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The Caenorhabditis elegans bus-2 Mutant Reveals a New Class
of O-Glycans Affecting Bacterial Resistance™
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Microbacterium nematophilum causes a deleterious infection
of the C. elegans hindgut initiated by adhesion to rectal and anal
cuticle. C. elegans bus-2 mutants, which are resistant to M. ne-
matophilum and also to the formation of surface biofilms by
Yersinia sp., carry genetic lesions in a putative glycosyltrans-
ferase containing conserved domains of core-1 f31,3-galactosyl-
transferases. bus-2 is predicted to act in the synthesis of core-1
type O-glycans. This observation implies that the infection
requires the presence of host core-1 O-glycoconjugates and is
therefore carbohydrate-dependent. Chemical analysis reported
here reveals that bus-2 is indeed deficient in core-1 O-glycans.
These mutants also exhibit a new subclass of O-glycans whose
structures were determined by high performance tandem mass
spectrometry; these are highly fucosylated and have a novel core
that contains internally linked GIcA. Lectin studies showed
that core-1 glycans and this novel class of O-glycans are both
expressed in the tissue that is infected in the wild type worms. In
worms having the bus-2 genetic background, core-1 glycans are
decreased, whereas the novel fucosyl O-glycans are increased in
abundance in this region. Expression analysis using a red fluo-
rescent protein marker showed that bus-2 is expressed in the
posterior gut, cuticle seam cells, and spermatheca, the first two
of which are likely to be involved in secreting the carbohydrate-
rich surface coat of the cuticle. Therefore, in the bus-2 back-
ground of reduced core-1 O-glycans, the novel fucosyl glycans
likely replace or mask remaining core-1 ligands, leading to the
resistance phenotype. There are more than 35 Microbacterium
species, some of which are pathogenic in man. This study is the
first to analyze the biochemistry of adhesion to a host tissue by a
Microbacterium species.

Caenorhabditis elegans is a genetically and developmentally
well characterized organism that has been used as a model to
study host-pathogen interactions. The major habitat for C. el-
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egans is soil, where it feeds on bacteria and may also come into
contact with commensal or pathogenic bacteria. More than 40
pathogens are known to cause disease in C. elegans, and many
of these (or their close relatives) are human pathogens. These
pathogenic interactions have recently been reviewed (1).

Host-pathogen interactions require bidirectional recogni-
tion factors, and often at least one of these components is a
glycoconjugate (2). Examples are recognition factors for bacte-
rial toxins such as aerolysin from Aeromonas hydrophila, chol-
era from Vibrio cholerae, hemolysin from Escherichia coli, and
the crystal proteins from Bacillus thuringiensis (3). The last
bacterium can kill C. elegans by means of a crystal toxin that
causes destruction of the intestine. The effect is directly analo-
gous to the effect of this and other Bt toxins on Lepidoptera,
Diptera, and Coleoptera species, many of which are agricul-
tural pests (4). C. elegans mutants that are resistant to crystal
toxin are defective in the bre gene family (5, 6), one of which
is a homolog of Drosophila melanogaster egghead (egh) and
encodes a GDP-Man:BGlc-Cer-B1,4-mannosyltransferase
(bre-3), another encodes a UDP-GalNAc:1,4N-acetylgalac-
tosaminyltransferase (bre-4), and a third encodes is a homolog of
Drosophila brainiac (brn) and encodes a UDP-GIcNAc:BMan
N-acetylglucosaminyl transferase (bre-5). Identification of the
BRE activities in C. elegans provides striking evidence of the utility
of this nematode as a model organism to study the role of glyco-
conjugates in pathogenesis.

C. elegans possesses many attributes that make it an attrac-
tive model for the study of carbohydrate-dependent host-
pathogen interactions. These include 1) a sequenced genome,
2) the complete mapping of all somatic cells through develop-
ment, 3) a transparent body, which confers the possibility for
visualization of microbial pathogens iz situ and the capacity for
direct monitoring of the distribution of glycoconjugates in
tissues using lectins and antibodies, 4) the existence of many
glycoconjugate-deficient strains, 5) sensitivity to more than
40 bacterial pathogens, many of which also infect humans or
are their close relatives, and 6) an increasingly well charac-
terized innate immune system. These properties, when com-
bined with the increasing capability of modern mass spec-
trometry to determine glycan patterns and fine structural
detail and the availability of highly sophisticated genetic and
molecular techniques, now make it likely that the infection
can be placed in the context of its glycoconjugate require-
ments at the nematode’s “bedside.” From that point, the dis-
tribution and identity of the required carbohydrate entities
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can be revealed in a tissue-specific fashion and in fine struc-
tural detail. Genetic requirements needed to facilitate the
infection and the innate immune components required to
combat it can also be determined.

