Arabidopsis cyt1 mutants are deficient in a
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Arabidopsis cyt1 mutants have a complex phenotype indicative of
a severe defect in cell wall biogenesis. Mutant embryos arrest as
wide, heart-shaped structures characterized by ectopic accumula-
tion of callose and the occurrence of incomplete cell walls. Texture
and thickness of the cell walls are irregular, and unesterified
pectins show an abnormally diffuse distribution. To determine the
molecular basis of these defects, we have cloned the CYT7 gene by
a map-based approach and found that it encodes mannose-1-
phosphate guanylyltransferase. A weak mutation in the same
gene, called vtc1, has previously been identified on the basis of
ozone sensitivity due to reduced levels of ascorbic acid. Mutant
cyt1 embryos are deficient in N-glycosylation and have an altered
composition of cell wall polysaccharides. Most notably, they show
a 5-fold decrease in cellulose content. Characteristic aspects of the
cyt1 phenotype, including radial swelling and accumulation of
callose, can be mimicked with the inhibitor of N-glycosylation,
tunicamycin. Our results suggest that N-glycosylation is required
for cellulose biosynthesis and that a deficiency in this process can
account for most phenotypic features of cyt? embryos.

ellulose, a high molecular weight polymer consisting of

hydrogen-bonded chains of B-1,4-linked glucose, is the most
abundant polysaccharide of plant cell walls. The mechanisms by
which cellulose and other cell wall polysaccharides are synthe-
sized and assembled are poorly understood (1-3). It is thought
that cellulose synthase resides in the plasma membrane as a
multisubunit complex called a rosette that extrudes 8-1,4-glucan
into the extracellular matrix. Close proximity of subunits in the
rosette complex presumably facilitates the hydrogen bonding of
individual glucan chains into tight bundles of characteristic
diameter, the microfibrils.

Higher plants contain a large number of closely related genes,
the CesA family, that encode a catalytic component of cellulose
synthase. It is unknown whether other polypeptides are required
to form an active cellulose synthase, and little is known about the
regulation of its activity. However, because the deposition of
cellulose microfibrils is typically oriented relative to the axis of
cellular expansion, an interaction between cellulose synthase and
the cortical cytoskeleton has been proposed. A temperature-
sensitive mutation in one of the CesA genes, rswl, leads to a
mutant phenotype characterized by swollen cells that are
thought to reflect the inability of the cells to resist or direct
turgor-mediated expansion (4). Similar phenotypes have been
generated with chemical inhibitors of cellulose biosynthesis (5)
indicating that the presence of near-normal amounts of cellulose
in the primary cell wall is required for normal growth.

A number of Arabidopsis mutations affecting cell wall biogen-
esis have been isolated (6). Some of these mutations change the
overall composition of cell wall polysaccharides without inter-
fering with viability of the plants (7, 8), others only affect
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specialized structures such as trichomes (9) or secondary walls
(10). In contrast, mutations in the CY7TI gene are lethal and
cause a complex phenotype indicating a severe defect in the
formation of the primary cell wall (11). Mutant embryos develop
normally until the early heart stage, at which point cell division
becomes inhibited and the embryos assume a wider shape than
their wild-type siblings. On a cellular level, ¢yt embryos are
characterized by the absence of protein bodies, ectopic deposi-
tions of callose in a patchy pattern, and the occurrence of
incomplete cell walls. An ultrastructural analysis revealed that
the cell walls of mutants were variable in width and unesterified
pectins, which normally are only found in the middle lamella, had
a diffuse distribution (11). Some aspects of the cytI phenotype,
including radial swelling, accumulation of callose, and the oc-
currence of incomplete cell walls, could be mimicked by treating
wild-type embryos with the cellulose synthase inhibitor dichlo-
benil.

We here report that CYT1 encodes an enzyme catalyzing the
production of GDP-mannose. Depletion of GDP-mannose leads
to a number of secondary defects, such as changes in the cell wall
composition, a deficiency in N-glycosylation, and a deficiency in
ascorbic acid production. Indeed, a weak mutation in the same
gene, termed vicl, causes a reduction in ascorbic acid content,
but does not interfere with viability under normal growth
conditions (12). With regard to cell wall polysaccharides, the
most notable change in cyt/ embryos was a dramatic decrease in
cellulose content. Experiments with the inhibitor of N-linked
glycosylation tunicamycin suggest that this reduction is due to a
deficiency in N-glycosylation.

