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We have previously reported, from the nematode worm Caenor-
habditis elegans, three genes (gly-12, gly-13 and gly-14) en-
coding enzymically active UDP-N-acetyl-D-glucosamine:α-3-D-
mannoside β1,2-N-acetylglucosaminyltransferase I (GnT I), an
enzyme essential for hybrid, paucimannose and complex N-gly-
can synthesis. We now describe a worm with null mutations in
all three GnT I genes, gly-14 (III);gly-12 gly-13 (X) (III and X
refer to the chromosome number). The triple-knock-out (TKO)
worms have a normal phenotype, although they do not express
GnT I activity and do not synthesize 31 paucimannose, complex
and fucosylated oligomannose N-glycans present in the wild-
type worm. The TKO worm has increased amounts of non-
fucosylated oligomannose N-glycan structures, a finding consis-

tent with the site of GnT I action. Five fucosylated oligomannose
N-glycan structures were observed in TKO, but not wild-type,
worms, indicating the presence of unusual GnT I-independent
fucosyltransferases. It is concluded that wild-type C. elegans
makes a large number of GnT I-dependent N-glycans that are
not essential for normal worm development under laboratory
conditions. The TKO worm may be more susceptible to mutations
in other genes, thereby providing an approach for the identification
of genes that interact with GnT I.

Key words: Caenorhabditis elegans, N-acetylglucosaminyltrans-
ferase I, null mutations, mass spectrometry (MS), N-glycan bio-
synthesis, paucimannose N-glycans.

INTRODUCTION

There is considerable evidence that most membrane-bound
cell-surface proteins are glycosylated and that a major function of
protein-bound glycans is the mediation of cell–cell and cell–
environment interactions [1–3]. Caenorhabditis elegans is a
nematode worm that has been used extensively as a model organ-
ism to study animal development and behaviour [4–7]. We are
interested in the role in C. elegans development of a particular
class of asparagine-linked glycans (N-glycans) dependent on the
prior action of UDP-GlcNAc (N-acetyl-D-glucosamine):α-3-D-
mannoside β1,2-N-acetylglucosaminyltransferase I (GnT I, EC
2.4.1.101). GnT I is a Golgi-resident enzyme which transfers a
GlcNAc residue in β1,2 linkage to the Manα1,3Manβ- term-
inus of [Manα1,6(Manα1,3)Manα1,6](Manα1,3)Manβ1,4-
GlcNAcβ1,4GlcNAc-Asn-protein (Man5GlcNAc2-Asn-protein),
thereby initiating the synthesis of hybrid, paucimannose and com-
plex N-glycans [8] (Scheme 1). Chinese-hamster ovary cells and
other cultured cell lines [9–12] with null mutations in GnT I grow
and function normally. In contrast, GnT I-null mouse embryos
[13,14] die at 9.5–10.5 days after fertilization, and humans [15–
17] and mice [18,19] with a null mutation in UDP-GlcNAc:α-
6-D-mannoside β1,2-N-acetylglucosaminyltransferase II (an en-
zyme downstream of GnT I) suffer severe multi-systemic dev-
elopmental abnormalities. The marked discrepancy between the
effects of defective synthesis of GnT I-dependent N-glycans
in cultured cells and in the intact organism indicates that these
N-glycans play minor roles in the day-to-day housekeeping
functions of the single cell, but are essential for normal morpho-

genesis in mammals and possibly in most metazoans. GnT I
appeared in evolution at approximately the same time as meta-
zoans, and GnT I-dependent N-glycans are not found in pro-
tozoans. The N-glycan core, Manα1,6(Manα1,3)Manβ1,4Glc-
NAcβ1,4GlcNAc-Asn, on the other hand, is an ancient structure
essential for viability of protozoa, metazoa and cultured cells
[20–23].