There are more than 35 members of the genus Microbacte-
rium, some of which are human pathogens (7). The C. elegans
pathogen M. nematophilum adheres to the rectal and anal
region of the nematode, causing a distinct swelling in the region
and surrounding tissues (8). The infection is usually non-lethal
in wild type C. elegans but causes extensive larval mortality in
related Caenorhabditis species or in immunocompromised
C. elegans mutants (9, 10). Genetic screens for altered suscep-
tibility to M. nematophilum infection yielded 19 complemen-
tation groups characterized by a loss of swelling in the tail
region that led to a bacterially unswollen phenotype (bus) (11,
12). Among these were mutants of srf-2, srf-3, and srf-5, which
have previously been isolated on the basis of their altered cuti-
cle properties, as characterized by ectopic lectin binding (13).
Although srf-2 and srf-5 have not been cloned, srf-3 encodes a
UDP-Gal/UDP-GIcNAc transporter (14). The bus-2, bus-4,
bus-8, bus-12, and bus-17 mutants each harbor a genetic lesion
in a different component required for glycoconjugate biosyn-
thesis (9, 10). The bus-2, bus-4, and bus-17 genes encode
homologs of galactosyltransferases predicted to act in O-glycan
biosynthesis. The bus-12 gene encodes a nucleotide sugar
transporter homolog, and bus-8 encodes a mannosyltransferase
homolog possibly active in N-glycan biosynthesis. In our previ-
ous study srf-3 strains were found to be deficient in both N- and
-O-glycans (15). The most dramatic differences were seen in
O-glycans, as they were reduced 65% in overall abundance
compared with the parental strain. Five genes identified in
the bus screen are likely to be involved in O-glycoconjugate
synthesis, including three encoding core-1 galactosyltrans-
ferases homologs and two nucleotide encoding sugar trans-
porters. Therefore, it is hypothesized that core-1 O-glycans
are required for M. nematophilum infection. Here we further
investigate this possibility and the molecular basis for the carbohy-
drate dependence of the C. elegans—M. nematophilum pathogenic
relationship by the analysis of the bus-2 mutant in comparison to
its parental strain N2 Bristol.

EXPERIMENTAL PROCEDURES

Culture Maintenance—The N2 Bristol wild type strain used
in this work was provided by the Caenorhabditis Genetics
Center, which is funded by the National Institutes of Health
National Center for Research Resources. The bus-2 mutant
strains used in this study, e2677, was generated by Tcl trans-
poson insertion into exon 5 of gene KO8D12.5, which has been
identified as bus-2.% C. elegans strains were maintained at 16 °C
on nematode growth medium agar seeded with E. coli OP50, as
described previously (16).

Preparation of Mixed Bacterial Lawns—E. coli OP50 and
M. nematophilum were grown in LB nutrient media at 37 °C
for 24 -and 48 h, respectively. Nematode growth medium agar
plates were aseptically seeded with the E. coli strain OP50
containing 0.1% M. nematophilum.

2 D. Stroud and J. Hodgkin, manuscript in preparation.
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Bacterial Adhesion Staining—C. elegans were stained with
SYTO Green 13 (Molecular Probes, Carlsbad, CA), as previ-
ously reported (17).

Large Scale C. elegans Culture—Nematodes were cultured in
large culture dishes in S-basal media (18). Approximately 10 ml
of OP-50 E. coli were added as a nematode food source. The
bacterial slurry contained 100 ul of 25 mg/ml cholesterol in
ethanol, 50 ul of 35 mg/ml of streptomycin, and 37 ml of M9
media (18). Plates were gently rocked at 16 °C. Cultures were
checked daily, and bacteria were added as needed at an average
consumption rate of 2.5 ml of bacterial slurry per plate per day
for 3—4 days.

Glycoprotein Preparation—Approximately 10—-12 g of nem-
atodes were used for glycan preparations. Flash frozen cultures
were homogenized in a bead beater, lyophilized, and delipi-
dated with CHCl;/MeOH/H,O (10:10:1). The glycan-contain-
ing pellet was dried and suspended in 50 mMm citrate buffer.
Glacial acetic acid was added to adjust the pH to ~5.0. Free
saccharide was removed from the mixture by extraction with
15-20 volumes of 50% MeOH/H,O at —20 °C for 4 h followed
by centrifugation at 5000 X g for 15-20 min. The supernatant
was removed, and this procedure was repeated 3-5 times until
no neutral hexose was detectable by phenol sulfuric assay. The
precipitate was suspended in 10 volumes 125 mm Tris-Cl (pH
6.8), 1% SDS, 5% B-mercaptoethanol and boiled for 10 min
before the supernatant was collected. This procedure was
repeated three times. The supernatants were combined and
dialyzed against a solution of 10 mm sodium phosphate at pH 7
using a 10,000 molecular weight cutoff membrane. Dialyzed
samples were lyophilized. Trypsin was added in a 1:50 trypsin-
to-protein weight ratio, and the mixture was incubated for 4 -8
hat37°C.

Glycan Release and Derivatization—C. elegans extracts were
subjected to proteolytic digestion with trypsin, and then N-gly-
cans were released by incubation of the peptide mixture with 4
milliunits/ml peptide N-glycosidase F (Prozyme, San Leandro,
CA) overnight at pH 8.5 at 37 °C. The pH was adjusted to 5.5,
and samples were precipitated in 50% MeOH, H,O at —20 °C.
The supernatant containing the N-glycans was removed and
evaporated to dryness, and the pellet was saved for subsequent
O-glycan release. 3-Elimination for the release of O-glycans
was performed in 0.1 m NaOH, 1 m NaBH, for 16 h at 45 °C.
Purification of O-glycans was performed as previously described
(15). Briefly, reactions were neutralized dropwise with acetic
acid and applied to a column of Dowex 50W (hydrogen form),
and the glycans were eluted with deionized water. The eluate
was collected, and the borate was removed by repeated evapo-
ration from acidified methanol. The resulting solution was con-
centrated by evaporation and applied to an AG-1X2 anion
exchange column. Neutral glycans were eluted first with deion-
ized water, and then the charged ones were eluted with a solu-
tion of 100 mM ammonium acetate. Released glycans were per-
methylated as previously described by Ciucanu et al. (19, 20).

