 mutants also

displayed defects in microtubule organization, cell file spiraling,

and organ twisting. Spiraling, or twisting, phenotypes have been

Figure 5. (continued).

(C) Quantification of colocalization between GFP:CESA3 and mCherry:TUA5 trajectories in 500-s time averages using Pearson correlation (n = 9 cells

from 9 seedlings). Error bars indicate SD. Asterisks indicate significance (**P value < 0.01).

(D) and (E) Average projections of 53 frames in elongating control (D) and pom2-4 (E) cells in 4-d-old etiolated hypocotyls expressing mCherry:TUA5

and GFP:CESA3. Brackets indicate CESA migration trajectories. Bars = 5 mm.

(F) Time frames of individual plasma membrane–located CESAs in the wild type (Top) and pom2-4 (Bottom) in relation to cortical microtubules. CESAs

(arrowheads) track along microtubules in the wild type (Top), but the tracking of CESAs in pom2-4 is independent of the microtubule orientation (Bottom).

Kymographs of the observations are supplied to the right of the respective time frames. The intensity of both channels was plotted along the cyan trace.

(G) and (H)Degree of linearity of moving CESAs over time. The displacement of individual CESA particles (145 particles from nine seedlings; between 45

and 50 particles per treatment and line) was traced over 8 min (100 frames). The left panel shows examples of individual traces. x and y coordinates at

different time points were plotted ([G], right panel) and fitted against a linear curve. Deviations from linearity result in a low R2 value; ideal linear traces

are represented with an R2 of 1. The distribution of R2 values (right panel) shows a significant reduction in linear CESA movement in pom2/csi1mutants

and in oryzalin-treated cells (t test: the wild type (wt) versus pom2-4 and/or oryzalin treatment; P < 0.01, pom2 versus oryzalin treatment; P > 0.5).
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reported for mutations in several microtubule-associated pro-

teins, such as SKU6/SPIRAL1, LEFTY1 and 2, and CLASP

(Thitamadee et al., 2002; Sedbrook et al., 2004; Kirik et al.,

2007), and perturbation of these proteins also lead tomicrotubule

defects. Although cellulose-deficient mutants (i.e., mutants that

have reduced CESA velocities and cellulose content) typically

display defects in microtubule organization (Paredez et al., 2008),

no spiraling phenotypes have been reported. Moreover, clasp

and other microtubule-related mutants also affect mitotic activ-

ity, presumably by disturbances in the mitotic spindle formation

(Ambrose et al., 2007; Kirik et al., 2007; Sunohara et al., 2009).

Interestingly, pom2/csi1mutants also held a reduced number of

cells that actively divided in the root meristem. Considering that

no alterations in mitotic activity were observed in the cellulose-

deficientmutant ctl1/pom1 (Hermans et al., 2011), it is apparently

not the reduction in cellulose per se that caused the impaired

mitotic activity. Rather, certain defects in the microtubule sta-

bility or arrangement affect the mitotic activity. Although POM2/

CSI1 appears to be more strongly connected to the CESAs than

the microtubules, it is clear that the protein also executes impor-

tantmicrotubule related functions. Hence, themicrotubule-related

phenotypes displayed by the pom2/csi1mutants corroborate the

role of POM2/CSI1 in microtubule-related processes, which sup-

port that the protein facilitates a direct or indirect connection

between the CESAs and microtubules.

Delivery of CESA particles to the plasma membrane may be

facilitated either via the Golgi or via the post-Golgi compartments,

which are referred to as smaCCs/MASCs (Crowell et al., 2009;

Gutierrez et al., 2009). The latter compartments are induced by

treating cells with isoxaben or osmotic stress (Crowell et al., 2009;