We have shown that C. elegans has three genes expressing
enzymically active GnT I (gly-12, gly-13 and gly-14) [24]; GLY-
13 is the major GnT I in normal worms [25,26]. We have
previously reported worm lines with single null mutations in
the gly-12, gly-13 and gly-14 genes and a double null mutation
in the gly-12 and gly-14 genes (gly-14;gly-12) [27]. Only the
gly-13 null worm showed an abnormal phenotype, but we have
shown (S. Zhu and H. Schachter, unpublished work) that the
gly-13 allele described in our previous study has an additional
mutation that is responsible for this abnormality. We now describe
a triple-knock-out (TKO) worm, gly-14 (III);gly-12 gly13 (X),
with null mutations in all three GnT I genes, the gly-12(id47)
and gly-14(id48) alleles previously reported and a new allele,
namely gly-13(ok712). Although the TKO worms show a normal
phenotype with several standard tests, worm extracts do not
express GnT I activity and have a markedly abnormal N-glycan
pattern. We conclude that N-glycans dependent on GnT I are not
essential for normal development of wild-type C. elegans, at least
under laboratory conditions. Survival of the TKO worm may be
compromised if the worm is exposed to environmental stress or if
one or more other genes are non-functional. The TKO worm may
therefore provide a valuable tool for identifying genes that require

Abbreviations used: Gn or GlcNAc, N-acetyl-D-glucosamine; GnT I, UDP-N-acetyl-D-glucosamine:α-3-D-mannoside β1,2-N-acetylglucosaminyltrans-
ferase I (EC 2.4.1.101); F1, first filial generation (etc.); Hex, hexose; L4, fourth larval stage; M or Man, D-mannose; M5Gn2, [Manα1,6(Manα1,3)Manα1,6]-
(Manα1,3)Manβ1,4GlcNAcβ1,4GlcNAc; MALDI-TOF, matrix-assisted laser-desorption–ionization time-of-flight; NGM, nematode growth medium; PA,
pyridylamine; TKO, triple knock-out.

1 To whom correspondence should be sent, at the Department of Structural Biology and Biochemistry, Hospital for Sick Children address (email
harry@sickkids.on.ca).
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Scheme 1 N-glycan synthesis in C. elegans

The Scheme shows the conversion of oligomannose N-glycans (M5–9Gn2) into hybrid (M3–5Gn3) and paucimannose (M3–4Gn2) N-glycans. Abbreviations: FucT, fucosyltransferase;
R = GlcNAcβ1,4GlcNAc-Asn-protein. Compounds detected by MS in wild-type worms are framed by rectangles; the thicker the lines of the rectangle, the more abundant are the respective
structures in C. elegans. Other compounds detected by MS are not shown in the Scheme. GnT I adds a GlcNAc residue in β1,2 linkage to the Manα1,3- arm of M5Gn2 to form the hybrid N-glycan
M5Gn3. Two mannose residues are removed from M5Gn3 by the action of GnT I-dependent α3,6-mannosidase II (Mase II) to form the truncated hybrid N-glycans M4Gn3 and M3Gn3. There appears
to be some GnT I-independent α3,6-mannosidase activity (Mase III) [47] in C. elegans, but the enzyme is involved only in making M4Gn2 and not M3Gn2 (the GnT I-null worm makes some M4Gn2

but not M3Gn2; Table 2). The inability by several groups to detect M5Gn3 and M4Gn3 by MS is probably due to the rapid action of Mase II. C. elegans accumulates paucimannose N-glycans M3Gn2 and
M4Gn2 due to the action of a specific β-N-acetylglucosaminidase (GlcNAcase; [26]); this enzyme cannot act efficiently on M5Gn3. Fucosylation by fucosyltransferase is discussed in the text.

an active GnT I for optimum function. A preliminary report on
these findings has already appeared [28].

EXPERIMENTAL

General techniques and strains

General techniques for the handling of nematodes were as pre-
viously described [4,7]. Standard molecular-biology procedures
were used [29,30]. Oligonucleotides were synthesized on an
automated DNA synthesizer and purified by the cartridge method
(Hospital for Sick Children Biotechnology Center, Toronto,
Canada). DNA was sequenced in both directions by the double-
strand dideoxy method [31]. C. elegans strains N2 (non-clumping)
wild-type (Bristol), dpy-6(e14) and unc-5(e53) are maintained in
our laboratory. Strain RB871 gly-13(ok712) (X) was obtained
from the C. elegans Gene Knockout Project at the Oklahoma
Medical Research Foundation, Oklahoma City, OK, U.S.A.
AS270 gly-12(id47) (X) and AS271 gly-14(id48) (III) were de-
scribed previously [27]. AS338 dpy-6 gly-13, AS339 gly-12
dpy-6 gly-13 and AS341 gly-14;gly-12 gly-13 are described
below. Worms were grown on NGM (nematode growth medium)
agar plates (3 g of NaCl, 2.5 g of peptone and 17 g of agar
dissolved in 975 ml of water) [32] seeded with Escherichia coli
strain OP50 (a leaky uracil-requiring strain) at 20 ◦C [4,33].