Mass Spectrometric Analysis—Molecular weight profiles and
relative abundances were calculated from MALDI-TOF mass
spectra acquired on a Bruker Reflex IV fitted with a nitrogen
laser (337 nm, 3-ns pulse width) and operated in the positive-
ion reflectron mode. Samples were spotted on a ground steel
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target into 1-ul droplets of 2,5-dihydroxybenzoic acid solution
(20 mg/ml in 20% acetonitrile). 200-300 shots were summed
for each analysis, and each was performed in triplicate. The
molecular ion intensities were averaged, and S.D. were calcu-
lated. Electrospray ionization collision-induced dissociation
tandem mass spectrometry (ESI-CID-MS/MS)? was utilized for
structural determination of novel glycans. Sample solvent
was a 50:50 MeOH/H,O solution containing 0.5 mM sodium
acetate. The ESI-MS analyses were performed in the positive-
ion mode on a Discovery model LTQ-Orbitrap mass spectrom-
eter (Thermo-Fisher, San Jose, CA) equipped with a TriVersa
NanoMate source (Advion Corp., Ithaca, NY). Measured mass
accuracies were within 5 ppm of the calculated values. Frag-
ment ion nomenclature is that of Domon and Costello (21).

Monosaccharide Analysis—Monosaccharide compositions
of released glycans were determined by gas chromatogra-
phy-MS analysis using a Finnigan TRACE GC 2000 series cou-
pled to the GCQ plus electron ionization ion trap mass spec-
trometer. Monosaccharides generated by acid hydrolysis of
glycans were trimethylsilylated before analysis (22).

Staining—Lectin staining was based on the method of Bor-
gonie (23), except that C. elegans were stained intact and not
frozen. Fluorescein isothiocyanate-conjugated lectins Ulex
europaeus I, Agaricus bisporus, Helix pomatia, and Maackia
amurensis (Sigma) were used. Nematodes were placed in 10
png/ml lectin solutions in a phosphate-buffered salline-based
buffer and incubated overnight at 4 °C before mounting.

Red Fluorescent Protein Rescue of bus-2—For the analysis of
bus-2 tissue localization, a bus-2 RFP (mCherry) rescuing
operon construct was made utilizing the previously described
PCR fusion approach (24). The primers were designed so that
the sequence between bus-2 and RFP was small enough that the
RFP reporter was expressed as the second gene in an operon,
under the control of the bus-2 promoter. Consequently, RFP
was expressed in the same cells as BUS-2 but as a separate
protein. Briefly, the initial PCR amplification used a forward
primer corresponding to the bus-2 gene and a reverse primer
corresponding to the poly(A) tail of bus-2 in addition to the
polycistronic region of the pENTRY::mCherry plasmid, thus
creating a 6.7-kb product. This was followed by the amplifica-
tion of the 2.1-Kb mCherry region of the pENTRY plasmid and
the amplification of both products to create a fusion PCR prod-
uct of 8.8 Kb. Plasmids used were as follows: Bus-2 Spel forward
(GGACTAGTCCCACTTTGG TAGCTG ATA TCT CAG),
Bus-2 pENTRY RFP reverse (GGT GAA AGT AGG ATG AGA
CAG CGG CAA AAA AAT CCA TCA AGA TCG CCA CC),
polycistRFP forward (CCG CTG TCT CAT CCT ACT TTC
ACC; polycistronic construct as Cheung et al. (25)), polycis-
tRFP reverse D (TCG ACG TTT CCC GTT GAA TAT Q),
Bus-2 A* forward (CAT CAACTGATA AGT TGT TGA TAT
TGT TG), and polycistREP reverse D* (GGC TCA TAA CAC
CCC TTG TAT TAC TG. This construct was injected as the

3 The abbreviations used are: ESI, electrospray ionization; CID, collision-in-
duced dissociation; MS, mass spectrometry; UEA |, U. europaeus I; ABA,
A. bisporus; RFP, red fluorescent protein; MALDI-TOF, matrix-assisted laser
desorption ionization time-of-flight.
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FIGURE 1. Microscopy images of N2 Bristol and bus-2 strains cultured with
M. nematophilum. The ventral view is shown. A, shown is Nomarski differen-
tial interference contrast of C. elegans grown on a mixed culture of M. nema-
tophilum and E. coli. The dar phenotype is present in wild type but not bus-2
worms. B, SYTO green stained bacteria are seen in the anal region of N2 Bristol
but not bus-2 nematodes; the arrow points to localization of florescence in the
anal region. C, the light microscopy counterpart of fluorescence images seen
in Bis shown.

transgene eEx677 together with unc-119(+) into bus-2 and
unc-119 mutants, rescuing both phenotypes.

RESULTS

To summarize results the nucleic acid stain SYTO Green 13
was used to visually confirm that the bus-2 mutant had no
detectable bacterial colonization in the rectal region compared
with its parent strain N2 Bristol, as shown previously (11) and in
Fig. 1, therefore, verifying the bus phenotype. The bus-2 coding
region was cloned and sequenced, thereby revealing an error in
the earlier sequence prediction. The NCBI Conserved Domain
Data base (26) revealed that this correction led to an improve-
ment in alignment from 63.8 to 98.0% of domain models used
within the core-1 galactosyltransferase pfam01762 (Fig. 2). The
improved alignment provided a score of 80.7 bits and an E value
of 2e-16. Permethylation profiling by MALDI-TOF MS was
used to provide robust and reproducible semiquantitative gly-
can data to compare abundances of these compounds in the
bus-2 and parental strains (Fig. 3). Although the profiles of the
N-glycans were nearly identical, those from O-glycans showed
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infected. Expression analysis of
bus-2 revealed that it is normally
expressed in the posterior intestine
as well as the hypodermal seam cells
in the cuticle, both tissues that are
close to and can affect the region
normally infected (Fig. 7). A detailed
discussion of these results appears

pfamd1762

bus-2 20

pfamd1762 83 K

bus-2 275 P

pfam01762 162 PLIL----KASKHRREITV----EDVLITGILALDLGISRKD 195

FIGURE 2. The bus-2 sequence and alignment with Pfam 01762. A, underlined is a cDNA segment from the
bus-2 gene that was incorrectly predicted as an intron by GeneFinder. B, the alignment with Pfam01762 using
NCBI Conserved Domain Data base is shown. The corrected region is underlined.