Materials and Methods

Plant Culture and Genetic Mapping. Plants were grown at 22°C
either with a 16-hour photoperiod (for ascorbic acid measure-
ments; fluence rate about 80 umol photons/m?/s) or in constant
light (fluence rate about 60 umol photons/m?/s). The cytI-1
mutation was mapped in the F, generation of a cross to the
marker line W6 (stock number CS6, Arabidopsis stock center,
Columbus, OH). Molecular markers used for mapping were
m429 (13), ngal68, and AthBIO2 (ATGC web site of the
University of Pennsylvania; http://genome.salk.edu) and C005,

Abbreviations: GPl-anchor, glycosylphosphatidylinositol membrane anchor; MPG, man-
nose-1-phosphate guanylyltransferase; PDI, protein disulfide isomerase.

*To whom reprint requests should be addressed. E-mail: lubo@andrew?2.stanford.edu.

SPresent address: Department of Chemical, Biological and Environmental Sciences, Mount
Royal College, Calgary, AB, Canada T3E6K6.

IPresent address: Cereon Genomics LLC, Cambridge, MA 02139.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

www.pnas.org/cgi/doi/10.1073/pnas.051625798



as1 cyt1 cer9
i nga168 m429 C024 | CO035 AthBIO2 E
! 3 | 9 | 26 4! 7 | 136 i 235, |
b i 7”7
co2a — coos | C029 o S — C035
(A)21 (A)2g | (TA)e (TA)17 (TA)10
| 3 RN 4 | 2 |
D = o >0 D> D
a a a < I a
BAC clone T517 MPG 10 kb
Fig.1. Map-basedcloningofthe CYT7 gene. (Upper) Genetic map of the CYT7 region of chromosome 2. (Lower) Map of the BAC clone T517 showing the location

and properties of polymorphicrepeats used for mapping. Predicted transcription units are shown as arrow bars. Numbers indicate recombination events between

adjacent markers.

C024, C029, C033, and CO035 (see supplemental data on the
PNAS web site, www.pnas.org, or TAIR database, www.arabi-
dopsis.org).

Northern and Western Blotting. RNA was extracted with Trizol
reagent (Life Technologies, Rockville, MD). Native protein
extract was prepared by grinding inflorescence tissue in PBS. To
release N-linked oligosaccharides from glycoproteins, native
extracts were digested with peptide:N-glycosidase F (Bio-Rad).
For preparation of crude extracts, about 200 wild-type or 400
cytl-1 embryos were dissected from the seeds before desiccation
and homogenized in 50 ul of extraction buffer (18% sucrose, 2%
SDS, 10 mM MgCl,, 40 mM 2-mercaptoethanol, 100 mM
Tris'HCIl, pH 8). Rabbit antiserum against Arabidopsis protein
disulfide isomerase (PDI; Rose Biotechnology, www.rosebiotech.
com) was used at a dilution of 1/2,500. Reacting material was
visualized by incubation with goat anti-rabbit IgG secondary
antibodies conjugated to horseradish peroxidase (Bio-Rad) fol-
lowed by a luminescence reaction (SuperSignal; Pierce).

Ascorbic Acid Levels and Cell Wall Composition. Ascorbic acid levels
were determined as described (14). For the analysis of cell wall
polysaccharides, material was extracted with 70% ethanol and
acetone and the dry weight determined with an AD2B autobal-
ance (Perkin-Elmer). Neutral sugars of the noncellulosic cell
wall fraction were analyzed by gas chromatography of alditol
acetates (7). Myo-inositol was added as an internal standard.
Cellulose was measured colorimetrically (15). A '“C-labeled
crude cellulose preparation (American Radiolabeled Chemicals,
St. Louis) was added to a subset of the samples as a tracer.
Recovery of radioactive material in the acid insoluble fraction
was similar for wild-type and cytI-1 samples.

