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To control organ shape, plant cells expand differentially. The organization of the cellulose microfibrils in the
cell wall is a key determinant of differential expansion. Mutations in the COBRA (COB) gene of Arabidopsis,
known to affect the orientation of cell expansion in the root, are reported here to reduce the amount of
crystalline cellulose in cell walls in the root growth zone. The COB gene, identified by map-based cloning,
contains a sequence motif found in proteins that are anchored to the extracellular surface of the plasma
membrane through a glycosylphosphatidylinositol (GPI) linkage. In animal cells, this lipid linkage is known to
confer polar localization to proteins. The COB protein was detected predominately on the longitudinal sides of
root cells in the zone of rapid elongation. Moreover, COB RNA levels are dramatically upregulated in cells
entering the zone of rapid elongation. Based on these results, models are proposed for the role of COB as a
regulator of oriented cell expansion.
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Because there is no morphogenetic movement of plant
cells, control of the three-dimensional structure of or-
gans is only through regulation of cell division and cell
expansion. Distinct from most other eukaryotes, after
division plant cells dramatically increase their size
achieving volumes that can be hundreds of times their
original size (Cosgrove 1997). For plant organs to attain
their final morphology and function properly, constitu-
ent cells must regulate tightly the way in which they
expand. The orientation and extent of an individual
cell’s expansion are key parameters in determining its
size and shape, yet little is known about the molecular
mechanisms that regulate either aspect of cell expan-
sion.
Although cell expansion is driven by cell turgor, all

evidence indicates that neither water flow nor solute in-

flux to maintain turgor is the primary determinant of the
extent or direction of cell expansion (Pritchard 1994);
rather, the plant cell wall is believed to be the regulator
of both. The plant cell wall comprises an array of para-
crystalline cellulose microfibrils, which are associated
with cross-linking glycans (e.g., hemicellulose) and em-
bedded in a matrix of pectin and small amounts of pro-
tein (McCann and Roberts 1991; Carpita and Gibeaut
1993). The polysaccharides of the growing plant cell wall
are mostly long-chained polymers that form a cohesive
network through noncovalent lateral associations and
physical entanglements (Cosgrove 1999). The cell wall’s
ability to withstand enormous osmotic pressure while
readjusting the arrangement of these constituent poly-
mers appears to be critical to the expansion process.
Regulation of the direction in which a cell expands

involves oriented control of cell wall extension as well as
polarized deposition of new wall materials (Carpita and
Gibeaut 1993). Biophysical considerations indicate that
there must be a component in the expanding walls that
resists the osmotic pressure, thereby channeling the di-
rection of cell elongation. Most evidence points to cel-
lulose microfibrils as the primary load-bearing compo-
nent of the expanding cell wall performing this function
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(Pritchard 1994). In many cell types, cellulose microfi-
brils have been shown to be oriented perpendicular to
the primary direction of expansion and to be analogous
to hoops around a barrel (Green 1980; Giddings and Stae-
helin 1991). Therefore, to regulate the orientation of cell
expansion, the cell must be able to control the deposi-
tion and spatial organization of cellulose microfibrils as
well as to rearrange bonds to allow the wall to yield to or
resist osmotic pressure.
Unlike pectins and cross-linking glycans, which are

made in the cytoplasm and transported out to the wall
via the Golgi apparatus (Gibeaut and Carpita 1994), cel-
lulose microfibrils are synthesized at the cell membrane/
cell wall interface (Delmer 1999). The cellulose microfi-
brils that are spooled around plant cells are generated by
multimeric protein complexes in the plasma membrane
commonly referred to as the “terminal complexes” or
“particle rosettes.” About three dozen individual poly-
mer chains of (1→ 4)-�-D-glucans are synthesized and
subsequently crystallized into a microfibril (Delmer
1999). The process of microfibril crystallization may be
facilitated by a subunit of the rosette complex (Delmer
and Amor 1995). Recently, genes have been identified
that are involved either in the synthesis of cellulose
(Pear et al. 1996; Turner and Somerville 1997; Arioli et
al. 1998; Taylor et al. 1999; Fagard et al. 2000) or of non-
cellulosic polysaccharide components at the Golgi appa-
ratus or involved in their secretion to the wall
(Lukowitz et al. 1996; Bonin et al. 1997; Nicol et al. 1998;
Edwards et al. 1999; Perrin et al. 1999; Gibeaut 2000).
Genes and their products have also been identified that
function in rearranging bonds in the cell wall to allow for
extensibility (Cosgrove 1999). In particular, expansins
are a family of proteins involved in the disruption of the
noncovalent bonds between cellulose microfibrils and
cross-linking glycans, causing rapid induction of wall ex-
tension (McQueen-Mason and Cosgrove 1994). However,
regulation of the orientation or extent of expansion is
still poorly understood at the molecular level.
To further understand the molecular mechanisms in-

volved in cell expansion, we have cloned the COBRA
(COB) gene and determined its pattern of expression in
roots. Initially, cobra, a member of the conditional root
expansion (CORE) class of mutants, was isolated in a
screen for Arabidopsis seedlings with abnormally ex-
panded roots (Benfey et al. 1993). The phenotype of all
CORE mutants is conditional on the root growing in the
presence of high concentrations of sucrose or other con-
ditions that stimulate rapid root growth (Hauser et al.
1995). Root cells in cob appear to be expanded more in a
radial than in a longitudinal orientation while maintain-
ing cell volume, indicating a role for COBRA in regulat-
ing the orientation of cell expansion. Here we report that
COB encodes a putative GPI-anchored protein that is
localized primarily in the plasma membrane of the lon-
gitudinal sides of root cells. We propose models based on
the mutant phenotype, the COB RNA expression pat-
tern, and COB’s subcellular localization in which CO-
BRA plays a key role in determining the orientation of
cell expansion.