reduced abundances in Ce core-1-like O-glycans in the mutant.
Additionally, a novel series of highly fucosylated O-glycans that
contain an internal GlcA were discovered; in the following sec-
tions these will be referred to as Ce core-2 O-glycans. However,
it must be noted that the linkages within these glycans have not
been determined, and this designation is used to refer to C. el-
egans O-glycans containing a HexA that is proximal to the core
reducing-end HexNAc. They are present at only low levels in
the wild type nematode, but their abundances are increased
substantially in the bus-2 strain. Tandem MS was used to deter-
mine the sequences and compositions of the new subclass of
O-glycans (Table 1, Fig. 4 and supplemental Figs. S1-S3). Mon-
osaccharide analyses of the bus-2 and parental N2 Bristol
strains O-glycan pools yielded similar results; the oligosaccha-
ride samples contained Gal, Glc, Man, GlcNAc, Fuc, and Rib,
consistent with C. elegans glycoconjugates (data not shown).
The GlcA and reducing end GalNAc-ol are less stable than
other monosaccharide components under the conditions of
analysis and were detected only in trace amounts. Rib was likely
to be a contaminant from residual RNA. The amount of HexA
could not be specifically determined due to the limited sample
quantities, but it should be noted that C. elegans has been
reported to use GlcA as its charged monosaccharide (15, 27).
Localized glycoconjugate expression was analyzed using lectin
staining experiments performed on whole mounted delipidated
nematodes (Figs. 5 and 6 and supplemental Figs. S4—S6). These
data indicated that, in comparison to N2 parent, the bus-2
strain was decreased in the abundance of core-1 glycans in the
anus and tail region and increased in fucosylated glycans along
the alimentary tract including the anal region. These alterations
are significant as the tail, rectum, and anal region are normally
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in the following sections.

Bus-2 Is Not Colonized by M.
nematophilum—The fluorescent
nucleic acid dye STYO Green 13
was used to visualize M. nematophi-
lum colonization (see Fig. 1). This
stain permeates cells in proportion
to their surface areas and, therefore,
under the conditions used here,
stains the bacterial DNA preferen-
tially. The bus-2 and wild type
strains were incubated with a mixed
bacterial lawn of M. nematophilum
(0.1%) and OP50 for 72 h at room
temperature. Nematodes were then
extensively washed, incubated for
an additional 60 min to assure
complete digestion of microbes in
the digestive tract, and extensively
washed again before being stained. Fluorescent staining showed
colonization of M. nematophilum in the anal region of the N2
Bristol strain but not in the bus-2 mutant, confirming that this
bacterial infection cannot be detected in the bus-2 mutant.

Bus-2 Contains Conserved Domains of Core Type 1 Galacto-
syltransferases—The bus-2 gene, one of three bus genes to contain
pfam01762 core type-1 galactosyltransferase conserved domains,
islocated on chromosome IV of the C. elegans genome (8). bus-2 is
absent from the open reading frame library and was, therefore,
cloned from a random-primed cDNA library (29)*% it was found
to have an open reading frame different from that predicted by
GeneFinder. After correction of the sequence the bus-2 alignment
with the galactosyltransferase domain, pfam01762 was found to
be 98.0% of domain models (rather than the earlier calculated
value of 63.8%), as determined by the NCBI Conserved Domain
Data base (see Fig. 2) (26). The score in the improved alignment
was 80.7 Bits, and the expect value was 2e-16. The nucleotide and
corrected protein sequence of bus-2 is deposited in GenBank™
(accession nos. Banklt 1331141; HM012823). In addition, BUS-2
contains a DXD motif (Fig. 2B), which is a hallmark of glycosyl-
transferases. It is conserved in 13 glycosyltransferase families (31)
and is required for nucleotide sugar substrate binding through
metal-coordinated binding of phosphate groups (32).

The bus-2 O-Glycosylation Profile Is Altered—Ce core-1 gly-
cans have been previously described (15, 27, 33, 34). Permethy-
lation renders the response of glycomers in a related series to be
nearly identical with respect to detection by mass spectrometry
and, thus, enables reproducible and semiquantitative compar-

4 D. Stroud, M. J. Gravato-Nobre, and J. Hodgkin, manuscript in preparation.
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these glycans. The level of Ce type-2
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mutant from 26 + 1.6 to 38 = 1.5%
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with the parent (see Fig. 3, inset),
demonstrating a 12% higher con-
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FIGURE 3. Permethylation profiles of bus-2 and N2 Bristol O-glycans. MALDI-TOF MS spectra of the per-
methylated O-glycans released from bus-2 and N2 Bristol and eluted under low salt conditions from anion
exchange resin are shown in the top and center panels. lon abundances for each composition are shown in the
lower panel.The inset shows total Ce core-1 and Ce core-2 O-glycans. Error bars indicate S.D. over three analyses.

ison of biologically related samples (19). Permethylated glycan
samples were analyzed in triplicate using MALDI-TOF MS, and
the observed ion abundances were used to determine glyco-
form distribution. Analysis of peptide N-glycosidase F-released
N-glycans did not reveal any significant differences between the
two strains (data not shown). Through this analysis the pres-
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Core-2 core-1 glycans were diminished in

the mutant (data not shown).