Single-worm PCR

Single-worm PCR was used to detect deletions. Worms were
singled and allowed to lay eggs for 1–2 days before being picked
for single-worm PCR. A single worm was put into 0.004 ml of
buffer A [10 mM Tris/HCl (pH 8.0)/50 mM KCl/2.5 mM MgCl2/

0.45% Igepal CO-630/0.45% Tween-20/0.01% gelatin] con-
taining freshly added proteinase K to a final concentration of
0.2 mg/ml and incubated at 60 ◦C for 1 h. Proteinase K was
inactivated at 83 ◦C for 15 min. Each gene required three PCR
primers for analysis (Table 1 and Figure 1 below). Deletions in
gly-13 and gly-14 were analysed in a single tube. PCR was carried
out in 25 µl reaction volumes with Platinum Taq DNA Polymerase
(1 unit; Gibco BRL), 5 µl of DNA template, 2 µl of 10 × PCR
buffer [10 × PCR buffer is 0.2 M Tris/HCl (pH 8.4)/0.5 M KCl],
0.6 µl of 50 mM MgCl2, 0.4 µl of 10 mM dNTP, 0.4 µl of each
gene-specific primer (10 µM). PCR conditions were: 95 ◦C for
2 min, followed by 40 cycles at 95 ◦C for 30 s, 55 ◦C for 30 s and
72 ◦C for 30 s. PCR products were analysed by electrophoresis in
a 2.0%-agarose gel in TBE buffer [0.089 M Tris/borate (pH 8.3)/
0.025 M disodium EDTA] and visualized under UV light.

Production of mutant worms

Crosses were carried out by standard methods [7]. Male worms
were obtained by the heat-shock method. L4 (fourth-stage)
larvae were incubated at 30 ◦C for 6 h followed by selfing at
20 ◦C. The progeny contained about 2–5% male worms. Crosses
were carried out by mating five or six males and one or two
hermaphrodites for 24 h at 20 ◦C.

AS338 dpy-6 gly-13 (X) worms

The RB871 gly-13(ok712) worms we received had not been
back-crossed. A dpy-6 gly-13 worm was made to facilitate this
(dpy refers to the dumpy mutation). Male gly-13 worms were
crossed with dpy-6(e14) hermaphrodites. Non-dumpy F1 (first
filial generation) dpy-6+/+ gly-13 (X) and dumpy F2, F3 and
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Table 1 PCR primers used for detection of GnT I deletions

Three PCR primers are required to establish a deletion: a common (com) primer which pairs
with a deletion (del) primer to identify the deletion or with a wild-type primer (wild) to identify
the non-mutated allele. The positions of the primers are shown in Figure 1. F and R refer to
forward or reverse directions of the open reading frame.

Position of primer (nt)
Primer name Primer sequence relative to ATG at 1

gly-12Fdel 5′-GCG GAA CAA CTA CCC AGC-3′ 643–660
gly-12Fwild 5′-CGT ACC GAA ATC CAT CAC A-3′ 2350–2367
gly-12Rcom 5′-ACC AGA GTC TTG ACC ACA-3′ 2679–2662
gly-13Fcom 5′-TTC AAA ACG GGA ATC TGG AG-3′ − 586 to − 567
gly-13Rwild 5′-TCC CGT AGT TTA TGC AGT AT-3′ − 267 to − 286
gly-13Rdel 5′-ACC ACT CAC AGG CAA CAA AT-3′ 1796–1777
gly-14Fcom 5′-CGT GCT CAT CTA CTT TTC AT-3′ 32–51
gly-14Rwild 5′-AGC TTT TCC AAA ACT CCT CCT AC-3′ 291–268
gly-14Rdel 5′-CGT AAC AAA ATG CGC AGA AT-3′ 1937–1918

F4 hermaphrodites were singled. Single-worm PCR for the gly-
13 deletion identified 24 recombinant homozygous dpy-6 gly-13
hermaphrodites in the F4 worms. N2 males were crossed with the
dpy-6 gly-13 hermaphrodites, and non-dumpy F1 dpy-6 gly-13
heterozygotes were singled. Dumpy F2 hermaphrodites were
picked out and crossed with N2 males. The back-crossing pro-
cedure was carried out five times to produce AS338 dpy-6(e14)
gly-13(ok712) (X) worms.

