INFECTION AND IMMUNITY, Dec. 2003, p. 6712-6720
0019-9567/03/$08.00+0 DOI: 10.1128/IAL.71.12.6712-6720.2003

Vol. 71, No. 12

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Genetic Basis for Biosynthesis of the (a1—4)-Linked
N-Acetyl-D-Glucosamine 1-Phosphate Capsule of
Neisseria meningitidis Serogroup X

Yih-Ling Tzeng,'** Corie Noble,> and David S. Stephens'***

Department of Medicine' and Department of Microbiology and Immunology,® Emory University School of Medicine, and Meningitis
and Special Pathogens Branch, Centers for Disease Control and Prevention,* Atlanta, Georgia, and Department of
Veterans Affairs Medical Center, Decatur, Georgia®

Received 12 May 2003/Returned for modification 8 August 2003/Accepted 3 September 2003

The genetic basis for biosynthesis of the (a1—4)-linked N-acetyl-p-glucosamine 1-phosphate capsule of
Neisseria meningitidis serogroup X was defined. The biosynthesis gene cassette was a ~4.2-kb region located
between ctrA of the capsule transport operon and galE, which encodes the UDP-glucose-4-epimerase. This
location was identical to the locations of the biosynthesis cassettes in other meningococcal serogroups. Three
open reading frames unique to meningococcus serogroup X were identified. Deletion-insertion mutation and
colony immunoblotting confirmed that these three genes were essential for serogroup X capsule expression,
and the genes were designated xcbA, xcbB, and xcbC (serogroup X capsule biosynthesis). Reverse transcriptase
PCR indicated that the xchbABC genes form an operon and are cotranscribed divergently from ctr4. XcbA
exhibited 52% amino acid similarity to SacB, the putative capsule polymerase of meningococcus serogroup A,
suggesting that it plays a role as the serogroup X capsule polymerase. An IS1016 element was found within the
intergenic region separating ctr4 and xcbA in multiple strains, and this element did not interfere with capsule

expression.

Neisseria meningitidis is the cause of epidemic bacterial men-
ingitis. Capsular polysaccharide is a major virulence determi-
nant of N. meningitidis (23, 35). Among the 13 meningococcal
serogroups classified based on capsular polysaccharide struc-
ture, serogroups A, B, C, Y, and W135 are associated with the
majority of cases of meningococcal disease. In the African
meningitis belt most large epidemics have been caused by
serogroup A meningococci, whereas sporadic disease and out-
breaks in developed countries are usually caused by serogroup
B and C meningococci (1). Serogroup Y meningococci
emerged as an important cause of sporadic disease and out-
breaks in the United States in the late 1990s (30, 33), and in
2000 serogroup W135 meningococci caused worldwide disease
in association with the Hajj pilgrimage (6, 7, 42) and large
outbreaks in sub-Saharan Africa (43).

Sporadic cases of meningococcal disease caused by sero-
group X meningococci have been reported in both industrial-
ized countries (15, 18, 28, 34) and African countries (11, 31).
However, recently, large serogroup X meningitis outbreaks in
Niger (5, 10) and Ghana (13) have been reported. A genetic
diversity study of N. meningitidis serogroup X isolates in which
multilocus sequence typing and pulsed-field gel electrophoresis
were used showed that most carrier and disease isolates recov-
ered in the last 30 years in the African meningitis belt belonged
to the same clonal group (12), while most European and
American isolates were highly diverse. In a longitudinal car-
riage study designed to investigate the dynamics of meningo-
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coccal carriage during an interepidemic period in Ghana, the
disappearance of the epidemic serogroup A strain was accom-
panied by a sharp increase in nasopharyngeal carriage of se-
rogroup X meningococci (13). The carriage rate reached 18%
of the population sampled, and this coincided with an outbreak
of serogroup X disease. Serogroup X meningococci have also
been reported to be very efficient in colonizing military recruits
in the United Kingdom (21).

The capsular polysaccharides of serogroup B, C, Y, and
W135 meningococci are composed of sialic acid derivatives.
Serogroup B and C meningococci express (a2—8)- and
(a2—9)-linked polysialic acid, respectively (3, 26), while alter-
nating sequences of D-glucose or D-galactose and sialic acid are
expressed by serogroup Y and W135 N. meningitidis. In con-
trast, the capsule of serogroup A meningococci is composed of
(a1—6)-linked N-acetylmannosamine 6-phosphate (27), while
N. meningitidis serogroup X synthesizes capsular polymers of
(al—4)-linked N-acetylglucosamine 1-phosphate (4). In order
to better understand the evolution of the meningococcal cap-
sule and its role in pathogenesis, the genetic basis of menin-
gococcal capsule expression in serogroups A, B, C, Y, and
W135 has been defined previously (37-39). Here we describe
the first characterization of a capsule biosynthesis locus in N.
meningitidis serogroup X.