Root Growth and Callose Staining. Seeds were germinated on MS
media (Life Technologies, Rockville, MD), the seedlings trans-
ferred to MS media containing tunicamycin or mannose, and the
roots imaged with a stereomicroscope. Measurements were
taken from the images. The molarity of tunicamycin (Sigma,
catalog no. T-7765) was calculated with respect to the sum of all
isomers (A, B, C, and D, relative content: 3.3%, 42.3%, 30.5%,
and 20.4%). Live root tips were stained for callose with sirofluor
(Biosupplies, Parkville, Victoria, Australia; 25 pg/ml in water;
excitation, 380 nm; emission, 480 nm) and viewed with a
fluorescence microscope with a DAPI filter-set. All images were
taken with a SPOT CCD camera (Diagnostic Instruments,
Sterling Heights, MI).

Results

Map-Based Cloning of the CYT1 Gene. CY7! had previously been
mapped to chromosome 2 between the visible markers asym-
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metric leaf 1 (asl) and eceriferum 8 (cer8) (11). We made use of
the flanking visible markers to select a large number of recom-
binants for fine mapping. Among the selfed progeny of an F;
hybrid with the genotype ASI cytl CERS (Wassilewskija
ecotype)/asl CYTI cer8 (a hybrid between the Landsberg erecta
and Columbia ecotypes), we identified 445 plants that were as!
but did not show a mutant cer phenotype. An analysis of these
recombinants with PCR-based markers from the lower arm of
chromosome 2 positioned CYT1 between m429 and AthBIO2
(Fig. 1). The use of additional markers from this region (16)
made it possible to map the CYT1 gene to an interval of less than
10 kb within the BAC clone T517 (Fig. 1). This interval contained
two ORFs—RNS2, an S-like RNase (17), and a putative man-
nose-1-phosphate guanylyltransferase (termed T5I7.8 in the
sequence annotations; ref. 18).

The predicted coding region of the T517.8 gene was PCR-
amplified from homozygous cytI-1 and cytI-2 embryos and
sequenced. The cyti-1 allele had a point mutation in codon 89
(CCT—CTT; Fig. 2) resulting in a change from proline to
leucine. In the cytI-2 allele a single nucleotide was inserted in
codon 306 (TCG—TTCG) causing a +1 frameshift and at the
same time disrupting an Xhol site. No other difference to the
published Columbia sequence was detected. We concluded that
T517.8 corresponds to CYT1.

The CYT1 Gene Provides a Basic Metabolic Function. Northern anal-
ysis of total RNA indicated that CYT7 transcripts were about 1.5
kb in size and expressed in all tissues examined (seedlings, roots,
leaves, stems, inflorescences; data not shown). A putative full-
length cDNA clone (96N23T7) was obtained from the Arabi-
dopsis stock center and completely sequenced (GenBank acces-
sion no. AF108660). The intron/exon structure of CYT! was as
predicted (18). Stop codons in all frames were found in the
sequence preceding the first ATG start codon suggesting that the
cDNA clone contained the complete CYTI coding region.
CYTI encodes a polypeptide of 361 amino acids with strong
similarity to the yeast V1G9 gene (60% identity; Fig. 2). The Vig9
protein has been demonstrated to have GTP:a-D-mannose-1-
phosphate guanylyltransferase (MPG; EC 2.7.7.13) activity in
vitro (19). CYTI also shows similarity to bacterial MPGs and to
the sequence of an N-terminal peptide from the small subunit of
porcine MPG (data not shown). The C terminus of CYTI
contains a peptide signature found in a large group of enzymes
with transferase activity (transferase hexapeptide-repeat,
PROSITE motif PDOC00094; ref. 20). The corresponding se-
quence is predicted to be completely missing in the Cytl-2
polypeptide (Fig. 2). Thus, we believe that cyz/-2 is a null-
mutation. In contrast, the Cyt1-1 polypeptide is predicted to be
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Fig.2. Alignment of the Cyt1 and the yeast Vig9 amino acid sequences. Dots
indicate identical residues, dashes indicate gaps, asterisks indicate conserved
positions of the transferase hexapeptide repeat consensus motif: [LIV]-
[GAED]-X-X-[STAV]-X-[LIV]-X-X-X-[LIVAC]-X-[LIV]-[GAED]-X-X-[STAVR]-X-
[LIV]-[GAED]-X-X-[STAV]-X-[LIV]-X-X-X-[LIV]. Changes in the mutant alleles
are noted above the sequences.

of full-length and to differ from wild-type in a single residue.
Because cytl/-1 mutant embryos show a slightly less severe
phenotype (11), the Cyt1-1 polypeptide apparently retains some
residual activity.