Gutierrez et al., 2009). Interestingly, in addition to the close

colocalization of CESA and POM2/CSI1 at the plasmamembrane,

wealsoobservedpronouncedcolocalizationofPOM2/CSI1 signal

with smaCCs/MASCs. Hence, POM2/CSI1 can associate with

CESAs, or CESA-containing compartments, also at other loca-

tions than the plasma membrane. While the function of the

smaCCs/MASCs is unclear, it has beenproposed that the vesicles

may hold CESA complexes that are in transit to the plasma

membrane (Gutierrez et al., 2009). Considering that POM2/CSI1s

can associate with the smaCCs/MASCs, one possible scenario

would be that CESAs and POM2/CSI1s are codelivered to the

plasma membrane. However, we only observed codelivery of a

minor part of the observed delivery events. One reason for this

observation may be that POM2/CSI1s are codelivered with

CESAs from the smaCCs/MASCs only and not with CESAs that

are inserted directly from Golgi-derived compartments. For

example, it is possible that either the cortical microtubules or

the plasma membrane composition could provide an advanta-

geous environment for POM2/CSI1s to interact with CESAs at

the cell cortex. Consistent with this, we did not observe any

convincing colocalization of POM2/CSI1 and CESAs associated

with rapidly moving Golgi. We therefore favor the occurrence of

two types of delivery events: one inwhich POM2/CSI1molecules

already are associated with CESAs prior to insertion (possibly

defined by the smaCCs/MASCs) and another in which POM2/

CSI1 molecules continuously associate with the already delivered

CESAs (presumably delivered directly from the Golgi). While some

POM2/CSI1swerecodeliveredwith theCESAs,wedidnotobserve

an alteration in CESA delivery rate in the pom2/csi1 mutants

compared with the wild type. CESA insertions preferentially coin-

cide with cortical microtubules (Gutierrez et al., 2009). Considering

the importance of POM2/CSI1 for coalignment of themicrotubules

and CESAs, it appeared plausible that POM2/CSI1 could establish

an initial contact point between the CESAs and microtubules prior

to insertion (e.g., via the smaCCs/MASCs association). Neverthe-

less, we observed that the CESA insertion coincided with micro-

tubules also in theabsenceofPOM2/CSI1. In addition, theabsence

of POM2/CSI1 also did not affect the behavior of the microtubule-

tethered smaCCs/MASCs (see Supplemental Figure 8 online). We

therefore propose that the mechanisms governing the insertion of

the CESAs and of the motility patterns of the smaCCS/MASCs are

different from the mechanism of microtubule-based guidance of

the plasma membrane–located CESAs.

In summary, our results show that POM2/CSI1 can associate

with CESAmolecules that are actively synthesizing cellulose and

CESA-containing compartments at the cell cortex. This associ-

ation does not contribute to the rate of CESA insertions or to the

localized insertions of CESAs adjacent to cortical microtubules.

Rather, POM2/CSI1 is required for the guidance of CESAs along

microtubules during cellulose synthesis.

METHODS

Plant Material

pom2-1 and pom2-2 were previously isolated in a screen for root morpho-

genesis mutants (Hauser et al., 1995). pom2-3 was a donation of T. Wada

and was isolated from an ethyl methanesulfonate–mutagenized population

in Ler. pom2-4was isolated from a T-DNA–mutagenized progeny of a cross

between Col and Nossen kindly provided by Christian Luschnig. pom2-5

(SALK_047252), pom2-6 (SALK_051146), pom2-7 (SALK_115451),

pom2-8 (SALK_136239), csi2 (SALK_022491 and SALK_024648), and

csi3 (SALK_009141 andSALK_009157) are T-DNA insertion lines from the

Arabidopsis Stock Center (http://www.Arabidopsis.org/; Alonso et al.,

2003). The marker line expressing cycB1;1:CDB:GUS was a gift from

John Celenza. Col-0 seeds containing the constructs mCherry:TUA5 and

GFP:CESA3 as well as tdTomato:CESA6 and MAP4:GFP (Desprez et al.,

2007; Gutierrez et al., 2009) were kindly donated byRyanGutierrez, David

Ehrhardt, and Herman Höfte.

Growth Conditions and Phenotypic Characterization

Seedlings were cultivated after stratification for at least 2 d at 48C

vertically on sterile nutrient plates according toHauser et al. (1995). Plants

were propagated on soil with a 16-h-light/8-h-dark cycle according to

Hauser et al. (1995). Homozygous plants of pom2-1, pom2-2, and

pom2-4 were used as female parents for crosses. Reciprocal crosses

were only successful with pom2-3. For hypocotyl measurements under

skotomorphogenic conditions, nutrient agar plates with sterile seeds

were wrapped in aluminum foil. After 4 d at 48C of stratification, the

covered plates were transferred to 228C and incubated for another 7 d.

Cell walls were visualized with propidium iodine (10 mg/mL). Cell and

organ sizes were measured using differential interference contrast mi-

croscopy on chloral hydrate–cleared preparations as described byMüller

et al. (2002) on whole seedling or plant organ levels. Alternatively, seeds

were sterilized and germinated on nutrient plates after stratification for at

least 2 d at 48C and measured after 5 d of growth at 228C. For confocal

microscopy of hypocotyls expressing diverse marker lines, seedlings

were cultivated on Murashige and Skoog (MS) media in light (16-h
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photoperiod) or dark conditions at 218C for 3 or 4 d as described by

Sampathkumar et al. (2011).