MATERIALS AND METHODS

Strains, plasmids, and growth conditions. The meningococcal strains, plas-
mids, and primers used in this study are listed in Table 1. Most meningococci
were grown on gonococcal (GC) base agar (Difco Laboratories, Detroit, Mich.)
or in GC broth at 37°C in the presence of 3.5% CO,; the only exception was the
meningococcal mutant grown with kanamycin, which was propagated on brain
heart infusion base (Becton Dickinson and Co., Cockeysville, Md.) containing
1.25% fetal bovine serum (GIBCO BRL, Gaithersburg, Md.) at 37°C in the
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TABLE 1. Strains, plasmids, and primers used in this study

Strain, plasmid, or primer Description or sequence Referenci
or source
N. meningitidis strains
NMB B:2b:P1.2,5:L2 (CDC8201085) 36
M7 NMB synA::Tn916, unencapsulated 41
F8229 Serogroup A strain 38
M328 Serogroup X reference strain CDC
M2526 Serogroup X blood isolate from Florida, 1996 CDC?
M4222 Serogroup X sputum isolate from Florida, 1997 CDC?
M4370 Serogroup X blood isolate from Connecticut, 1997 CDC?
M7575 Serogroup X blood isolate from Maryland, 2000 CDC
M8210 Serogroup X blood isolate from North Carolina, 2001 CDC
M328::302 M328 with insertion-deletion mutation in xchbABC This study
M2526::302 M2526 with insertion-deletion mutation in xchbABC This study
Plasmids
pCR2.1 TA cloning vector, Kan" Amp" Stratagene
pUC18 Cloning vector, Amp* 49
pHP45 Q(Sp") Amp* 29
pTA7575 TA cloning of LJ8-galE1 PCR product into pCR2.1 This study
pUCT7575 EcoRI fragment of pTA7575 subcloned into EcoRI site of pUC18 This study
pYT302 2.447 bp of Ncol-EcoRV fragment in pUC7575 replaced with Q(Sp) This study
Primers
CN1 5'-GGCGTTATAATGCTGGTAATTGGATTC-3' This study
CN2 5'-CAAGCACATCTGAGACTCTACAAGG3’ This study
CN4 5'-CGGATCATCATCGGAACATTC 3’ This study
CN5 5'-GCGAATACAGCCCACATTCTATCTG 3’ This study
CN6 5'-TTGAATTTCTGTGCACTAGATGCG-3’ This study
CN7 5'-GCGCATCTAGTGCACAGAAATTC-3' This study
CN8 5'-CCACCCAAGAAGCCGACAAAG 3’ This study
CN9 5’-GTACCATCCGGAGCGACTGAAG 3’ This study
CN10 5'-AGTTTTGCTAATCCGCTGCTTG3' This study
CN12 5'-CAGATAGAATGTGGGCTGTATTCGC-3! This study
GalE1l 5'-CGTGGCAGGATATTGATGCTGG3’ This study
LJ8 5’-CCACCACCAAACAATACTGCC-3' This study
RN7 5’-CCAGCCGAAGCATAACCATCGC-3’ This study

4 CDC, Centers for Disease Control and Prevention.
" See reference 12.

presence of 3.5% CO,. Escherichia coli strains were grown in Luria-Bertani
media. Antibiotics (Sigma Chemical Co., St. Louis, Mo.) were used for selection
at the following concentrations: 50 g of kanamycin per ml, 100 pg of spectino-
mycin per ml, and 100 pg of ampicillin per ml for E. coli; and 80 g of kanamycin
per ml and 60 pg of spectinomycin per ml for N. meningitidis. E. coli TOP10F’
(Invitrogen, San Diego, Calif.) and DH5a were used as the host strains for
cloned PCR products and recombinant plasmids created during this study.

Transformation. Meningococcal strains were transformed by using the proce-
dure described by Janik et al. (19). Plasmids digested with Scal were used directly
for meningococcal transformation. Transformants were screened by colony PCR
by using a cassette-specific primer and a chromosome-specific anchoring primer.
E. coli strains were transformed by electroporation by using a Gene-Pulser
(Bio-Rad, Hercules, Calif.).