AS339 gly-12 dpy-6 gly-13 (X) worms

Male gly-12 worms were crossed with dpy-6 gly-13 herma-
phrodites. Non-dumpy F1+dpy-6 gly-13/gly-12++ (X) and dumpy

F2 and F3 hermaphrodites were singled. Single-worm PCR for the
gly-12 and gly-13 deletions identified three recombinant homo-
zygous gly-12 dpy-6 gly-13 hermaphrodites in the F3 worms.

AS341 gly-14;gly-12 gly-13 worms

The dpy-6 gene was first removed from gly-12 dpy-6 gly-13 worms
by recombination. Male gly-12 worms were crossed with gly-12
dpy-6 gly-13 hermaphrodites. Non-dumpy F1 gly-12 dpy-6 gly-
13/gly-12++ (X) and non-dumpy F2, F3, F4 and F5 hermaphrodites
were singled. Single-worm PCR for the gly-13 deletion identified
24 recombinant homozygous gly-13 hermaphrodites in the F5
worms. Of these 24 worms, ten produced no dumpy F6 progeny.
Four non-dumpy F6 progeny from these ten F5 worms and eight
non-dumpy F7 progeny from the F6 worms were singled. Single-
worm PCR for the gly-12 and gly-13 deletions proved that all four
F6 worms and all eight F7 worms were recombinant non-dumpy
homozygous gly-12 gly-13 hermaphrodites.

Male gly-14 worms were crossed with gly-12 gly-13 herma-
phrodites. The crossed F1 gly-14/+ (III);gly-12 gly-13/++ (X)
hermaphrodites and F2, F3 and F4 hermaphrodites were
singled. Single-worm PCR for all three deletions identified ten
homozygous gly-14;gly-12 gly-13 hermaphrodites.

Phenotype analysis of the TKO worm

Brood size

A total of 20 L4 larvae were cultured singly on fresh plates and
incubated at 20 ◦C overnight. Hermaphrodites were transferred
to fresh plates to prevent overcrowding until egg laying ceased
(3–4 days). The progeny at the L3 and L4 stages were counted.

Figure 1 PCR analysis of the TKO mutant

The scheme in the lower part of the Figure shows the PCR primers used to detect deletions (Table 1). There are three primers for every gene. Two primers (‘com’ and ‘del’; Table 1) bracket the deletion,
while the third primer (‘wild’; Table 1) is within the deletion. The ‘com’ and ‘del’ PCR primers are separated by about 2000 nt using wild-type genomic DNA as template; only the smaller ‘com-wild’
PCR products (260–330 nt, WT; upper part of the Figure) are formed with wild-type DNA as template because amplification of the larger fragment cannot compete with the smaller fragment. The
mutant DNA templates result in PCR products ranging from 180 to 421 nt (KO; upper part of the figure) due to the ‘com-del’ primer pairs. The upper part of the Figure shows the results of PCR
analysis. Lanes: 1 and 7, 100 bp markers; 2 and 8, gly-14;gly-12 gly-13 worms; 3 and 9, gly-12 gly-13 worms; 4 and 10, N2 wild-type worms; 5 and 11, gly-14/+;gly-12 gly-13/++ heterozygotes;
6 and 12, controls (no worms added). Lanes 1–6, gly-13 and gly-14 PCR primers; lanes 7–12, gly-12 PCR primers. The analysis shows that the gly-14;gly-12 gly-13 worm is homozygous for all
three deletions. � indicates start and stop positions of deletions. Short horizontal arrows indicate PCR primer positions. The ATG and STOP codons indicate the start and end of the open reading
frame.
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Life span

About 15–20 adults were allowed to lay eggs for 1–2 h and were
then removed (zero time). After the progeny reached the L4 stage,
they were transferred daily to fresh plates during the egg-laying
period and weekly thereafter. Animals were scored dead when
they no longer moved or twitched when prodded or pushed several
times with a platinum wire.