Results

Mutations in COBRA result in misoriented
cell expansion

Generation of cell files in the Arabidopsis root requires
initial cells and their immediate progeny to go through a
continuous process of division and expansion in the
growing region of the root. Cell divisions displace cells
upward in the cell file. In wild type, cells undergo two
distinct expansion phases (Fig. 1A). The first involves
both longitudinal and radial expansion, whereby the ul-
timate root radius is established (Fig. 1C). The second
phase is marked by a cessation of radial expansion and a
dramatic increase in longitudinal expansion (Fig. 1C;
Beemster and Baskin 1998). The region in which cells
undergo primarily longitudinal expansion is known as
the elongation zone. In striking contrast to wild type,
cells in this region of the cob mutant do not undergo
highly polarized, longitudinal expansion (Fig. 1B); rather,
these cells expand radially to a far greater extent than
those of the wild type (Fig. 1D). Although the cob phe-
notype is most obvious in the epidermal cell layer, where
the cell volume is approximately the same as wild type,
cells in the cortex and endodermis also expand more ra-
dially and less longitudinally than in wild type (Hauser
et al. 1995). The three alleles of cob, which we have
isolated, have a nearly identical phenotype. Although
initially characterized as a semidominant mutant, the
penetrance of the semidominant phenotype requires
very specific growth conditions; therefore, cob generally
behaves as a fully recessive mutation. There is no appar-
ent phenotype in the aerial part of the cobmutant when
grown in light. There appears to be a slight decrease in
hypocotyl length when grown in the dark.

There is a conditional defect in cellulose production
in cobra

Because cellulose microfibrils are thought to orient the
direction of cell expansion, we investigated whether the
role of COBRA in polar longitudinal expansion is medi-
ated through cellulose deposition. Cell walls were iso-
lated from wild type and cob roots. Quantification of
crystalline cellulose was determined as cell wall mate-
rial resistant to acid hydrolysis. Measurements of five
independent replicates showed that there was a highly
significant difference (P < 0.003) between wild-type
roots, which had a mean value of 133 ± 28 µg cellulose
(mg cell wall)−1, and cob roots which had a mean value of
89 ± 2 µg cellulose (mg/cell wall) (Table 1). The decreased
amount of cellulose in the root tissue suggests that COB
directly or indirectly plays an important role in cellulose
deposition.
To determine whether there was any spatial specific-

ity to the loss of cellulose in the root, we used a polarized
light microscopy, which detects the presence of crystal-
line cellulose on a microscopic scale. Under polarized
light, the amount of birefringent retardance is a measure
of the amount of crystalline cellulose microfibrils in the
light path as well as their average degree of alignment
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(Preston 1974). To assess the retardance of cell walls in
cob, longitudinal sections of wild-type and mutant roots
were observed through a microscope that uses circularly
polarized light and digital imaging to produce images in

which the intensity at each pixel is linearly proportional
to the retardance, regardless of the orientation of the
optical axis of the crystallites (Oldenbourg and Mei
1995). Thus, cell walls with aligned microfibrils will ap-
pear brighter than background for any direction of net
alignment. In differentiated regions of the root, retar-
dance in wild type and cob appeared similar; however, in
the growing region, the genotypes differed, with retar-
dance in cob being almost undetectable (cf. Fig. 1E,F).
The decreased retardance indicates a deficit in the
amount of crystalline cellulose or in its net alignment.
However, a decrease in alignment is unlikely as the ex-
clusive explanation because retardance decreased not
only in walls lying in the plane of the section but also in
cross-sectioned walls (cf. cross walls in Fig. 1E,F). A cell
wall viewed edge on (as are the cross walls in Fig. 1) and
containing random microfibrils gives rise to detectable
retardance, because all microfibrils are parallel to the
wall and, therefore, possess a net alignment from the
point of view of light propagating through the wall from
edge to edge.
To confirm that the reduction in retardance was due to

a loss in cellulose, we used Fourier transform infrared
(FTIR) microspectroscopy to detect specific cell wall
macromolecules and their orientation by their absor-
bance of infrared (IR) radiation (McCann et al. 1993). Be-
cause the identified alleles of cob are conditional, of in-
terest was the state of cellulose under both restrictive
and permissive conditions. Cell walls were prepared
from 40 excised roots of wild-type and cob-1 plants,
grown in the presence or absence of 3% sucrose. In each
case, the pellet of cell walls was spread thinly onto a
barium fluoride window, dried, and areas of 50 by 50 µm
were selected for analysis by FTIR microspectroscopy
(McCann et al. 1997). Thirty spectra were obtained from
different areas of the barium fluoride window in each
case and were compared by exploratory principal com-
ponent analysis (PCA) (Kemsley 1998), a statistical
method that reduces the dimensionality of the data from
more than a hundred variates (one every 8 cm−1 from
1800 to 850 cm−1) to only a few principal components
(PCs). The PCs are ordered in terms of decreasing vari-
ance. Each observation (spectrum) has a corresponding
set of PC scores, which describes the variance of that
spectrum relative to the mean of the population for each
PC. The PC scores of the spectra can then be plotted
against one another to reveal patterns or structure in the
data (Kemsley 1998).
It is possible to mathematically derive a “spectrum”

(called a PC loading) from a PC to identify molecular
factors responsible for the separation of groups of spectra
(Chen et al. 1998; Kemsley 1998). The analysis showed
that spectra from wild-type plants grown on sucrose can
be separated from spectra of cob1 grown on sucrose by
PC1, accounting for 78% of the total variance in the
combined populations (Fig. 2A). The loading for PC1 de-
picted in Figure 2A showed characteristics of crystalline
cellulose in the fingerprint region (peaks at 991, 1034,
1057, 1111, and 1161 cm−1 (Tsuboi 1957; Liang and
Marchessault 1959), and of protein (peaks at 1650 and