Nucleic acid purification. Chromosomal DNA was isolated from N. meningi-
tidis by the following procedure. Bacteria were scraped from one confluent
overnight growth plate and resuspended in 10 ml of DNA extraction buffer (10
mM NaCl, 20 mM Tris-HCI [pH 8.0], 1 mM EDTA). Proteinase K (Fisher
Scientific, Pittsburgh, Pa.) was added to a final concentration of 100 pg/ml, and
the suspension was incubated for at least 6 h at 50°C. An equal volume of
phenol-chloroform (1:1) was then added, and the solution was mixed on a rocker
for 10 min at room temperature; this was followed by 20 min of centrifugation at
10,000 X g. The upper aqueous layer was poured into a clean tube, and centrif-
ugation was repeated. Chromosomal DNA was spooled out of the aqueous layer
after addition of 0.1 volume of 3 M sodium acetate and 2 volumes of ethanol. The
DNA was rinsed with 70% ethanol, air dried briefly, and then suspended in 2 ml
of 10 mM Tris [pH 8.0]-1 mM EDTA. Total RNA was prepared from bacteria
grown in GC broth to the mid-log phase by using an RNeasy mini kit (Qiagen,

Valencia, Calif.) according to the manufacturer’s protocol. Purified total RNA
was further treated with RNase-free DNase to remove contaminating chromo-
somal DNA. PCRs performed with the total RNAs obtained before and after
DNase treatment as templates confirmed that the RNA preparation was free of
DNA contamination.

PCR, RT-PCR, and colony PCR. PCRs were performed as previously de-
scribed (39). A reverse transcriptase PCR (RT-PCR) assay was performed by
using a GeneAmp RT-PCR kit (Applied Biosystems, Roche) and the protocol
recommended by the manufacturer. A single colony from a plated culture was
collected with a sterile toothpick and suspended in sterile water, and 2 pl of the
suspension was used as a template for colony PCR performed by using the
standard conditions (40).

Construction of pYT302. The PCR product generated with primers LJ8 and
galE1 by using chromosomal DNA from meningococcal serogroup X strain
M7575 was cloned into the pCR2.1 vector with a TOPO-TA cloning kit (Invitro-
gen) to obtain pTA7575. This fragment was subsequently released by EcoRI
digestion and subcloned into the EcoRI site of pUCIS8 to obtain pUC7575. After
double digestion of pUC7575 with Ncol and EcoRV to remove approximately 2.4
kb, the plasmid was gel purified, blunted with the Klenow fragment, and ligated
to the () cassette obtained from Smal digestion of pHP45Q) (29). Transformants
were selected with spectinomycin, and insert-containing clones were identified by
colony PCR. PCR and direct sequencing analysis of the resulting plasmid,
pYT302, confirmed correct deletion and insertion of the () cassette.

Southern blotting. PCR products were used as templates to generate random
primed digoxigenin-labeled probes with the Genius nonradioactive DNA label-
ing and detection system (Boehringer Mannheim, Indianapolis, Ind.). DNA
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hybridization was performed by following the manufacturer’s suggested proce-
dure (Boehringer Mannheim).

‘Whole-bacterium immunoblotting. A detailed immunoblot procedure in which
whole cells are used has been described previously (22). Briefly, N. meningitidis
cells from plate-grown overnight cultures were suspended in GC broth, and the
optical density at 550 nm was determined. Sequential dilutions were made to
obtain the required numbers of organisms in 50-pul aliquots. The cell suspensions
were applied to a prewetted nitrocellulose membrane by using a BioDot appa-
ratus (Bio-Rad). The membrane was subsequently processed by using the pre-
viously described procedure (22). Before the membrane was probed, polyclonal
antiserum to N. meningitidis serogroup X (Meningitis and Special Pathogens
Branch, Centers for Disease Control and Prevention) was preabsorbed with a
suspension of strain M328::302 meningococci to remove nonspecific antibodies
that recognize other meningococcal surface antigens. The antiserum was used at
a 1:250 dilution. Alkaline phosphatase-conjugated anti-rabbit immunoglobulin
G/M monoclonal antibody (ICN/CAPPEL, West Chester, Pa.) was used at a
1:2,500 dilution.

Serum bactericidal assay. A microdilution serum bactericidal assay was per-
formed by using the procedure described by Kahler et al. (23). Pooled normal
human serum was used at a 10% (vol/vol) dilution. The percent survival (log;,)
was calculated by dividing the number of CFU per milliliter obtained after
incubation in serum (at 15 min) by the number of CFU per milliliter at time zero.
A Student’s ¢ test with a two-tailed hypothesis was used to determine the signif-
icance (P = 0.05) for two variables.