The high degree of sequence similarity to MPGs from differ-
ent organisms suggests that the Cytl protein catalyzes the
production of GDP-D-mannose from a-D-mannose-1-phosphate
and GTP. In higher plants, GDP-D-mannose is required in a
number of diverse processes. For example, it is a precursor of
ascorbic acid (21) and GDP-L-fucose (22). GDP-D-mannose and
GDP-L-fucose, in turn, are used to incorporate mannosyl and
fucosyl residues into cell wall polymers. Furthermore, GDP-
mannose is required for the synthesis of the core glycan chain
attached to N-linked glycoproteins. We show below that all of
these processes are affected in ¢yt embryos.

Cyt1 and vtc1 Are Alleles of the Same Genetic Locus. As an unex-
pected corollary to our analysis it became evident that the
previously described vfcl mutation is caused by a single amino
acid exchange in the same ORF disrupted by cyz/ mutations (ref.
12; Fig. 2). The vtcI mutant was isolated by virtue of its sensitivity
to oxidative stress (23) and found to be deficient in the produc-
tion of ascorbic acid (14). In striking contrast to the lethality
caused by cytl mutations, vfcl plants are viable, fertile, and
phenotypically similar to wild-type, indicating that the vcl
mutation is weak. Consistent with this idea, MPG activity is
reduced but not absent in protein extracts prepared from vicl
mutant tissue (12).

To confirm allelism between vfcl and cytl, we generated
vicl /cytl-1 and vicl /cyt]-2 trans-heterozygous plants. Like vicl
mutants, they are viable, fertile, and phenotypically similar to
wild-type. Measurements of ascorbic acid levels in rosette leaves
(Table 1) showed that vecl /cyt]-2 trans-heterozygotes contained
amounts similar to vtcI mutants (29% of wild-type), indicating
that cytI-2 does not complement vtcl. In contrast, vicl /cytl-1
trans-heterozygotes contained amounts that were intermediate
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Table 1. Allelism of vtc? and cyt7 mutations

Wild-type vtcl /vtcl cyt1-1/vtcl cyti1-2/vtcl

AsA* 3.1 0.9
Man* 9.5% (0.12) 3.5% (0.33)

1.4 (0.22)
4.5% (0.25)

0.8 (0.15)
3.3% (0.13)

*Ascorbic acid content of rosette leaves (umol per gram fresh weight). Aver-
age of three (cyt1-1/vtc1) and five (cyt1-2/vtc1) measurements, standard
deviation in brackets. Values for wild-type (Col) and vtc? were taken from
reference (12).

TMannose content of the noncellulosic cell wall fraction of rosette leaves.
Valuesindicate the relative weight with respect to all neutral sugars analyzed
(rhamnose, fucose, arabinose, xylose, mannose, and galactose). Average of
four measurements, standard deviation in brackets. Wild-type is the Col
ecotype, similar values were also obtained for the Ws ecotype and cyt1-1/+,
cyt1-1/+, cyt1-2/+, and vtc1/+ plants.

between vfcl mutants and wild-type (45% of wild-type) suggest-
ing partial interallelic complementation.

Cyt1 Mutants Are Deficient in N-Glycosylation. PDI is an abundant
protein of the endoplasmic reticulum that is posttranslationally
modified with N-linked glycans (24, 25). To examine the effect
of cyt] mutations on N-glycosylation, we analyzed the mobility of
PDI on denaturing polyacrylamide gels (Fig. 3). Native PDI
extracted from inflorescence tissue exhibited an apparent mo-
lecular mass of about 62 kDa. Enzymatic removal of the glycans
resulted in a higher mobility of the protein that was detected as
a band-shift. PDI extracted from wild-type embryos had a similar
mobility as the PDI from inflorescence tissue. In contrast, PDI
extracted from cyt7-1 mutant embryos showed a similar mobility
to the enzymatically deglycosylated PDI. We conclude that cyt/
mutations cause a deficiency in N-glycosylation.