Defecation interval

Hermaphrodites which had reached adulthood ≈24 h before
testing were monitored under the dissecting microscope. Defec-
ation cycle length was defined as the duration between the pos-
terior muscular contraction of one defecation and that of the
next defecation. Ten animals were scored. For each animal, five
defecation cycles were measured with a stopwatch and the average
was calculated for each animal.

Osmotic avoidance test

Young adults were washed twice with M9 buffer (6 g of Na2HPO4,
3 g of KH2PO4, 5 g of NaCl, 0.25 g of MgSO4 · 7H2O/litre). About
0.01 ml of worm suspension containing over 100 worms was
transferred to the centre of a 4 M NaCl ring which had soaked
for less than 3 min. The excess M9 buffer was absorbed with
tissue paper. After 15 or 20 min, animals crossing the ring were
scored as non-avoiders.

Levamisole-resistance test

Young adults were washed twice with M9 buffer. About 0.2 ml
of OP50-strain Escherichia coli culture containing 0.05 ml of
25 mM levamisole (Sigma) was spread in a circle on NGM plates.
About 0.01 ml of worm suspension containing over 100 worms
was transferred to the centre of the bacterial ring. Worms that
became paralysed were scored as sensitive to levamisole.

Dauer formation and recovery

Mutant and wild-type N2 animals on plate culture were starved
for 2 weeks. Dauer larvae (a developmentally arrested dispersal
stage that may be formed under conditions of starvation or
overcrowding) were examined under the dissecting microscope
and were collected and incubated in 1% (w/v) SDS at room
temperature for 30 min. After incubation, a large volume of M9
buffer was added and the suspension was centrifuged at 1500 g
for 5 min. Worms were washed one more time with M9 buffer,
and placed on fresh plates seeded with E. coli OP50. On the next
day, the presence of L4 animals on the plates indicated recovery
from the Dauer stage.

Male mating efficiency

TKO male worms were obtained by incubating hermaphrodites
at 30 ◦C for 6 h, followed by selfing at 20 ◦C. The progeny
contained about 2–5% male worms. TKO males (five or six
worms) and unc-5 hermaphrodites (two worms) were allowed to
mate for 24 h at 20 ◦C. The presence of non-Unc (Unc is derived
from ‘unco-ordinated’) worms was scored as crossed progeny.
Successful mating was further confirmed by single-worm PCR
for the presence of the three GnT I deletions in the progeny.

Post-embryonic development

Ten hermaphrodites were allowed to lay eggs for 2 h and then
removed. About 100 progeny were monitored daily until maturity.
Animals were scored as mature adults when the vulva could be
observed.

Microsome preparation

Worms from 20 10-cm-diameter agar plates were harvested and
bacteria were removed by washing (three times) with M9 buffer.
Worms were resuspended in 2 ml of buffer A (see above) con-
taining proteinase inhibitors (Mini EDTA-Free Proteinase Inhi-
bitor Cocktail Tablets; Roche Diagnostics GmbH, Mannheim,
Germany) and stored at −80 ◦C. The frozen worms were thawed
and lysed by sonication on ice as required [24]. All subse-
quent procedures were carried out at 4 ◦C. The lysate was centri-
fuged at 1500 g for 10 min and the supernatant was centrifuged
at 126000 g for 1 h. The resulting microsomal pellet was re-
suspended in 0.25 ml of buffer B [25 mM Mes (pH 7.0)/1% Triton
X-100 containing proteinase inhibitors] and homogenized with a
hand-held Potter–Elvejhem glass homogenizer. The suspension
was incubated on ice for 1 h, centrifuged at 20000 g for 20 min,
and the supernatant was used for GnT I assays as soon as possible
after preparation.