Figure 1. Phenotypic analysis of cobra. (A) Wild-type and (B)
cob-1 seedlings oriented vertically grown for 10 d on nutrient
agar medium containing 4.5% sucrose. The conditional nature
of cob can be seen in the lateral root, which has grown into the
agar, thereby slowing its growth (arrowhead). (C) Cleared whole
mount of wild-type root viewed with Nomarski optics. Arrow-
head indicates the region where rapid longitudinal expansion
begins. (D) Longitudinal section of cob root stained with tolu-
idine blue. Abnormal lateral expansion is most apparent in the
epidermis (arrowhead). (E,F) Polarized-light micrographs. (E) In
wild type, strong retardance is observed in cell walls throughout
the root, both in cross-sectioned walls (arrow) and in longitudi-
nal faces of cells in the plane of section (arrowhead). (F) In cob-1,
there is little retardance detected in the growing region of the
root, in either the crosswalls or the longitudinal faces (bracket),
indicating a reduction in crystalline cellulose microfibrils in
this region. Bars in A and B = 0.25 cm. Bars in C–F = 50µm.
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1550 cm−1). The former peaks are negatively correlated
with the latter. Because the PC scores of spectra of cob1
cell walls were negative relative to the mean, the data
suggest that the cell walls of cob1 are relatively richer in
protein and poorer in cellulose than wild-type cell walls

when the plants have been grown in the presence of su-
crose. However, the increase in protein may derive from
some cytoplasmic contamination of the cell walls.
Similarly, a comparison between PC loadings obtained

from cob1 cell walls grown in the presence or absence of
sucrose revealed that plants grown in the presence of
sucrose were deficient in crystalline cellulose but had
increased protein relative to plants grown in the absence
of sucrose (Fig. 2B). A slight but consistent difference in
cellulose content was observed between wild type and
cob1 grown in the absence of sucrose (data not shown)
but of much less magnitude than when the plants were
grown in the presence of sucrose. In summary, these data
show that the conditional phenotype of cob1 grown in
the presence of sucrose is cellulose deficient relative to
wild-type plants or to cob1 plants grown in the absence
of sucrose. These data suggest the possibility of func-
tional redundancy under slower growth conditions, which
could compensate at least partially for the loss of COB
function.

Map-based cloning of COBRA

To better understand COB’s role in cell expansion, we
employed a map-based cloning approach to isolate the
COB gene. Three point crosses were used to map the
cobra locus to a region on chromosome 5 near the
LEAFY locus. Molecular analysis of recombinant plant
lines allowed us to map the COBRA locus between the
molecular markers RLK1 and 10A10 (Fig. 3A). This re-
gion had been physically mapped and covered by a contig
of two cosmids and six lambda clones (Bender and Fink
1998). Subsequently, the sequence of chromosome 5 was
determined through the Arabidopsis Genome Initiative,
allowing cobra to be localized within a 74 kb region. To
identify the COBRA gene, we sequenced from the cob-1
mutant each of the open reading frames identified in this
region. A missense mutation was found in one open
reading frame, and we then found mutations in the other
two cob alleles within the predicted gene (Fig. 3B). Both
cob-1 and cob-2 have an identical mutation, suggesting

Figure 2. FTIR analysis of cell walls prepared from wild-type
and cob1 roots grown in the presence or absence of sucrose.
Exploratory PCA (see Materials and Methods) was performed
using 30 FTIR spectra from each population. (A) PC1 clearly
discriminates wild-type spectra from cob1 spectra when the
plants have been grown in the presence of 3% sucrose. Axes
represent the mean values for the population. The correspond-
ing loading (below) has features characteristic of cellulose and
protein (peaks of interest are marked). Cellulose peaks are nega-
tively correlated, indicating that cob1 is cellulose-deficient rela-
tive to wild type. (B) PC1 discriminates between spectra ob-
tained from cob1 roots grown in the presence or absence of
sucrose. The corresponding loading also has features of cellulose
and protein (peaks of interest are marked). Cellulose peaks are
positively correlated indicating that cob1 grown in the presence
of sucrose is cellulose-deficient relative to cob1 grown in the
absence of sucrose.

Table 1. Crystalline cellulose analysis. Cellulose was defined as cell wall material resistant to hydrolysis in 2 M trifluoroacetic
acid. The cellulose was converted to mono- and oligosaccharides by Saeman hydrolysis, and determined by the phenol-sulfuric
acid assay (Dubois et al. 1956)

Sample
Average OD
(490 nm)

Glucose quantity*
(µg)

Cell wall starting
material (mg)

Glucose quantity (µg)/
cell wall starting material

(mg)

Wild type A 0.757 224.58 1.8 124.77
Wild type B 0.656 194.1 1.7 114.17
Wild type C 0.682 202.01 1.4 144.29
Wild type D 0.276 79.79 0.5 159.58
Wild type E 0.429 125.84 1.0 125.84
cobra A 0.494 145.33 1.7 85.49
cobra B 0.496 145.63 1.7 85.66
cobra C 0.406 118.69 1.4 84.78
cobra D 0.170 47.58 0.5 95.16
cobra E 0.169 47.35 0.5 94.70
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that this may be a mutational hot spot. However, we
cannot rule out the possibility that these are siblings of
the same mutant stock. We note that because the mo-
lecular lesions in all cob alleles are missense mutations,
these alleles may not represent the null phenotype, even
though their phenotypes are almost identical.
Rescue of the cob mutant phenotype (both in cob-1

and cob-3) was achieved by transformation of either the
genomic region or the COB cDNA driven by the Cauli-
flower Mosaic Virus 35S promoter, which is constitu-
tively active in most plant tissues (Odell et al. 1985).
Genomic DNA blot analysis and database searching of
the complete genome sequence indicated that there are
no genes highly related to COB in Arabidopsis (data not
shown). However, database comparisons have identified
several genes with similar sequences in other plant spe-
cies but not in other kingdoms (see Materials and Meth-
ods). This may indicate that COB is a member of a small
plant-specific gene family that has been conserved in
plant evolution.