The Cell Walls of cyt1 Mutant Embryos Contain Reduced Amounts of
Fucose and Mannose. Mannose and fucose residues are compo-
nents of the noncellulosic cell wall polymers, and mannose
residues have also been detected in the cellulose fraction (26). To
examine the effects of cyr/ mutations on cell wall biogenesis, we
compared the neutral sugar composition of the noncellulosic cell
wall polysaccharides in wild-type and mutant embryos. Mutant
embryos and their phenotypically wild-type siblings from the
same siliques were dissected from the seeds before desiccation
and the neutral cell wall sugars analyzed by gas chromatography.

The cell walls of cytI-1 embryos contained reduced amounts
of mannose (35% of wild-type) and fucose (45% of wild-type;
Table 2). Other noticeable differences were elevated levels of
rhamnose (152% of wild-type) and xylose (122% of wild-type).
Because of their small size, only a single sample of cytI-2 mutants
was analyzed (1,000 embryos, dry weight 140 ug). Mannose and

N PNG Wt cytf
94 kD —

67 kD — -
- L8

43 kD —

Fig.3. Effect of the cyt7-1 mutation on N-glycosylation. Western blot of an
8% denaturing polyacrylamide gel probed with a PDI antibody. N, native
extract of inflorescence tissue; PNG, extract treated with N-glycosidase F; Wt,
crude extract of wild-type embryos; cyt?, crude extract of cyt?7-1 mutant
embryos. Size standards are indicated to the left. The Wt and cyt7 lanes were
not loaded with equal amounts of total protein.
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Table 2. Cell wall composition of wild-type and cyt1 embryos

Wild-type cyt1-1

Average dry weight 2.6 pg/embryo 1.0 ng/embryo

Neutral sugars 61 ng/mg* 64 ng/mg*
Rhamnose 5.2% (0.30) 7.9% (1.3)
Fucose 2.0% (0.16) 0.9% (0.07)
Arabinose 54.9% (1.1) 53.0% (1.4)
Xylose 19.5% (1.1) 23.5% (1.7)
Mannose 4.8% (0.32) 1.7% (0.21)
Galactose 13.6% (1.7) 13.0% (1.3)

Cellulose 31 ng/mg (0.6) 5.9 ng/mg (0.8)

The total amount of neutral sugars of the noncellulosic wall and the
amount of cellulose are expressed as a fraction of the dry weight. Values for
individual neutral sugars indicate their relative weight with respect to all six
sugars analyzed. Average of three measurements, about 500 cyt7-7 embryos
or 200 wild-type embryos per sample, standard deviation in brackets.
*Single measurement.

fucose levels were also reduced in the walls of cyt7-2 embryos,
but apparently to a smaller extent (both 60% of wild-type). A
decrease in the mannose and fucose content was expected from
a depletion of GDP-mannose, although the observed effect
might be considered small. The altered rhamnose and xylose
levels, on the other hand, are more difficult to interpret. Because
growth of cyt] embryos is arrested, these changes might merely
reflect differences related to embryonic development. Alterna-
tively, they could result from an attempt to compensate for the
lack of mannose and fucose.

A similar analysis was carried out on rosette leaves of vtcl
mutants and vicl /cytl trans-heterozygotes (Table 1). The only
noticeable difference to wild-type was a decrease in the mannose
content. The mannose content of vfc/ mutants, as well as
vtcl [eytl-2 trans-heterozygotes, was about 35% of wild-type,
whereas vicl /cyt1-1 trans-heterozygotes showed an intermediate
mannose content (47% of wild-type). As the ascorbic acid
measurements, this result indicates a partial interallelic comple-
mentation between vtcl and cytl-1.

Cyt1 Mutants Are Deficient in Cellulose. Some aspects of the cyt]
phenotype, including radial swelling, accumulation of callose,
and the occurrence of incomplete cell walls, have been mimicked
by treatment with the cellulose synthase inhibitor dichlobenil
(11). This led us to compare the cellulose content of wild-type
and cyt] mutant embryos. Because of their small size, analysis of
cytl-2 embryos was not practical. Three samples of cyt/-1 and
wild-type embryos were collected as described above and their
cellulose content determined. Mutant cyt/-1 embryos contained
about five times less cellulose than their wild-type siblings (Table
2). To the best of our knowledge, no other plant mutant causing
an equally dramatic decrease in cellulose content has been
described.