GnT I assays

Man5GlcNAc2-pyridylamine (M5Gn2-PA) was kindly donated
by Dr Erika Staudacher (Institut für Chemie, Universität für
Bodenkultur, Vienna, Austria). This substrate was used instead
of the more convenient Manα1,6(Manα1,3)Manβ1-O-octyl sub-
strate because GLY-13 acts only on Man5GlcNAc2 substrates
[25,26]. The enzyme incubation contained, in a total volume
of 0.02 ml, 0.017 ml of worm microsome extract, 0.25 mM
M5Gn2-PA, 0.5 mM UDP-[3H]GlcNAc (New England Nuclear)
diluted with non-radioactive UDP-GlcNAc (Sigma) to a specific
radioactivity of 94000 d.p.m./nmol, 10 mM MnCl2, 5 mM AMP,
75 mM Mes, pH 7.0, 0.2 M GlcNAc, 1.0% Triton X-100 and
0.05 mg of BSA. Incubations were carried out for 1 h at 26 ◦C. The
reaction was stopped by adding 0.5 ml of distilled water. Products
were purified by the SepPak C18 cartridge method [34,35]. Protein
concentration was determined by the bicinchoninic acid assay
method (Pierce Biotechnology). Control assays for endogenous
acceptors were carried out with no added acceptor substrate;
these values were subtracted from the standard incubation values.
Product formation was proportional to time of incubation and
volume of enzyme under the conditions of the standard enzyme
assay.

Sequencing of gly-12, gly-13 and gly-14 deletions

Single-worm PCR was performed to amplify the deletion bands of
the gly-12, gly-13 and gly-14 genes as described above. The PCR
products were purified by electrophoresis in 1.0% agarose gels
and extracted using the Qiagen (Mississauga, Ont., Canada) Gel
Extraction Kit. Direct sequencing of the PCR products was done
by the DNA Sequencing Center at the Hospital for Sick Children,
Toronto, Canada.

MS analysis of worm extracts

Mixed stage C. elegans cultures sufficient to yield 10–20 mg
of protein were suspended in 1.5 ml of a lysis buffer [35 mM
Tris/8 M urea/4% (w/v) CHAPS/65 mM dithiothreitol, pH 8.0],
and homogenized using a BarocyclerTM NEP2017 (Boston Bio-
medica Inc., Bridgewater, MA, U.S.A.) sample preparation
system. The pressure-cycle treatment, consisting of five cycles
of 20 s at 207 MPa (30000 lbf/in2), was performed at room tem-
perature. Protein extracts were centrifuged at 10000 g for 15 min
and the protein content of the supernatant was determined
using the Bradford assay [36]. Protein in the supernatant was
precipitated with 15% (w/v) trichloroacetic acid on ice for 1 h.
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Table 2 MS analysis of N-glycans in the TKO worm

The Table shows ratios of peak heights of mutant C. elegans N-glycans relative to peak heights of wild-type N-glycans after MALDI-TOF MS analysis. Normal structures which are absent in the
mutant worms (ratio = 0/X ) are shown in bold type. Structures seen in the mutant but not in the wild-type worm (ratio = Y/0) are shown in italics. The hexose residues in Hex2–Hex9 are probably
mannose residues, but the presence of some galactose cannot be ruled out [45,46]; Hex10 is presumably Glc1Man9. Abbreviations: F, L-fucose; Me, O-methyl. Hex3GlcNAc3 and Hex3GlcNAc4

probably represent truncated mono-antennary and bi-antennary complex N-glycans respectively.

Ratio of peak height

N-glycan Hex2 Hex3 Hex4 Hex5 Hex6 Hex7 Hex8 Hex9 Hex10

GlcNAc2 0/100 10/34 100/41 30/20 24/16 12/12 6/14 1/1
GlcNAc3 0/18
GlcNAc4 0/5
GlcNAc2F1 0/38 4/46 5/18 12/0 10/0 4/0 3/0
GlcNAc2F2 0/23 0/31 0/48 2/36 2/17 2/1 2/0
GlcNAc2F3 0/14 0/36 0/40 0/27 0/10 0/1
GlcNAc2F4 0/10 0/10 0/7 0/2
GlcNAc2F1Me 0/16 0/5
GlcNAc2F2Me 0/10 0/20 0/7
GlcNAc2F3Me 0/16 0/18 0/16 0/8 0/1
GlcNAc2F4Me 0/18 0/11 0/10 0/3

The protein pellet was washed with 2 ml of acetone (three times)
and 1 ml of chloroform/methanol/water (10:10:1, by vol.) (three
times), dried under nitrogen and stored at −20 ◦C.