Drug Treatments

Drug treatments were performed essentially as described by Sampathkumar

et al. (2011). Seedlings were immersed in 2 mL of solution with drugs or a

control solution in 12-well cell culture plates in the dark and were

subsequently imaged. A stock solution of oryzalin was dissolved in

DMSO, and working stocks were made fresh by further dilution in water

(stock solutions; 20 mM oryzalin in DMSO and 20 mM isoxaben in water).

Meristem Activity and Pollen Germination

Meristem activity was quantified in the GUS-stained seedlings of crosses

between different pom2 mutants and the cycB1;1:CDB:GUS according

to Hauser and Bauer (2000). Histochemical GUS staining was done as

described by Hauser and Bauer (2000). For pollen germination assays

(Azarov et al., 1990), anthers of soil-grown plants were harvested at

different developmental stages. Pollen was applied to amicroscope slide

covered with a thin layer of pollen germination medium (3% [w/v] agar,

25% [w/v] Suc, 0.7 mM CaCl2, 1 mM MgSO4, 2 mM Ca[NO3]2, 0.25 mM

K2HPO4, 1 mM K2SO4, and 8 mM H3BO3 adjusted to pH 7.4). After

incubation in a humid chamber at 248C for ;17 h, pollen grains were

considered as germinated if the pollen tube length exceeded one grain

diameter.

Mounting of Seedlings for Confocal Microscopy

Seedlings weremounted in half-strengthMSmedium supplemented with

1% (w/v) Suc and buffered with 10 mMMES, pH 5.7, or between a cover

glass and a 1-mm thick 1%agar pad affixed on a circular cover slip (Roth),

thus stabilizing the sample and preventing it from compression and

mechanical damage.

Genetic Mapping and Chromosomal Walking toward the

pom2 Locus

Mapping was performed with the F2 progeny of a cross between pom2-3

and Wassilewskija (Ws). The phenotypes of >2000 F2 seedlings were

scored on nutrient agar plates. A total of 511 pom2 seedlings were used

for fine mapping with the microsatellite marker F14M13 and the duplex

analysis markers F7D8_91, T16B14_20, T26C19_19, and T26C19_43

(Hauser et al., 1998; see Supplemental Table 1 online). Genomic DNA

isolation and PCR analyses were performed as described by Hauser et al.

(1998). Allele-specific polymorphisms were detected with DNA gel blot

analysis ofNcoI- and EcoRV-digested genomic DNA and probed with the

digoxigenin-labeled BAC clone T16B14 as described by Adhami et al.

(1999). Overlapping PCR fragments of the genomic region around the

polymorphicNcoI site fromwild-type Col, Ler, pom2-1, pom2-2, pom2-3,

and pom2-4 and of the cDNA clones RZL02E12, APZL03F11, and

RZL15D2 were sequenced on the ABI-Prism 310 genetic analyzer using

the BigDye terminator cycle sequencing chemistry (Perkin-Elmer, Ap-

plied Biosystems, and Amersham). Ambiguous exon/intron borders were

confirmed by RT-PCR (for primers, see Supplemental Table 2 online) and

sequencing. pom2-1 has a 3.9-kb deletion from amino acid 517 in exon IV

to amino acid 1755 in exon V, causing a predicted protein of 912 amino

acids; pom2-2 has a short AATGCGTGAG deletion in exon IV that causes

a frame shift and leads to a stop codon at amino acid 119; pom2-3 has a

single base pair deletion at the beginning of exon V leading to a frame shift

and a premature stop codon at amino acid 1108; pom2-4 has a 2446-bp

deletion starting in exon IV and ending in the adjacent gene (see Figure 1E

for schematic view).

Cosmid Library Screen, Transformations, and Constructs

A cosmid carrying a 14.5-kb genomic region of the POM2 locus was

isolated from a genomic Ler library constructed in pBIC20 (Meyer et al.,

1996) and used to transform the pom2-3 allele and wild-type controls by

the floral dipping method of Clough and Bent (1998). T1 transformants

were selected on MS plates containing 100 mg mL21 kanamycin. The

segregation of the resistance and the phenotype was scored in 13

independent T2 lines. POM2/CSI1cDNA was amplified from the full-

length cDNA containing clone RZL02e12 (obtained from the Kazusa DNA

Research Institute, Japan; see Supplemental Table 3 online) and trans-

ferred to the vector pENTRY/SD/D Topo (Invitrogen), followed by homo-

logous recombination to the destination vector pGBPGWC using

Gateway technology (Invitrogen). Col-0 plants expressing POM2:CFP

were generated byAgrobacterium tumefaciens–mediated transformation

(Clough and Bent, 1998). T1 transgenic plants were selected on kana-

mycin and resistant progeny was used for spinning disc confocal mi-

croscopy as described by Sampathkumar et al. (2011).