Inhibition of N-Glycosylation Causes Radial Swelling and Accumula-
tion of Callose in Root Tips. It was unclear how a depletion of
GDP-mannose would affect the cellulose content of cyt/ em-
bryos. To explore the possibility that cellulose synthesis was
reduced because of a block in N-glycosylation, we examined the
effect of tunicamycin on the growth of Arabidopsis roots (Fig. 4).
Tunicamycin interferes with the synthesis of the core glycan
chain attached to N-linked glycoproteins (27) and thus has a
similar effect on N-glycosylation as cyt/ mutations. In the
presence of 2 uM tunicamycin, Arabidopsis root tips showed
significant radial swelling within 2 to 3 days (Fig. 4k). Bloated
epidermal cells were frequently observed, and staining with the
callose-specific dye sirofluor revealed ectopic deposition of
callose in a patchy pattern (Fig. 4 b and f). Lower concentrations
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Fig.4. Effectsof tunicamycin and mannose on Arabidopsis roots. Bright field
(a, b, ¢, and d) and epifluorescence images (e, f, g, and h) of Arabidopsis root
tips stained with the callose-specific fluorescent dye sirofluor. Roots were
cultured for 5 days on MS media with the following supplements: a and e,
none; b and f, 2 uM tunicamycin; ¢ and g, 5 uM tunicamycin; d and h, 0.1%
mannose. Asterisks point out swollen epidermal cells. (Bar, 150 um.) Time
curve of longitudinal growth (i) and radial swelling (k) of Arabidopsis roots
incubated with 0 uM (black), 1 uM (blue), and 2 uM tunicamycin (red). Vertical
bars indicate standard deviations (sample size between 12 and 18). Tunica-
mycin concentrations of 0.5 uM and lower had no significant effect on
longitudinal growth, whereas concentrations of 5 M and higher completely
arrested it. Concentrations of 1 uM and lower, as well as 5 uM and higher, did
not cause significant radial swelling. For the sake of clarity these results are not
included in the figure.

of tunicamycin inhibited the longitudinal growth of roots (Fig.
47), but did not cause swelling or callose deposition (data not
shown). In the presence of 5 uM tunicamycin, longitudinal
growth ceased virtually instantaneously and no significant swell-
ing was observed. However, the root epidermis had a slightly
rough appearance, and patches of callose depositions were
present (Fig. 4 ¢ and g).

Tunicamycin is toxic to plant cells. To address the possibility
that the observed effects were correlated to cell death, we also
incubated roots on media containing levels of mannose that are
cytotoxic and induce DNA laddering (28). Root growth was
severely inhibited in the presence of 0.1% mannose. However,
neither radial swelling nor accumulation of callose were ob-
served (Fig. 4 d and h). Our results indicate that characteristic
aspects of the cyt! phenotype can be mimicked by treatment with
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tunicamycin, but not by treatment with cytotoxic doses of
mannose.