COB encodes a putative GPI-anchored protein

Alignment of the full-length cDNA sequence with geno-
mic sequence indicates that COB is composed of six in-
trons and seven exons (Fig. 3C). The deduced COB gene
product is 454 amino acids in length and contains several
motifs indicative of subcellular localization (Fig. 3C).
These include an N-terminal signal sequence for secre-
tion, a highly hydrophobic C-terminal, a hydrophilic re-
gion in between both termini, and a stretch of residues
found in proteins in which the C-terminal is processed
and replaced with a glycosylphosphatidylinositol (GPI)
anchor (Udenfriend and Kodukula 1995a).
The attachment of a GPI moiety to a protein is pre-

dicted by conserved amino acid residues at the C-termi-
nal. The site of attachment has been termed � and only
Ser, Asn, Ala, Gly, Asp, and Cys are found at this
site, while only Ala, Gly, Thr, and Ser are found at the �
+ 2 site (Udenfriend and Kodukula 1995b). The � + 2
residue of known GPI-anchored proteins is usually fol-
lowed by a spacer of five to seven amino acids rich in
charged and/or Pro residues followed by a stretch of 10–
30 hydrophobic residues. COBRA meets all of these re-
quirements (Fig. 3D). Although there is only one highly
charged residue following the � + 2 residue, this was also
found to be true of a bona fide GPI-linked arabinogalac-
tan protein recently isolated from Nicotiana alata (Youl
et al. 1998).
Proteins destined to be GPI anchored contain hydro-

phobic sequences at both their N- and C-terminals, with
the remainder of the protein sequence being essentially
hydrophilic (Udenfriend and Kodukula 1995a). A hy-
dropathy plot of the deduced amino acid sequence of
COBRA confirms these three motifs (Fig. 3E). Apart from
their C-terminal domains specifying GPI attachment,
the protein moieties attached by GPI anchors have little
in common structurally or functionally (Thompson and
Okuyama 2000).

Expression of COBRA RNA and subcellular
localization of COBRA protein in the root

To determine if there is organ-specific expression of
COB, RNA blot analysis was performed. COB RNA was
found in all organs tested, with significantly lower levels
in siliques (Fig. 4A). Expression in the mutant alleles
appeared similar to wild type (Fig. 4B). As would be ex-
pected, plants overexpressing COB contained greatly el-
evated levels of COB mRNA (Fig. 4C).
To analyze the cell specificity of COB expression,

RNA in situ hybridization was performed on longitudi-
nal root sections. Strikingly, expression levels increased
dramatically in cells in the elongation zone (Fig. 4D). In
fact, expression appeared to increase abruptly as cells
entered the zone of rapid longitudinal expansion (Fig.
4E).
To determine the localization of COB protein both at

the cellular and subcellular level, we raised polyclonal
antisera to a portion of COB fused to the maltose-binding
protein. The antisera, after affinity purification, were
tested against soluble and microsomal protein fractions,
the identity of the latter verified by the presence of a
tonoplast marker, �-TIP (Fig. 5B). The antiCOB serum
recognized a polypeptide with an apparent molecular
mass of 68 kD in the microsomal membranes (Fig. 5A).
Although the predicted size of COB based on its amino
acid sequence is 49 kD, modifications, such as the po-
tential GPI anchor, may alter its gel mobility. In plants
that overexpressed COB, we detected a minor species of
polypeptide at ∼50 kD, not detected in wild type, which
may represent the unmodified protein (Fig. 5A).
To immunolocalize COB, we incubated the affinity-

purified antibodies with longitudinal (Fig. 5C) and trans-
verse (Fig. 5E) sections of wild-type roots. We consis-
tently observed far greater binding of the antibodies to
the longitudinal sides of the cells than to the apical or
basal sides. Moreover, the signal was detected primarily
in discrete regions along the longitudinal cell surfaces,
which is consistent with the animal data indicating that
GPI linkage can direct proteins to microsomal rafts lo-
cated on specific sides of polarized cells (Rodriguez-Bou-
lan and Powell 1992).
Consistent with the RNA expression pattern, protein

was undetectable in the distal region of the root tip (data
not shown). Antibody binding was first detected some-
what proximal to the region in which RNA is first de-
tected, which probably reflects the time required for de-
tectable amounts of protein to accumulate at the cell
surface.

Ectopic expression of COB

In transgenic plants containing the 35S promoter driving
COB cDNA, we detected binding of antiCOB antibodies
to the apical and basal cell surfaces as well as to the
longitudinal sides of root cells (Fig. 5G,H). Ectopic ex-
pression of COB did not appear to alter the expansion
profile of these cells. Moreover, the ectopic expression of
COB in cells at the root tip, which do not normally con-
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tain COB, did not alter the phenotype in a detectable
fashion. The rescue of the cob mutant phenotype in the
context of this overexpression suggests that COB is nec-
essary, but not sufficient for highly oriented cell elonga-
tion.

Discussion

To achieve correct organ morphology, plants must regu-
late the orientation and extent of cell expansion. Here
we report that cobra, a member of the CORE class of
expansion mutants, synthesizes lower amounts of cellu-
lose in the root, with a concomitant altered orientation
of cell expansion. The marked reduction in cellulose in
the cob root tip, coupled with the lateral expansion of
root cells in the mutant, suggest that COB’s regulation of
oriented cell expansion is associated with the deposition
of cellulose.