Microscopy

Light microscopy was performed using Leica stereomicroscopes

(MZ12.5 or MZFLIII and the digital camera DFC420 or DC500). Microtu-

bules were visualized in the F2 progeny of crosses between pom2-1,

pom2-3, pom2-4, and the MAP4:GFP marker line with a confocal laser

scanning microscope (Leica TCS-SP2). Seedlings expressing mCherry:

TUA5, POM2:CFP, and dual-labeled lines of GFP:CESA3 and mCherry:

TUA5, POM2:CFP, and mCherry:TUA5 as well as tdTomato:CESA6 and

POM2:CFP were imaged on a confocal microscope equipped with a

CSU-X1 Yokogawa spinning disc head fitted to a Nikon Ti-E inverted

microscope, a CFI APO TIRF 3100 oil immersion objective (numerical

aperture of 1.49), an Evolve charge-coupled device camera (Photomet-

rics Technology), and a 31.2 lens between the spinning disc and camera.

GFPwas excited at 491 nm,mCherry at 561 nm, andCFP at 405 nmusing

a multichannel dichroic and an ET455/50M, ET525/50M, or ET595/50M

band-pass emission filter (Chroma Technology) for CFP, GFP, and

mCherry/tdTomato, respectively. Image acquisitions were performed

using Metamorph online premier, version 7.5. Typical exposure times

were 600 ms for GFP and 300 ms for mCherry. Environmental scanning

electron microscopy was performed as described by Persson et al.

(2007).

General Image Processing and Analysis

All images were processed using ImageJ software (W.S. Rasband;

National Institutes of Health). Background correction was performed

using the “subtract background” tool (rolling ball radius 30 to 40 pixels),

and StackReg was used to correct focus drift. Linear adjustments in pixel

values were made when measuring signal intensities. Microtubule angles

were measured with regard to the growth axis and always in a clockwise

direction using the angle tool in ImageJ.

Colocalization Analysis

All colocalization analyses were done with the Jacop plugin for ImageJ

(Bolte and Cordelières, 2006). Pearson coefficients were calculated for

the time-averaged signals of GFP:CESA3 and TUA5:mCherry as well as

POM2:CFP and GFP:CESA3 and compared with randomized images

using Costes randomization and automatic threshold (Costes et al.,

2004). Colocalization analysis of POM2:CFP and mCherry:TUA5, as well

as POM2:CFP and tdTomato:CESA6, was performed using the van

Steensel’s cross-correlation function mechanism, which determined the

degree of co-occurrence of the fluorescent signals of two channels by

shifting the corresponding channels in relation to each other in the x
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direction (shift = 20 pixels; van Steensel et al., 1996). Correlation maxima

at a shift of 0 pixels indicate that colocalization of both channels is

apparent for most fluorescent foci.

Analysis of Fluorescent Particle and Microtubule Dynamics Using

Kymographs and Three-Dimensional Heat Maps

Kymographs were made using the multiple Kymograph plugin for ImageJ

(http://www.embl.de/eamnet/html/body_kymograph.html), applying a

line width of three pixels. Slopes of the kymographs were measured

with the angle tool in ImageJ. POM2 and CESA particle velocities as well

as microtubule growth and shrink velocities were calculated from the

slopes of the kymographs as follows:

n ¼ sinðaÞ3d

n3 r

where n = velocity (mm/min), a = angle between fluorescent trace and

orthogonal axis (time axis) of kymograph (rad), d = distance of movement

(mm), n = number of frames, and r = frame rate (min). Three-dimensional heat

maps of kymographs were generated using the Interactive 3D Surface Plots

plugin (http://rsbweb.nih.gov/ij/plugins/surface-plot-3d.html). CESA tracks

weredefinedas trajectoriesofCESAsduring steadymovement (seenas lines

in time average images). CESA particles were considered to be associated

with microtubules if they tracked (with steady motion) along microtubule

fluorescent signal over a time frame of 120 frames (5-s intervals) = 10 min.

Microtubule angles were measured as described by Sampathkumar et al.

(2011). The ImageJ angle tool was used to determine the angle between the

microtubule and the longitudinal axis of the cell.

Analysis of CESA Delivery Sites at Cortical Microtubules

Delivery events of CESAs were analyzed as described by Gutierrez et al.