Discussion

Map-based cloning of the Arabidopsis CYTI gene showed that it
encodes an MPG required for the production of GDP-mannose.
A weak mutation in the same gene, vcl, was previously isolated
because of its low content of ascorbic acid (14, 23). In contrast
to the lethality caused by cytI mutations, vtcl plants are viable,
fertile, and phenotypically similar to wild-type, and MPG activity
is reduced but still present in protein extracts prepared from vicl
mutant tissue (12). Similarly, reduction of MPG activity by
antisense techniques revealed a close correlation between en-
zymatic activity and ascorbic acid content, but had only subtle
phenotypic consequences (29). The cytI-2 mutation generates a
frameshift that eliminates the C-terminal 20% of the wild-type
amino acid sequence including a conserved peptide signature,
termed a transferase hexapeptide-repeat (20). Thus, we believe
cytl-2 is a null mutation causing a complete lack of activity.
Mutant embryos invariably die before or during desiccation and,
so far, all attempts to rescue them in tissue culture have failed.
Although the Arabidopsis genome contains a number of se-
quences with similarity to CYT! (e.g., GenBank accession nos.
AAD22341, AAD55285, CAB75917, and CAB79775), the mu-
tants apparently can not generate enough GDP-mannose to
sustain their basic metabolism. Two lines of evidence suggest,
however, that during the first few days of development a pool of
GDP-mannose is available to cytI embryos. First, cytl embryos
are morphologically indistinguishable from wild-type before the
transition stage, about 4 to 5 days after fertilization (11).
Furthermore, their cell walls contain reduced but still substantial
amounts of mannose and fucose. The origin of this pool is
unclear. Possibly, MPG activity present in the megaspore mother
cells persists long enough to sustain cyt/ embryos for a short
time. Such cases of maternally inherited enzyme activities have
been described in Drosophila. For example, the half-life of
alcohol dehydrogenase (Adh) was estimated to be about 55 h in
vivo (30), and maternally derived Adh activity can be detected in
adh mutant larvae for 4 to 6 days after fertilization (31).

A depletion of GDP-mannose is predicted to cause a variety
of secondary defects. GDP-mannose is a precursor of ascorbic
acid (21) and GDP-fucose (22). GDP-mannose, as well as
GDP-fucose, are used to incorporate mannose and fucose
residues into cell wall polymers. Furthermore, GDP-mannose is
required for two types of posttranslational protein modification,
glycosylphosphatidylinositol (GPI) membrane-anchoring (32)
and N-glycosylation (see below). With the exception of GPI-
anchoring, which was not investigated, we have shown that cyt/
embryos are indeed defective in all these processes. What is their
likely contribution to the cytl phenotype? Ascorbic acid is the
most abundant antioxidant of higher plants (33). Among other
roles, it has been implicated in the control of cell division. In the
maize root meristem, for example, cells with a low ascorbic acid
level also show low division rates (34). It seems possible that a
lack of ascorbic acid might contribute to the slow growth of cyt1
mutants. However, supplementing cyt/ embryos with ascorbic
acid in culture did not have any significant effect (T.C.N. and
D.W.M., unpublished data), suggesting that a lack of ascorbic
acid levels is not sufficient to explain their developmental arrest.

N-glycosylation is essential for proper folding, targeting, and
function of many secreted proteins (35). The core glycan at-
tached to N-linked glycoproteins is assembled on a dolichol
phosphate and contains nine mannose residues, which are
transferred to it from GDP-mannose. The N-linked glycans are
thought to be recognized by ER-resident chaperones that aid
folding of the nascent glycoproteins. Correct folding, in turn,
allows further processing of the glycans and export of the
proteins to other cellular compartments (36). In some instances,
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N-linked glycan chains have also been implicated in enzymatic
activity. For example, activity of the xyloglucan endotransgly-
cosylases TCH4 and Meri-5, enzymes involved in the modifica-
tion of plant cell walls, can be substantially reduced by removing
the N-linked glycans in vitro (37).

Our results demonstrate that cyt/ embryos are deficient in
N-glycosylation, presumably because a lack of GDP-mannose
prevents synthesis the core glycan. In budding yeast, mutations
that block early steps in the assembly of core glycans (e.g., algl,
alg2, alg4, and the cytl ortholog vig9) are lethal (38). No
Arabidopsis mutants specifically affecting these steps have been
described so far. However, synthesis of the core glycan can be
inhibited pharmacologically with tunicamycin, which blocks the
first step in the process by preventing the transfer of N-
acetylglucosamine to dolichol phosphate (27). On treatment
with tunicamycin, cultured plant cells become deficient in pro-
tein processing and secretion into the medium (39, 40). Tuni-
camycin also triggers the unfolded protein response which
eventually leads to a general shut-down of protein synthesis and
an arrest of the cell cycle (41). Thus, it appears likely that the
developmental arrest of cyt/ embryos is largely due to their
deficiency in N-glycosylation.