The protein pellet was vacuum-dried over P2O5 for 48 h imme-
diately prior to hydrazinolysis with 0.4 ml of anhydrous hydra-
zine (Sigma) for 6 h at 100 ◦C. After cooling, hydrazine was
removed under a nitrogen stream. The released glycans were re-
N-acetylated with acetic anhydride (0.1 ml) in saturated NaHCO3

(0.2 ml), de-salted with a cation-exchange resin and purified on
microcrystalline cellulose. Glycans were reduced with NaBH4

(0.2 ml of 15 mg/ml NaBH4 in 10 mM NaOH) at room temper-
ature overnight. Borate was removed by adding two drops of acetic
acid on ice, followed by co-evaporation with 3 ml of ethanol,
3 ml of 1% acetic acid in methanol (twice), and 3 ml of toluene
(three times). The reduced glycans were desalted and subjected to
MALDI-TOF (matrix-assisted laser-desorption–ionization time-
of-flight) MS analysis. The glycans were also permethylated and
analysed by MALDI-TOF [37] for confirmation.

RESULTS AND DISCUSSION

gly-14;gly-12 gly-13 is a triple-null mutant worm

PCR analysis of the gly-14;gly-12 gly-13 worm showed homo-
zygosity for the gly-12, gly-13 and gly-14 mutations (Figure 1).
The deleted genomic DNA regions (nucleotide numbering relative
to the ATG start codon at 1) are 990 to 2597 (1608 nt) for gly-
12, −309 to 1653 (1962 nt) and 2267 to 2343 (77 nt) for gly-
13, and 60 to 1806 (1747 nt) for gly-14 (Figure 1). These
are null deletions as shown by the absence of GnT I enzyme
activity with M5Gn2-PA acceptor substrate; N2 and gly-14;gly-
12 gly-13 worm microsomes showed enzyme activities of 6.9
and <0.004 nmol/h per mg of protein respectively (averages of
duplicate determinations).

Phenotype analysis of the TKO worm

The TKO worms have a normal shape, show no obvious morpho-
logical defects, move well, show neither the Unc nor Egl (from
‘egg-laying defect’) phenotypes, and respond normally to touch.
The TKO worms were very similar to the wild-type N2 worms in
a series of commonly used phenotypic parameters (average values

are given for wild-type and null worm respectively): brood size
(270 +− 17, 273 +− 21), life span in days (12.5, 13.1), defecation
interval in s/cycle (45.1 +− 2.0, 44.9 +− 2.0), osmotic avoidance at
4 M NaCl (>99% of both normal and mutant worms avoided
salt), resistance to levamisole (all worms were paralysed at 25 mM
levamisole), Dauer formation and recovery, and male mating
efficiency. The post-embryonic development of over 100 embryos
from each worm line was monitored for 2 days from eggs to the L4
stage and no differences from normal were observed. Differential-
interference-contrast microscopy of the living TKO animals was
carried out (results not shown). The only phenotype difference
observed between wild-type and null worms was the occasional
presence of a dead embryo in the mutant.

MS analysis of extracts from wild-type and TKO worms

Several groups have used MS and other methods to determine the
N-glycan structures in extracts of C. elegans [25,38–45]. A recent
review [46] summarizes the occasionally conflicting data. Our
data on N2 wild-type worms (Table 2) agree with the published
information.

The differences between TKO and wild-type worms are
dramatic (Table 2): 31 N-glycans seen in wild-type worms are not
made by the mutant (bold type), five N-glycans not seen in wild-
type worms are made by the mutant (italics) and there are several
structures which show either decreased or increased amounts of
N-glycan in mutant relative to wild-type worms. Although most
of the hexoses detected by MS are probably mannose residues,
small amounts of galactose are also present in C. elegans [45,46];
the data in Table 2 are therefore given as hexose residues. The
results of our MS analyses of wild-type N2 and TKO worm ex-
tracts are summarized as follows (Table 2).

(i) Oligomannose Hex5–9GlcNAc2 N-glycans are present in
relatively large amounts in the N2 worms. There are significant
increases in Hex5–7GlcNAc2 in the GnT I null worm consistent
with the positions of oligomannose structures upstream of GnT I
in the synthetic pathway (Scheme 1).