(2009). Wild-type plants and mutant plants for pom2-4 and -5 expressing

GFP:CESA3 and mCherry:TUA5 were bleached with a 2-s, 405-nm laser

pulse, followed by image acquisition in 5-s time intervals over 300 frames.

Photobleaching was performed by a fluorescence recovery after photo-

bleaching/photo ablation system (Roper Scientific) integrated into the

setup above.

GFP:CESA3 and POM2:CFP Density Measurements and

Delivery Rates

Particle numbers of tdTomato:CESA6 and POM2:CFP were determined

using the particle tracker plugin for ImageJ (Sbalzarini and Koumoutsakos,

2005) combined with counting by eye. In the case of CESA density

quantification, areas covered with background fluorescence caused by

Golgi vesicles were not taken into consideration. CESA insertion rates

were determined by calculating the slope of CESA density (particles/mm2)

plotted against bleach recovery time (min) for at least three biological

replicates through regression of the linear phase of recovery.

qRT-PCR Analysis of T-DNA Insertion Lines

The qRT-PCR reaction was performed using the primers presented in

Supplemental Tables 2 and 3 online. Power SYBRGreen (Agilent) was

used as the detector. Reactions were run on an ABI Prism 7900 HT fast

real-time PCR system (Applied Biosystems). mRNA from Arabidopsis

thaliana leaves was extracted using the RNAeasy extraction kit (Qiagen)

following the supplier’s instructions. cDNA synthesis was performed

using the Superscript III reverse transcription kit (Invitrogen). Cycle

threshold values were normalized to the housekeeping gene UBI10

(Czechowski et al., 2005). Alternatively, total RNA of seedlings and

organs was isolated according to the manufacturers’ protocols using TRI

reagent (Molecular Research Center). After DNase I (Roche) treatment,

2.5 to 5 mg total RNA was reverse transcribed with Superscript I

(Invitrogen) and 2 mM oligo(dT)18 primers (Karsai et al., 2002). Absolute

and relative copy numbers of individual mRNA species were calculated

with standard curves of known molar concentrations for each of the

genes. The expression was normalized to the housekeeping gene TUB9.

At least three different RNA isolations and cDNA synthesis were used for

quantification, and each cDNA was measured in triplicate. Primers, gene

name, and the size of genomic and cDNA amplicons are listed in

Supplemental Tables 1 and 2 online. In silico expression analysis was

done using the Web-based program Spot History with two clones on the

AFGC chip (ID132C7T7 and ID192M4T7) and one clone on the Affimetrix

chip (SpotID 418556 as At2g22125).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome

Initiative under the following accession numbers: POM2/CSI1 (At2g22125),

CSI2 (At1g44120), CSI3 (At1G77460), CESA6 (At5g64740), CESA3

(At5g05170), TUA5 (At5g19780), T26C19 (AF076243), and T16B14

(AC007232).
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The following materials are available in the online version of this article.

Supplemental Figure 1. Phenotypes of pom2 and Wild-Type Seed-

lings after Germination on Medium Supplemented with 4.5% Suc.

Supplemental Figure 2. pom2 Mutant Phenotypes.

Supplemental Figure 3. pom2 Mutants Are Impaired in Meristematic

Activity and Microtubule Organization.

Supplemental Figure 4. Schematic Representation of the Positional

Cloning Strategy of POM2 and qPCR Analyses.

Supplemental Figure 5. POM2/CSI1:CFP Behavior and Colocaliza-

tion with CESA Complexes.

Supplemental Figure 6. Co-Occurrence of POM2/CSI1 and Micro-

tubules at the Cell Cortex in Etiolated Hypocotyls.

Supplemental Figure 7. POM2/CSI1 Only Moves Together with

Depolymerizing Microtubule Ends, and Delivery of CESAs and

POM2/CSI1 to the Plasma Membrane.

Supplemental Figure 8. Mutations in POM2/CSI1 Have No Visible

Effect on the Attachment of smaCCs/MASCs to Microtubules.

Supplemental Table 1. Summary of the Molecular Markers Used for

Fine Mapping the POM2 Locus.

Supplemental Table 2. Primers Used for Sequencing and Real-Time

PCR Analyses.

Supplemental Table 3. Primers for POM2 Cloning, Genotyping, and

qRT-PCR Analysis.

Supplemental Movie 1. POM2/CSI1 Can Track along Depolymeriz-

ing Microtubule Ends.

Supplemental Movie 2. POM2/CSI1 Collecting Other POM2/CSI1s.

Supplemental Movie 3. POM2/CSI1 Is Only Associated with Depo-
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Supplemental Movie 4. Coalignment of CESAs and Cortical Micro-
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