Structural Detail of Novel Ce
Type-2 O-Glycans—Permethylation
renders a 14-atomic mass unit tag
on all terminal residues, as all hy-
droxyls are replaced with O-methyl
groups. At least one hydroxyl of inter-
nal residues (dependent on the num-
ber of its substituents) is involved in
a glycosidic linkage and does not
contain this mass tag. Because of
this mass difference, it is possible to
differentiate between terminal and
internal substituents; this is an
advantage and often key to structural assignment using per-
methylated oligosaccharide derivatives in contrast to deriva-
tives that are modified only at the reducing end.

Tandem MS analysis revealed the presence of a series of
related highly fucosylated glycomers whose presence has not
been previously described (see Table 1). Although neutral fuco-
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TABLE 1
Composition and assigned structures of Ce core-2 O-glycans
See Fig. 4 for an explanation of symbols.

[M+2Na]>* Neutral
Composition Obs.miz mass Obs. Fragments Assigned Structure
Z1|x CZu Y1a YZu
dHexqHexaHexNAc, " S~
HodA, 113055 | 1107.56 Zo:
dHexgHexsHexNAC, Cau,Ban,Zad'\ s
1062.52 2079.05
HexAy Yauy Zag
Ysu,Cor, B3 Csy
dHexsHexsHexNAC: | 146457 | 228315 | YiguZaw, YaurZaa
HexAq S
Yao
Ysu', CZu', Z5u':
dHexgHex HexNAC, By, Yau, Za,
125161 245724
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*Jonis [M + Na]™*.

sylated O-glycans have been reported in C. elegans (33), tan-
dem MS analysis of the samples examined here revealed the
presence of a series of related acidic highly fucosylated gly-
comers that have not been previously reported. Oligosaccha-
ride sequence information was determined using MS* and
MS? analyses when ion abundances were sufficient. The
dHex,Hex,HexNAc,HexA,, [M+Na]™ m/z 1130.55, ion was
analyzed, and the spectra are shown in Fig. 4. Assignment of the
Hex, branch was based on the C,, ion at m/z 463.213 and the
Y,, and Y, ions at m/z 912.437 and 708.339, respectively.
These ions underwent sequential losses of two Hex residues
from a linear sequence (see Table 1 and Fig. 4). The above
assignments limit the position of the HexA and dHex to the
core proximal HexNAc. To further define the position of these
residues, MS? experiments were performed on the Z,, frag-
ment seen at m/z 690.328 (Fig. 4, inset). The HexA residue was
thereby found to be internal and directly linked to the reducing
end HexNAc on the basis of the C, g and Z, , fragments at m/z
229.175 and 472.211, respectively. The C, ; fragment mass indi-
cates that it is generated from a terminal dHex (since it contains
the 14-atomic mass unit terminal tag). The Z, , fragment indi-
cates loss of an internally linked HexA (loss of HexA not con-
taining the 14-atomic mass unit tag) but retention of the termi-
nal dHex linked to the core HexNAc. Together these
assignments localize the HexA as internal.

The dHex,Hex;HexNAc,HexA, [M+2Na]** m/z 1062.52
was analyzed, and the resulting spectrum is shown in
supplemental Fig. S1. The presence of a dHex,Hex,;HexNAc,
branch was confirmed by the loss of terminal dHex-HexNAc
from the Z, . fragment at m/z 1272.615 and the Y;,,,, B, ./ Zs,,.,
and Z,, fragments at m/z 1290.625, 628.292, and 1272.615,
respectively. Assignment of the dHex-Hex branch is substanti-
ated by the C, ion at m/z 433.203. Fragmentation patterns of
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all the Ce type-2 saccharides studied (Table 1) were consistent
with the presence of a conserved dHex;HexNAc,HexA, core
structure, as previously described herein as an internal compo-
nent in the assignment of the dHex,;Hex,HexNAc;HexA,
sequence above and in Fig. 4. The ion corresponding to
dHex,Hex,HexNAc,HexA,, [M+2Na]*" m/z 1164.870 (sup-
plemental Fig. S2) was also subjected to CID, and the presence
of a dHex; Hex; HexNAc, branch was supported by observation
of the product ions Z, .., Y5, Z4o» Yo and Zg,,.,, Y, ., which
indicate the positions of dHex residues. The assignment of the
terminal position of the dHexHex motif was further supported
by the presence of C, .. ion at m/z433.203. The Y, ,. fragment at
m/z 1055.508 (2+) indicated the presence of a terminal Hex.
The dHexs;Hex,HexNAc,HexA,, [M+2Na]** m/z 1251.61,
had a mass shift corresponding to the addition of one fucose
and no longer showed the loss of the non-fucosylated terminal
Hex (Table 1). This supported the addition of a dHex residue to
the Hex as reported here (compare the results obtained for
compounds 3 and 4, Table 1). The ion at m/z 1353.67, corre-
sponding to dHex;Hex;HexNAc,HexA,, [M+2Na]*", was
analyzed and found to have the same structure as the
dHex .Hex,HexNAc,HexA, with the addition of a terminal
hexose on the HexNAc-containing branch, as supported by the
reducing end fragments Y, . and Z . and by the terminal frag-
ments B, . and C, .. (supplemental Fig. S3). A summary of the
fragmentation data assignments for the above series of the
fucosyl Ce type-2 O-glycans is presented in Table 1 and
supplemental Figs. S1-S3. Data from all glycomers were con-
sistent with the presence of an internal HexA and excluded the
possibility of a terminal HexA indicating that these compounds
are members of a biosynthetically related series and that HexA
serves as a linkage point for further branch extension. C. elegans
has been reported to use GlcA as its charged group (15, 27), so
the HexA residue observed here is likely to be GIcA.