COB is expressed in cells undergoing highly oriented
longitudinal expansion

COB RNA is upregulated markedly in cells in the root
elongation zone. In fact, there appears to be a good cor-
relation between increased COB expression and cells en-
tering the zone of rapid longitudinal expansion. This sug-

gests that COB function is not required until the transi-
tion to rapid longitudinal expansion. This would argue
against a role for COB as a general factor required for cell
expansion. Rather, the expression pattern is consistent
with a role for COB in regulating oriented cell expansion.
COB appears to be expressed in all tissue layers, which
correlates with abnormal expansion throughout the root
(Benfey et al. 1993).
Although COB RNA levels are greatly upregulated in

the expansion zone, the mutant phenotype extends to
the tip of the root. One possible explanation is that the
root is capable of altering its overall architecture in re-
sponse to individual cell shape changes. Support for this
hypothesis comes from condition shift experiments. The
first cells that expand aberrantly are those entering the
zone of rapid longitudinal expansion. At later time
points, cells closer to the root tip progressively begin to
expand (Hauser et al. 1995).

COBRA encodes a putative GPI-anchored protein
which is polarly localized

The importance of covalent lipid modification as a
means of regulating protein activity or cellular localiza-
tion is becoming increasingly apparent (Thompson and
Okuyama 2000). One such lipid modification is the ad-
dition of a GPI anchor to a protein. GPI lipid substitu-

Figure 3. Cloning of COB and analysis
of its deduced amino acid sequence. (A,B)
Summary of the chromosome walk. (A)
Initial mapping placed COB near the LFY
locus. Three point crosses using yi tz and
cob-1 plants identified crossover events
between the CAPS markers ASBR2 and
LFY (vertical lines). Analysis of internal
CAPS markers placed COB in the 74 kb
interval between the RLK1 and the 10A10
CAPS markers. (Numbers represent the
number of recombinants isolated be-
tween the markers shown). The 22 puta-
tive genes or open reading frames in this
region were sequenced from the cob-1
background until a mutation was re-
vealed in a putative gene (shown in the
boxed region; arrows indicate the direc-
tion of transcription). (B) Genomic orga-
nization of COB (hatched boxes represent
exons). Positions of the translational start
(ATG) and stop (TAA) of the predicted
coding sequence are shown. The position
and nucleotide changes in the mutant alleles are also shown. (C) The predicted amino acid sequence is shown directly below the cDNA
sequence. Numbers to the right refer to the positions of nucleotides or amino acid residues. Triangles represent the positions of
introns. Missense point mutations in cob-1, cob-2, and cob-3 alleles are shown above the nucleotide sequence. Underlined is the
putative cleavable N-terminal signal sequence (as determined with pSORT [http://psort.nibb.ac.jp/]). Underlined and in bold is the
motif, which in addition to the N-terminal signal sequence and hydrophilic central portion, appears to meet all of the sequence
requirements for processing and GPI linkage and the GPI prediction site (http://mendel.imp. univie.ac.at/). In bold are the amino acids,
which would be changed in the mutant alleles. (D) The GPI linkage motif in COB includes the predicted cleavage (�) site, which is
the residue to the left of the cleavage (arrow). � +1 and � +2 sites immediately following the cleavage site, which are part of a six amino
acid spacer region (boxed), and a 19 amino acid hydrophobic tail (see text for consensus residues). (E) Hydropathy analysis of COB
shows the hydrophobic N- and C-terminals and the hydrophilic central portion.
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tions have been shown to anchor a diverse group of se-
creted proteins in the plasma membrane of protozoa,
yeast, and animals, possibly increasing their lateral mo-
bility (Rodriguez-Boulan and Powell 1992). While some
GPI-anchored proteins have been documented in plants
(Schultz et al. 1998; Sherrier et al. 1999), none have so far
been associated with mutant phenotypes. The COBRA

gene product contains a putative GPI anchor as sug-
gested by its amino acid sequence and its hydropathy
plot.
The presence of a GPI anchor is frequently associated

with polar protein sorting in animal cells (Matter and
Mellman 1994). There is evidence that GPI anchors act
as sorting signals in the Golgi to target proteins specifi-

Figure 3. (Continued.)
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cally into apical portions of the cell membrane in both
neuronal and epithelial cells of mammals (Rodriguez-
Boulan and Powell 1992). Recently, it was also shown in
animal cells that not only are GPI proteins specifically
targeted within the membrane, but also that they are
organized into microdomains at the cell surface (Fried-
richson and Kurzchalia 1998; Varma and Mayor 1998).
Immunolocalization of COB protein indicates that it is

primarily localized in discrete regions along the longitu-
dinal cell surfaces in the root. If it is demonstrated that
this is dependent on the GPI-anchor motif, this would
provide evidence for a shared protein sorting signal be-
tween plants and animals.
Evidence from animals and plants indicates that some

GPI-anchored proteins can have the lipid moiety cleaved
and thus release the polypeptide, which could then act as
a diffusible signal. From the protein blot analysis, COB
was found primarily in the microsomal fraction, which
was consistent with the immunolocalization results.
Nevertheless, we cannot rule out the possibility that
some COB protein is cleaved from its putative GPI an-
chor.
Isolation of a partial COB cDNA was reported to

complement a Saccharomyces pombe mutant defective
in phytochelatin synthesis (Leuchter et al. 1998). Phyto-
chelatins are small oligopeptides produced enzymati-
cally from glutathione, which are necessary to protect
cells from divalent heavy metals, such as cadmium, by
binding and rendering them insoluble and nontoxic in
the cytoplasm (Ortiz et al. 1992). The partial COB
cDNA, which was able to confer resistance to cadmium
in S. pombe, did not contain the first 94 amino acids of
COB. These missing amino acids contain the putative
N-terminal signal sequence as well as the domain in

which the cob-3 mutation is found. Although this re-
ported phytochelatin synthesis activity may not be di-
rectly related to COB’s in planta function, it is possible
that COB binds divalent metals, and this feature could
have functional relevance.