The cell walls of cytI embryos show a number of severe defects
(11). In part, these defects might be due to a failure of correctly
modifying cell wall proteins, such as TCH4 and Meri-5 (see
above) or GPI-anchored arabinogalactan-proteins (42). Unfor-
tunately, there is only limited knowledge about the function of
cell wall proteins, which makes it difficult to evaluate this
possibility. An analysis of the cell wall polysaccharides of cyt1
embryos revealed only relatively minor changes in the compo-
sition of the noncellulosic fraction, namely an about 50%
decrease in mannose and fucose content. Most likely these
changes have little impact on the functionality of the walls.
Arabidopsis murl mutants, for example, completely lack fucose
in the walls of their stems and leaves, but are viable and fertile
(7). On the other hand, cyt/ embryos showed a 5-fold decrease
in cellulose content. By comparison, a conditional mutation in a
cellulose synthase gene, rswl, causes an approximately 50%
reduction in cellulose concomitant with pronounced radial
swelling of the root tips at the nonpermissive temperature (4).
We infer that the cellulose deficiency of cytl embryos severely
impairs the mechanical properties of their cell walls. Further-
more, it might also explain some of the observed structural
changes, for example the ectopic deposition of callose. Callose
is normally not found in the primary wall, but can be rapidly
accumulated in response to wounding, pathogen attack, or
mechanical stress (43). It is possible that cyz/ embryos accumu-
late callose as a response to mechanical stress.

Some aspects of the cyt/ phenotype, such as isodiametric
swelling and accumulation of callose, can be mimicked by
treatment with tunicamycin (this study) as well as the cellulose
synthase inhibitor dichlobenil (11). In a previous study, tunica-
mycin has been demonstrated to inhibit the formation of cellu-
lose microfibrils in the alga Oocystis solitaria (44). However, the
aim of this study was to explore the role of dolichol-linked
glucans as a possible substrate for cellulose synthase and,
therefore, tunicamycin was applied at high concentrations where
it prevents formation of these glucans. Because we have now
found that cellulose content can also be affected by depletion of
GDP-mannose, it appears more plausible that the observed
effect on cellulose biosynthesis is due to a deficiency in N-
glycosylation. How could a block in N-glycosylation affect cel-
lulose biosynthesis? Perhaps the most obvious possibility is that
N-linked glycans are required for proper folding or function of
cellulose synthase or another unidentified component of the
rosette complex. Consistent with this idea, the sequence of RSW1
contains four potential N-glycosylation sites that cluster around
the presumptive catalytic domain (4). An alternative possibility
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Wild-type

cyt1

Fig. 5. Growth of wild-type and cyt7 mutant embryos. Drawings of whole
mount cleared specimen at the early heart (Left) and the torpedo stage
(Right).

is that an N-glycosylated polypeptide might act as a primer for
polymer synthesis (45). Initiation of other glucan chains, such as
starch and glycogen, requires polypeptide primers (46). This
alternative might also explain why small amounts of mannosyl
residues have been detected in cellulose preparations (26).

In a large-scale screen for embryos with altered morphology,
we have identified nine mutations producing similar phenotypes
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to ¢cytl-1 and cytl-2 (W.L., S. Gillmor, A. Roeder, and C.R.S,,
unpublished data). All of these mutations were in the CYTI
gene, indicating that cyt/ embryos have a distinct and easily
recognizable shape. How is this shape determined? Between the
early heart stage and the torpedo stage, wild-type embryos
undergo morphogenetic changes realized by regional differences
in cell expansion and cell division (Fig. 5). In contrast, growth of
cyt] embryos is essentially isodiametric. Their hypocotyls elon-
gate to a similar extent as in wild-type (Fig. 5, B to b is about 1.6
in both cases), but there is no control over the direction of cell
expansion and, as a consequence, they are radially swollen. In the
cotyledons, fewer cell divisions occur than in wild-type such that
they only grow with a similar rate as the hypocotyl (Fig 5, A to
a is about 1.6 in cyt/, but greater than 3 in wild-type). Thus,
two main defects appear to contribute to the shape of cyt/
embryos—a block of cell division and an inability to direct cell
expansion. Although a number of factors might contribute to the
block of cell division, the inability to direct cell expansion can in
all likelihood be attributed to mechanically compromised cell
walls. We expect that mutations in genes essential for cell wall
biogenesis will cause comparable cell expansion defects in the
embryo.
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