Tissue Expression Pattern of bus-2—Expression analysis
using a bus-2:RFP operon reporter transgene revealed that
bus-2 is expressed in the posterior intestine in addition to its
expression in the hypodermal seam cells and spermatheca (see
Fig. 7). These results are consistent with the notion that, in the
absence of bus-2 expression, core-1 O-glycans are reduced in
abundance in the seam cells and the posterior gut leading
toward the rectum and exterijor cuticle. This is important in the
infective process for both Yersinia and Microbacterium patho-
gens if core-1 O-glycans are involved, as the head region and tail
regions of the cuticle and posterior intestine would be deficient
of core-1 O-glycans, and these are regions normally infected by
these pathogens.

Lectin Studies Reveal Altered Glycosylation Patterns in the
Region of Infection and Associated Tissues—Fluorescent lectin
staining of whole mounted delipidated nematodes was per-
formed with the fluorescein isothiocyanate conjugated
a-L-fucose-specific lectin, U. europaeus I (UEA I) and
GalB1,3GalNAc-specific lectin, A. bisporus (ABA). UEA I lectin
staining was observed along the length of the alimentary tract
and concentrated in the posterior intestine in both bus-2 and
N2 strains (see Figs. 5, supplemental Figs. S4 and S5) but was
observed to be brighter in the bus-2 mutant, indicating that
fucosyl glycoconjugates were more abundant in this region
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been delipidated, the staining could
not have resulted (solely) from the
presence of glycolipid. Therefore,
the UEA I staining was consistent
with the presence of a higher level
of Ce core-2-O-glycoproteins in the
posterior intestine and regions
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described above in the bus-2 strain.

In contrast, ABA lectin, with
specificity for core-1 Gal31,3GalNAc,
showed the most intense staining in
the anal region and surrounding tis-
sues of N2 Bristol nematodes (see
Figs. 6 and supplemental Fig. S6).
Staining was also observed over the
cuticle, although not as intensely as
in the tail. The cuticle-lined struc-
tures of the buccal cavity and phar-
ynx were also seen to stain, and this
is consistent with seam cell expres-
sion of bus-2 as these structures are
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receive their carbohydrate-rich sur-
face coat through seam cell secre-
tion. ABA staining over the majority
of the cuticle in the bus-2 strain was
similar to wild type, but staining was
greatly diminished in the tail region
(see Fig. 6 and supplemental Fig. S6
for tail and head regions, respec-
tively). Approximately 80% of nem-
atodes were stained in the ABA lec-
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FIGURE 4. Sequence assignment based on the ESI-CID-MS/MS fragmentation of bus-2 [M+Na]* m/z
1130.553. All fragments contain sodium. The Z,,, product ion (circled) was isolated for ESI-CID-MS? sequence
analysis of bus-2 [M+Na] " m/z1130.553 — 690.328 as illustrated in the inset. Unlabeled peaks within the inset

were observed in control spectra and correspond to electronic noise.

compared with the parental strain. Less intense staining was
observed over the surface of the cuticle in both N2 and bus-2
strains but was more intense in the later strain. The buccal
cavity flaps, sieve, and grinder stained brightly in the mutant.
This staining was also seen in the wild type strain, but the stain-
ing was less intense. These tissues also contain a cuticle lining.
The bus-2 rescued strain CB6846 demonstrated staining simi-
lar to wild type, as signal in the posterior intestine was dimin-
ished. However, the buccal and pharyngeal regions and overall
cuticle staining remained more intense and were of an inter-
mediate intensity between the N2 and bus-2 patterns (see
supplemental Figs. S4 and S5). The bus-2-rescued transformant
CB6846 (mCherry transformant, see Fig. 7) regained N2-like
staining patterns of ABA (Fig. 6), thus confirming the role of
bus-2 in the distributions of glycoconjugates.

Approximately 75% of nematodes were stained in this fash-
ion with slightly fewer observed in wild type worms due to the
overall lower level of staining. It should be noted that no
changes in distribution were observed in fucosyl N-glycans in
the bus-2 strain mass spectra. Because these nematodes had
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tin study. The specificity of each
lectin was verified by incubating the
lectin with an inhibitory concentra-
tion of the corresponding sugar
before binding. Background stain-
ing was observed around the vulva
with all lectins in both strains and was not inhibited by prein-
cubation of free sugar (see Fig. 5). The same nonspecific vulval
staining was observed in negative controls using a lectin for
sialic acid, a residue absent in C. elegans (data not shown), and
therefore, it was concluded that the vulva staining was back-
ground and not significant.

In the bus-2 strain, localization of fucosyl glycans to the pos-
terior digestive tract leading up to the anus, approaching the
site of infection, corresponds with the increased abundance of
Ce fucosyl O-glycans detected by MALDI-TOF MS analysis.
This result implies that an increase in the abundances of fucosyl
glycans in conjunction with a decrease in core 1 type glycans, as
revealed by ABA lectin observed in bus-2, may interfere with
adherence of M. nematophilum in the mutant.