COBRA’s role in aerial organs

COB RNA is present in stems, leaves, flowers, and sil-
iques, yet the cob alleles we have isolated show no ap-
parent light-grown shoot phenotype. One explanation for
the lack of a phenotype in the aerial portions of cob
mutants is that we do not have a null allele even though
the three alleles (representing two different mutations)
are phenotypically almost identical. Alternatively, there
may be genes with functions redundant to COB in the
aerial organs.
The absence of an aerial phenotype may also be due to

cell expansion being controlled by different genetic pro-
grams in different organs. The angustifolia and rotundi-
folia3 mutations result in abnormal expansion only in
leaves and floral organs (Kim et al. 1998). Furthermore,
these mutations provide evidence that polar expansion
may be regulated by factors that control expansion only
in specific directions. The angustifolia mutant has de-
fective cell expansion in the leaf-width direction, result-
ing in thicker cells, while the rotundifolia3 mutant af-
fects cell elongation in the leaf-length direction. The
ROTUNDIFOLIA gene was shown to encode a member
of the P450 cytochrome gene family (Kim et al. 1998),
although the precise mechanism for its function remains
to be determined. Another possibility is that the rate of
cell expansion in the shoot is generally less than that of

Figure 4. COB expression analysis. (A–C) RNA blot analysis. Total RNA from different organs or plants was isolated and RNA blot
analysis was performed with a digoxigenin-labeled COB probe. Equal loading was assessed using ethidium bromide stained 18S and
25S rRNA (data not shown). (A) flowers (lane 1), siliques (lane 2), stems (lane 3), leaves (lane 4), and roots (lane 5). (B) wild-type
Columbia (lane 1), cob-1 (lane 2), cob-2 (lane 3), and cob-3 (lane 4). (C) Wild-type WS (lane 1), and 35S::COB transgenic in cob-3 (lane
2). The exposure time for the blot in C was significantly shorter than in A and B to highlight the different expression levels. (D–F) In
situ hybridization analysis of COB gene expression in wild-type Columbia roots. Root longitudinal sections were probed with either
anti-sense (D,E) or sense (F) digoxigenin-labeled, in vitro-transcribed RNA from a portion of COB. Upregulation of COB occurs in cells
that are undergoing rapid longitudinal expansion (arrowheads in E). Bar, 50 µm.
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the root and that COB function is only required in cells
elongating at very high rates.

The conditional nature of the cobramutation

Under permissive conditions (slower growth), the roots
of cob appear to be similar to wild type. We have deter-
mined that under these conditions there are nearly wild-
type levels of cellulose as well as COB RNA (data not
shown). Moreover, the conditional phenotype is lost in
double-mutant combinations with other CORE loci
(quill, lion’s tail, pompom-1, and pompom-2) (Hauser et
al. 1995). The recent identification of LION’S TAIL as
encoding a member of the endo-1,4–�-D-glucanase
(EGase) family, allelic to KORRIGAN (Nicol et al. 1998)
and QUILL as a member of the cellulose synthase gene
family allelic to PROCUSTE (Fagard et al. 2000) suggests
a possible explanation for the conditional phenotype.
These proteins may act as part of complex and/or in the
process of cellulose deposition and confer a degree of
functional redundancy.

Overexpression of COB

Expression of COB under the control of the constitutive
35S promoter was able to rescue the cob mutant pheno-
type. However, expression from this construct in wild-
type plants did not result in any detectable phenotype.
This result suggests the existence of other proteins that
are necessary for COB function, and these cofactors are
limiting either spatially or quantitatively.
When driven by the 35S promoter, COB levels are el-

evated and COB protein is now found more uniformly
distributed on the cell surface. The generation and main-
tenance of distinct cell surface polarity involves exten-
sive molecular sorting (Matter and Mellman 1994) and
perhaps the mechanisms that localize COB cannot keep
up with the overproduction in these transgenic lines.
The mislocalization without any aberrant phenotype is
further evidence that COB is necessary, but not suffi-
cient to cause a shift in expansion.

Possible models for COB’s role in oriented
cell expansion

The specification of cell shape requires regulation of the
production and arrangement of cell wall constituents.
The deficit in cellulose in cobra indicates that the
COBRA gene product is either directly or indirectly in-
volved in cellulose synthesis.
However, the role of COB is likely to be more compli-

cated than simply providing a component of the cellu-
lose deposition machinery. The cob phenotype is dis-
tinct from the phenotypes of the mutants rsw1 (Arioli et
al. 1998) and procuste (Fagard et al. 2000), in which the
affected genes encode catalytic subunits of cellulose syn-
thase, or of korrigan, in which the affected gene encodes
an endo-glucanase that is involved in cellulose synthesis
(Nicol et al. 1998). The cob phenotype suggests that COB