(ii) Fucosylated oligomannose Hex5GlcNAc2Fuc1–4, Hex6-
GlcNAc2Fuc2–4 and Hex7GlcNAc2Fuc3,4 are present in moderate
to large amounts in wild-type worms. These structures are either
absent or greatly reduced in the GnT I null worm. Hex5GlcNAc2,
Hex6GlcNAc2 and Hex7GlcNAc2 are upstream of GnT I

c© 2004 Biochemical Society
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(Scheme 1). If these N-glycans are the substrates for the fucosyl-
transferases responsible for the above structures, GnT I-depen-
dent N-glycans must somehow be required for fucosyltrans-
ferase activity.

There is evidence from other laboratories [46] for the existence
in C. elegans of one or more families of unusual fucose-rich
Hex3–7GlcNAc2-Asn-X N-glycans in which fucose is attached not
only to the asparagine-linked core GlcNAc but also to peripheral
residues such as mannose or galactose. Further study of the TKO
worm will determine whether any of these structures are present
in the GnT I-dependent fucosylated oligomannose N-glycans
identified by our data.

(iii) Fucosylated oligomannose Hex6–9GlcNAc2Fuc1 and Hex8-
GlcNAc2Fuc2 are observed in the GnT I null worm, but not the
wild-type worm. This is an unexpected observation. The results
suggest that the respective fucosyltransferases are inhibited by
GnT I-dependent N-glycans by some as yet unknown mechanism.

(iv) Paucimannose Hex3,4GlcNAc2 are present in large amounts
in the wild-type worm, but are absent or greatly reduced in the
GnT I null worm. We have shown that the synthesis of pauci-
mannose N-glycans by C. elegans requires the prior actions of
GnT I, α3,6-mannosidase II and a specific membrane-bound β-
N-acetylglucosaminidase (Scheme 1; [26]). The results in Table 2
add further support to this observation. There may be some GnT I-
independent α3,6-mannosidase activity [47] in C. elegans, since
the GnT I-null worm makes a small amount of Hex4GlcNAc2

(Scheme 1 and Table 2).
(v) Fucosylated paucimannose Hex3GlcNAc2Fuc1–3 and Hex4-

GlcNAc2Fuc2–4 are present in large amounts in the wild-type worm
but are absent in the GnT I null worm. There is a large decrease in
the amount of Hex4GlcNAc2Fuc1. These findings can be explained
by a lack of substrate for the respective fucosyltransferases, owing
to the dependence of paucimannose N-glycan synthesis on prior
GnT I action (Scheme 1; [26]). Alternatively, the core fucosyl-
transferase may require prior GnT I action, as previously shown
for vertebrates, insects and plants [48–51].

(vi) Hybrid N-glycan Hex3GlcNAc3 (Scheme 1) is present in
relatively small amounts in wild-type worms, but absent in GnT
I null worms. This is consistent with the pathway shown in
Scheme 1 in which prior GnT I action is essential for hybrid
N-glycan synthesis.

(vii) Bi-antennary complex N-glycan Hex3GlcNAc4 is present
in very small amounts in wild-type worms, but absent in GnT I
null worms. This structure requires prior GnT I action [8].

(viii) Other laboratories have reported both fucose and mannose
with O-methyl groups in C. elegans [40,41]. We have also
observed that wild-type worms have relatively small amounts
of O-methylated fucose residues, Hex4,5GlcNAc2(methyl)Fuc1,
Hex3−5GlcNAc2(methyl)Fuc2, Hex3−7GlcNAc2(methyl)Fuc3 and
Hex4−7GlcNAc2(methyl)Fuc4 (Table 2). These N-glycans are all
absent in the GnT I null worm, probably due to the lack of
fucosylated substrates for the methylation enzymes.

Conclusions

GnT I null mouse embryos die at day 10.5 [13,14] whereas, in
marked contrast, we have shown that a similar GnT I null mutation
in C. elegans results in a normal phenotype. This discrepancy
illustrates the dangers of extrapolating conclusions from one
species to another. It is concluded that wild-type C. elegans
makes a large number of GnT I-dependent N-glycans that are
not essential for normal worm development under laboratory
conditions. However, the complexity of the machinery for the
synthesis of GnT I-dependent N-glycans in worms suggests that
these N-glycans have important functions. Such functions may

become evident if the TKO worm is subjected to environmental
stress or to defects in one or more other genes. If this hypothesis is
correct, the TKO worm may provide a valuable tool for identifying
genes that require an active GnT I for optimum function.
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