The bus-2 expression is seen in the hypodermal seam cells
and posterior intestine. The seam cells probably secrete the
carbohydrate-rich surface coat over the cuticle surface. This
expression pattern predicts the presence of core 1 type glyco-
conjugates over the cuticle surface and in the posterior intes-
tine. In such a case staining would appear to be most intense in

LAARM | ! |
1400 1600
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FIGURE 5. UEA | a-L- fucose specific lectin staining of whole mounted
delipidated adult C. elegans. The left column shows control differential
interference contrast (DIC) micrographs of lectin-treated nematodes with
and without prior incubation with inhibitory concentrations (1 mm) of a-L-
Fuc. The images in the center column show that vulva staining is background,
as it is not affected by preincubation with a-L-Fuc. The right column shows
fluorescence micrographs of UEA I. The bus-2 strains contain a higher abun-
dance of fucosyl glycoproteins. FITC, fluorescein isothiocyanate.
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lectin
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the posterior region as both cuticle staining and intestinal stain-
ing would be coincident. Therefore, in the presence of bus-2 the
region of highest ABA staining intensity should be coincident
with the red fluorescent protein signal seen in the posterior
intestine in CB6846 (Fig. 7), and this is the case (compare Figs.
6 and 7). Staining in the N2 Bristol and rescued strain CB6846
stain intensely in this region, whereas the bus-2 strain does not.
If bus-2 and a glucuronosyltransferase, which gives rise to the
Ce core-2 glycans, do compete for substrate in the seam cells
and intestine, then in the absence of bus-2 fucosyl glycans
should be increased and core 1 glycans decreased in those
regions. This is the case as seen in Figs. 5, supplemen-
tal S4 and S5. Fucosyl glycan staining with UEA I is more
intense over the cuticle surface and intestine in the bus-2
mutant compared with N2 and rescued strains. Therefore,
bus-2 expression and lectin staining data are consistent with the
idea that there is competition for a common substrate in bus-2
expressing tissues.

DISCUSSION

We have investigated the nature of M. nematophilum infec-
tion of C. elegans through comparative analysis of the resistant
strain bus-2 and its parent strain N2 Bristol. In these studies we
have used mass spectrometry, whole nematode mount staining,
lectin studies, and bus-2::red fluorescent protein rescue. The
gene has been cloned and the open reading frame corrected
from that predicted by GeneFinder. BUS-2 aligns with galacto-
syltransferase domain pfam01762 to 98.0% of domain models
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FIGURE 6. ABA Gal (B1,3) GalNAc - specific lectin staining of whole
mounted delipidated adult C. elegans. The left column shows control dif-
ferential interference contrast (DIC) micrographs of lectin-treated nematodes
with and without prior incubation with an inhibitory sugar (8-p-galactose).
The right column shows fluorescence micrographs of ABA-stained nema-
todes. FITC, fluorescein isothiocyanate.

Lectin with
sugar

used, as determined by the NCBI Conserved Domain Data base,
predicting that bus-2 encodes a core-1 galactosyltransferase hom-
olog. We have demonstrated a difference in O-glycan abundances
and distribution between bus-2 and its parent. The bus-2 mutant
was found to have a reduced level of Ce core-1 O-glycans, a result
consistent with the absence of a predicted BUS-2 glycosyltrans-
ferase activity. Significant Ce core-1 O-glycan remains; this is also
expected in whole nematode lysate chemical analysis as bus-4 and
bus-17 also encode core-1 type galactosyltransferase homologs,
and therefore, redundancy is likely to exist.

In this study the presence of a novel series of highly fucosy-
lated O-glycans was discovered. These glycans contain internal
core proximal GlcA, and this feature makes their overall struc-
tures novel. This new subclass of oligosaccharides has been
termed Ce type-2 O-glycans. The relative abundances of peaks
corresponding to this type of glycans were increased up to
3-fold in the mass spectra of the bus-2 mutant, and fluorescence
labeling indicated that such glycans were more abundant near
or at the site of infection, the posterior intestine leading to the
anus, and the cuticle surface. An RFP reporter gene construct
indicated that BUS-2 is normally expressed in the posterior
intestine. This would predict the presence of a significant
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A

FIGURE 7. Tissue-specific expression of bus-2. A bus-2::RFP reporter con-
struct is expressed in the posterior intestine (A), hypodermal seam cells (B),
and the spermatheca (Q).

amount of Ce core-1 O-glycans in that region in wild type
strains, and the results from the ABA lectin analysis were con-
sistent with this prediction. It seems likely that in wild type
C. elegans, the Ce core-1 glycans serve as ligands for M. nema-
tophilum adhesion, as they have lower relative abundances in
the resistant strains bus-2, srf-3 (15), and bus-4.° In bus-2, Ce

> R. M. Mizanur, D. Stroud, J. Hodgkin, and J. F. Cipollo, unpublished data.
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core-1 glycans have lower relative abundances, and the fucosyl
Ce core-2 glycans exhibit higher relative abundances near the
region of infection, suggesting that the altered distribution of
glycoconjugates in this region may interfere with the capacity of
M. nematophilum to adhere and infect.

Are there other possible explanations for the bus-2 resistant
phenotype? Alterations of the cuticle surface other than
changes in glycosylation in the area normally infected could
also account for loss of M. nematophilum binding. In studies in
C. elegans, lectin affinities are routinely used to monitor
changes at the cuticle surface and underlying structures.
Altered lectin binding patterns have been observed in strains
that harbor genetic lesions in factors not directly active in gly-
cosylation. For instance, mutations that lead to morphological
defects in the sensory ray of the male tail have been shown to
expose GalNAc epitopes (35). The affected genes, ram and
mab, are critical components for male tail cuticle organization
and are not involved in glycoconjugate biosynthesis. In the case
of bus-2, there is no apparent disorganization of the tissues,
and therefore, a ligand masking or suppressor un-masking
phenotype affecting pathogen binding is not likely. However, it
is still possible that subtle undetected structural changes or
other molecular changes could contribute to the resistance
phenotype.