Figure 5. COB protein localization in roots. (A,B) Immunoblot
analysis. Even numbered lanes are total microsomal membrane
fractions, odd numbered lanes are soluble protein fractions.
Plants analyzed: 35S::COB transgenic (lanes 1,2), wild-type Co-
lumbia (lanes 3,4), and cob-1 (lanes 5 and 6). (A) Affinity purified
COB antibodies. (B) Antibodies to the tonoplast specific �-TIP.
Arrowheads indicate size in kD. (C–I) COB immunolocalization
in root tissue sections by epifluoresence microscopy. Roots
were incubated with affinity purified anti-COB antibodies and
fluorescently labeled secondary antibodies (red signal). In wild
type, binding was detected predominately on portions of the
longitudinal sides of cells in all cell layers (C), corresponding
light image is in (D) (brackets 1 and 2 denote two separate roots).
The signal was not continuous around the circumference of the
cells, but rather it was found in patches, shown in transverse
section (E), corresponding light microscope image is in (F).
Analysis of plants overexpressing COB (35S::COB genomic) de-
tected the protein in a more uniform pattern in transverse sec-
tions (G), and localized it to the apical and basal sides of cells
(white arrowheads) (H) as well as to the longitudinal sides, cor-
responding light image in (I). G–I are rescued cob-3 mutants).
Scale bars in E, F, and G = 25 µm;. Scale bars in C, D, H, and I
= 50 µm.
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functions specifically in the transition between the ar-
rest of radial expansion and the initiation of the rapid
longitudinal expansion phase. We suggest two possible
models for COB function. The localization of COB to the
longitudinal surfaces of expanding cells in a nonuniform
fashion raises the possibility that COB acts to recruit
cellulose synthesizing complexes to discrete positions
on the cell surface. This could allow for highly polarized
longitudinal expansion in the root. Alternatively, COB
may act through an as yet undefined mechanism to alter
the orientation of cell expansion by resisting radial wall
expansion and/or promoting longitudinal wall expan-
sion. In this model, the effect on cellulose deposition in
the mutant would be indirect, resulting from insufficient
numbers of cellulose synthesizing complexes being re-
cruited to keep pace with the outward expansion of the
cell.

Materials and methods

Growth of plants

Arabidopsis plants were grown as described previously (Benfey
et al. 1993). Except as noted, plant growth medium was supple-
mented with 4.5% sucrose, and the pH (5.7) was adjusted after
the addition of agar. cob-1 and cob-2 are in the Columbia eco-
type and cob-3 is in the Wassilewskija (W.S.) ecotype.

Cellulose analysis

Five-day-old seedling root tissue weighing 2–5 g were frozen at
−80°C, ground in a glass-glass grinder and incubated in 95%
ethanol for 30 min at 65°C. Samples were cooled to room tem-
perature and pelleted (5000 rpm). Pellets were washed twice in
95% ethanol and then extracted overnight in methanol/chloro-
form (2/3 v/v). Extracted material was pelleted and washed five
times in 95% ethanol. The cell wall pellet was dried overnight
at 65°C and then freeze dried. Wall material (0.5–1.8 mg) was
hydrolyzed in 1 mL of 2 M trifluoroacetic acid at 120°C for 90
min. The undigested material, mostly crystalline cellulose, was
pelleted (4000 rpm). The cellulosic material was digested to
glucose monomers by Saeman hydrolysis as described in Shata-
lov et al. (1999), and total sugar was determined by the phenol-
sulfuric method (Dubois et al. 1956).

Polarized light microscopy

To assess birefringent retardance of the cell walls, roots were
fixed and embedded in plastic as described below and sectioned
at 3 µm thickness. Retardance was assessed on a polarized-light
microscope (Jenapol, Zeiss) equipped for circularly polarized
light quantitative digital imaging (LC pol Scope, Cambridge Re-
search Instruments).
For plastic embedding, 1-2-wk-old seedlings were fixed in 4%

paraformaldehyde in PBS overnight at 4°C and rinsed two times
in PBS. The roots were subsequently pre-embedded in 1% aga-
rose, dehydrated in ethanol, and infiltrated with Historesin
(Technovit 7100, Kulzer). Plastic sections were mounted on Su-
perfrost slides (Fisher). In Figure 1D, the root was stained by
submersion in 0.05% toluidine blue for 3 min.

FTIR spectroscopy

Cell wall material was prepared by excising roots from 40 plants
of each of Columbia and cob1 grown on 3% or no sucrose. The

plants were ground in an Eppendorf tube using a miniature ho-
mogenizer. The homogenate was centrifuged at 13,000 rpm for
10 min and the supernatant discarded. The pellet was resus-
pended in distilled water and washed three times. The final
pellet was resuspended in 100 µL of distilled water and pipetted
onto a barium fluoride window.
The wet pellets of cell walls were dried at 37%°C for 1 h on

barium fluoride windows (Crystran Ltd.). The windows were
supported on the stage of a UMA500 microscope accessory of a
Bio-Rad FTS175c FTIR spectrometer equipped with a liquid ni-
trogen-cooled mercury cadmium telluride detector. An area of
wall (50×50 µm) was selected for spectral collection in trans-
mission mode. Collected were 128 interferograms with 8 cm−1

resolution and co-added to improve the signal-to-noise ratio for
each sample. Thirty spectra were collected from different areas
of each window. All data sets were baseline corrected and area
normalized before statistical methods were applied. Exploratory
PCA was carried out using Win-Discrim software (Kemsley
1998). Reference IR absorption spectra of cellulose were used for
peak assignments (Tsuboi 1957; Liang and Marchessault 1959).

Cloning of COB

Initial analysis of 120 F2 plants from a cob-1 (Col) x wild type
(Ler) cross-positioned the COB locus on the distal portion of
chromosome 5, 0.63 cM north of the LEAFY (LFY) cleaved am-
plified polymorphic sequence (CAPS) molecular marker (Ko-
nieczny and Ausubel 1993). Initial genetic data indicated that
COB was contained in the approximate 15 cM region between
the YI (yellow inflorescence) and TZ (thiazole requiring) loci.
Three point crosses between the yi tz double mutant (Ler) and
cob-1 (Col) were preformed to generate recombination events
on both sides of the COB gene. Thirteen F1 plant lines were
propagated to the F2 generation and ∼16,000 plants were scored
for the yi phenotype in the absence of exogenous thiamine
(needed by tz plants). A total of 383 plants were scored in this
category, which is indicative of a recombination event between
yi and tz.
Because the mutations in cob-1(cob-2) and cob-3 created poly-

morphisms with NlaIV and AluI, respectively, we were able to
confirm the mutations by PCR of genomic DNA and restriction
analysis. PCR amplification and digestion were performed at
two independent times.
Southern blotting was performed as described (Sambrook et

al. 1989). Arabidopsis genomic DNA was isolated according to
the procedure described by (Ausubel et al. 1987). For detection
of DNA, nucleic acids were immobilized onto nylon mem-
branes by UV crosslinking and were hybridized with a single-
stranded digoxigenin (DIG)-labeled probe made using PCR
(Finckh et al. 1991).
The hydropathy plot was generated using the Weizmann In-

stitute of Sciences Genome and Bioinformatics Web site (http://
bioinformatics.weizmann.ac.il/hydroph/plotfft_hy-
droph.html) with Kyte and Doolittle parameters and a window
size of 17 amino acids.

RNA analysis

RNA was isolated using a phenol extraction protocol (Jackson
and Larkins 1976) or the RNeasy kit (QIAGEN). For RNA blot
analysis, prehybridization, hybridization, and detection were
performed as described in Di Laurenzio et al. (1996). Blots were
hybridized with a single-stranded digoxigenin (DIG)-labeled
probe (Finckh et al. 1991). To make the probe, a single-stranded
975 bp antisense COB DNA fragment was created by PCR (bp
1688–2663, including 64 bases of the 3� untranslated region).
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In situ hybridization analysis was performed as described in
Di Laurenzio et al. (1996). To generate COB-specific antisense
and sense RNA probes, a PCR-amplified DNA fragment of the
COB cDNA (base pairs 220–766) was inserted into pCR2.1 (In-
vitrogen). After digestion with BamHI, a fragment (bp 361–766)
was subcloned into the BamHI site of pBluescript II SK (+)
(Stratagene) in both orientations. After linearizing each con-
struct with NotI, in vitro transcription and DIG-labeling using
the DIG RNA Labeling Kit (Boehringer Mannheim) was per-
formed.

35S::COB transgene and Agrobacterium-mediated
transformation

The 35S::COB cDNA and genomic constructs were made by
placing sequences between the 35S promoter and the nopaline
synthase polyadenylation sequence. To make the 35S::COB
cDNA construct, the full-length cDNAwas excised from �PRL2
(EST 163D2T7, GenBank accession no. R29979) as a HindIII,
EcoRI fragment, subcloned into pBluescript II KS (+), excised by
XbaI, XhoI and inserted into the corresponding sites of the plas-
mid V7 (from Dr. T. Brears). The 35S::COB genomic construct
was made using a 4.1 kbHindIII fragment (containing the entire
COB genomic sequence + 2 kb downstream) of a � clone from
the chromosome walk, subcloned into the HindIII site of pBlue-
script II KS (+). The fragment was excised by digestion with
HindIII, XbaI and inserted into the corresponding sites of the
plasmid W104 (from Dr. T. Brears). Expression plasmids were
transformed into cob-1 and cob-3 plants by the floral dipping
method (Clough and Bent 1998).

Production of COB-specific polyclonal antiserum

To generate COB-specific polyclonal antibodies, we ligated, af-
ter PCR amplification and addition of a 5� EcoRI site and a 3�

HindIII site, a fragment of the COB cDNA encoding amino
acids 67 through 193 into the bacterial expression vector pMAL-
c2 (New England BioLabs). After expression in Escherichia coli
strain BL21, the recombinant protein was affinity purified on an
amylose resin column (New England BioLabs), according to
manufacturer’s instructions, and injected into two New Zeal-
and White rabbits (Covance). Polyclonal antisera were affinity
purified against the recombinant COB protein coupled to NHS-
Activated Sepharose 4 fast flow (Amersham Pharmacia Bio-
tech), according to manufacturer’s instructions.

Immunolocalization

Microsome fractions were prepared as in Jinn et al. (2000). Iso-
lation of microsomes was assessed using the microsome-spe-
cific anti �-TIP antibody (Johnson et al. 1990). Protein samples
were resolved by SDS-PAGE as in Laemmli (1970). Under re-
strictive conditions, 10- to 14-d-old plants were grown (Benfey
et al. 1993), fixed, embedded, and sectioned at 8 µm. Antibody
incubation and immunohistochemistry were performed as de-
scribed (Di Laurenzio et al. 1996) with the following modifica-
tions: Root sections were incubated with affinity-purified anti-
COB at room temperature for 1 h. Incubation with secondary
antibodies conjugated to Alexa Fluor 568 (Molecular Probes,
1:250) was done at ambient temperature for 45 min to 1 h. Goat
serum was added to all incubations (1:50, v/v).
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Note added in proof

GenBank accession nos. of clones most homologous to COB
are: cotton, AI730765; rice, C74834; soybean, AI416924; to-
mato, AI773156; maize, AI861761; aspen, AI166150; Brassica
napus, H74542; Medicago truncatula, AW559872; Lotus ja-
ponicus, AW720520; ice plant, BE130595; Loblolly pine,
AA556615.
The COBRA GenBank accession no. is AF319663. The trun-

cated COB cDNA clone, which was isolated based on its ability
to complement a S. pombe mutant deficient in phytochelatin
synthesis, has the accession no. AJ006787 (Leuchter et al. 1998).
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