How is the shift in O-glycan abundance explained? The
bus-2 strain type-1 O-glycans were observed to be decreased in
abundance, whereas core 2 O-glycans are increased in abun-
dance. The Hex;HexNAc, and Hex,HexNAc,; glycans are
not significantly altered, although the Hex;HexNAc,; and
Hex,HexNAc;, glycans are decreased, as are other downstream
Core-1 glycans. It could be interpreted that the transferase
between Hex,HexNAc, and Hex;HexNAc, is missing, and
bus-2 encodes this enzyme. However, this explanation does not
account for the increase seen in the core-2 glycans. Another
explanation that would account for this shift is that bus-2
encodes a core-1 synthase giving rise to Gal1,3GalNAc-Ser/
Thr from the Tn antigen GalNAc-Ser/Thr. In the bus-2 back-
ground this activity is deficient in some cells. This results in
shunting of Tn antigen for elongation by a GIcA transferase,
giving rise to increased abundance of the Ce type-2 O-glycan
seen here. In such a case it would be expected that the abun-
dance of some Ce Core-1 glycans would be diminished, whereas
those of Ce Core-2 glycans would increase. These changes
would be observed in regions where the shift is most promi-
nent. The second explanation would account for the shift in
abundances and the localized change in fucosyl glycans as
observed by lectin staining in and around the rectum, anus,
and surrounding tissues. However, the presence of multiple cell
types, the possibility of compensatory response, and an
unknown enzymatic specificity make these arguments highly
speculative.

How are the altered glycosylation pattern and distribution in
the bus-2 strain related to the resistance phenotype? Although
overall changes in O-glycan profiles may seem less than dra-
matic, Core-1 glycans are greatly diminished in the rectum,
anus, and surrounding tissues in the bus-2 mutant. These gly-
cans are likely to be a major target for M. nematophilum adhe-
sion. These glycans were also observed to be decreased in the
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resistant strains srf-3 (15) and bus-4.> Furthermore, it cannot
be ignored that the Ce Core-2 glycans are increased in abun-
dance in the posterior gut leading to the rectum and in the
cuticle surface, which are the regions of infection. Their pres-
ence may further compromise bacterial adhesion. Some of
these glycoconjugates may also be secreted, possibly further
interfering with adhesion.

It should be noted that glycolipids were not analyzed in this
study. However, lectin staining experiments performed after
delipidation clearly show that glycoproteins are altered in the
region of infection in the bus-2 strain. However, we cannot rule
out the possibility that host glycolipids also may be involved in
the infective process. Studies of the C. elegans glycolipids are
presently under way.

Adhesion to the host cell surface is a common mechanism
used by pathogens to initiate infection. ABO blood group anti-
gens present in human intestinal mucous can serve as receptors
for a wide range of pathogens such as Helicobacter pylori (36)
and Campylobacter jejuni (37). Subtle differences in glycan
structure, density, and presentation can be the deciding factors
between resistance and susceptibility. The presence of secreted
glycoconjugates in the case of secretor status can confer resis-
tance, as these entities can serve as decoys for the invading
pathogen. Rhesus monkeys with the secretor phenotype are
resistant to gastric infection by H. pylori because their high
mucous density prevents BabA adhesin from binding to cell
surface ABO structures. Non-secretor infection rates have been
reported to be higher, consistent with the notion that innate
immunity conferred by the secretor phenotype has evolved to
combat cell surface carbohydrate receptor targeting (38).

Norwalk virus infection is blood group-dependent in
humans. Individuals with blood group O are more susceptible
to infection than those with types A or B even when secretor
type is taken into consideration. Terminal substitution of the
H-antigen apparently has a modulatory effect on resistance,
and the presence of a1,2Fuc appears to be required for infection
as dependence on FUT-2 fucosyltransferase has been shown
(30). The bus-2 study presented here may mimic blood group
infection dependence as presentation of a different subclass of
O-glycan may interfere with infection. In this way, C. elegans
may serve as a model for innate genetic resistance phenotypes.

C. elegans is sensitive to more than 40 bacterial pathogens,
many of which are human pathogens or their close relatives.
Among these pathogens are Yersinia pestis and Yersinia peudo-
tuberculosis (28). These bacteria secrete a biofilm that encases
the head region, leading to starvation. This situation may mimic
the bacteria infective modus operandi in the flea where biofilm
blocks the proventriculus, thus compromising the ability of the
insect to feed. The bus-2 mutants are resistant to this infection.
Although part of the bus-2 expression is in the posterior intes-
tine, it is also expressed in the hypodermal seam cells which are
believed to contribute to the surface coat of the cuticle over
much or all of the body, including both head and tail regions.
Indeed, ABA lectin does stain over the entire nematode surface,
albeit at a lower intensity than in the tail region. Interestingly, in
genetic screens for resistance to Yersinia biofilm attachment,
which yielded bah (biofilm absent on head) mutants, five of the
eight bah complementation groups were also identified in the
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bus screen (10), suggesting that common host receptors
are required for adhesion by both pathogens. It is likely that the
altered O-glycan distribution seen in bus-2 is also responsible
for resistance to these bacteria as well, although we cannot at
this point speculate as to the exact changes in glycoform distri-
bution that lead to Yersinia resistance.

M. nematophilum, although not a human pathogen, likely
has mechanisms of virulence that are conserved within this
genus. Little is known about adhesins in these bacteria. This
work represents the first detailed analysis of the nature of
Microbacterium adhesion to host tissue. Currently we are
developing an affinity proteomic approach to aid in the identi-
fication of bacterial adhesion factors, which should allow fur-
ther investigation of this pathogenic interaction. Efforts are also
under way to extend the C. elegans model to the study of other
bacterial pathogens.
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