Nucleotide sequence accession numbers. The nucleotide and predicted amino
acid sequences of the capsule biosynthesis genes derived from strain M7575 have
been deposited in the GenBank database under accession number AY289931.
The GenBank accession number for the intergenic region sequence from strain
MO0328 is AY289932.

RESULTS

Characterization of the nucleotide sequence between cfrd
and galE in N. meningitidis serogroup X. In all meningococcal
serogroups characterized thus far, the capsule biosynthesis ge-
netic cassette is flanked by ctrA, the first gene in the capsule
transport operon, and galE, a gene involved in lipooligosac-
charide biosynthesis (2, 44). To confirm that the biosynthesis
genes of serogroup X are located in this region, primers that
annealed to ctr4 or galE were used to PCR amplify the region
from chromosomal DNA prepared from six serogroup X iso-
lates. A ~4.2-kb DNA fragment was obtained from strain
M7575, while the other five strains yielded ~5-kb PCR prod-
ucts. Two independent PCR products from M7575 (RN7-
galE1l and CNl1-galE1l) were cloned into the pCR2.1 vector,
and the resulting plasmids were used as templates to obtain a
nucleotide sequence by primer walking (20). The entire se-
quence was confirmed by 2X coverage sequencing of the two
independent PCR clones. In addition, overlapping PCR am-
plification was performed to determine the location of the
additional ~800 bp present in the five serogroup X strains that
produced larger PCR products than M7575 produced. A larger
PCR product was obtained when primers CN1 and CN11 were
used for amplification (Fig. 1A). Nucleotide sequencing of the
larger CN1-CN11 PCR product revealed the presence of an
intact I1S1016 element (8). The IS/016 open reading frame
(ORF) was predicted to encode a 217-amino-acid protein ho-
mologous to the IS7/016C2 transposase and was oriented in the
same direction as ctzA4 (Fig. 1A). There was no difference in the
level of capsule expression between strains with and without
IS1016 when they were examined by colony immunoblotting
(data not shown).

Nucleotide sequence analysis of the putative capsule biosyn-
thesis nucleotide sequence of strain M7575 indicated that
there were three putative ORFs, which were designated xcbA,
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xcbB, and xcbC. The ORFs were transcribed divergently from
ctrA, a common feature in all meningococcal serogroups (Fig.
1A). The IS1016 element was located in the region between
the ctrA and xcbA genes. xcbA was 1,458 bp long and was
predicted to encode a protein containing 486 residues. xcbA4 in
strain M7575 was separated from ctr4 by a 266-bp intergenic
region, which exhibited no sequence similarity to the sero-
group A and serogroup B intergenic regions (39). xcbB, which
overlapped xcbA by 35 bp, was 1,050 bp long and was predicted
to encode a 350-amino-acid protein. xcbC, which was separated
from xcbB by 140 bp, was 768 nucleotides long and was pre-
dicted to encode a putative protein containing 256 amino acids.
xcbABC had a G+C content of 35 to 39%.

Both nucleotide and predicted protein sequences were used
to search the GenBank database. XcbA exhibited significant
homology to the following three meningococcal proteins
closely associated with meningococcal capsule loci: a hypothet-
ical protein (P value, 2e-68; 40% identity and 58% similarity)
encoded by a gene located between rfbD and lipA in the cap-
sule locus of serogroup B strain B1940 (16), LcbA (P value,
2e-66; 38% identity and 53% similarity), and SacB (P value,
2e-46; 31% identity and 52% similarity) (38). LcbA, a 366-
residue protein, is encoded by the first gene of a gene cluster
similarly flanked by ctr4 and galE in serogroup L (GenBank
accession number AF112478). It has been proposed that LcbA
is involved in capsule biosynthesis; however, its function and
role in capsule expression have not been confirmed. SacB (545
residues) is the putative capsular polymerase encoded by the
serogroup A capsule biosynthesis gene cluster (38), and a sacB
mutant is nonencapsulated (38). An alignment of the XcbA,
LcbA, and SacB sequences is shown in Fig. 2. The homology is
spread throughout the protein sequences; no known domain or
motif was identified. In addition, four conserved hypothetical
proteins in Streptomyces coelicolor A3, a putative capsular poly-
saccharide synthesis protein in Aeromonas hydrophila, and a
capsular polysaccharide synthesis protein (Cps1A) in Actinoba-
cillus pleuropneumoniae also exhibited significant protein se-
quence similarity to XcbA (P value range, 2e-59 to 2e-41).
However, the functions of these proteins have not been dem-
onstrated.

ctrABCD and lipAB are conserved in N. meningitidis sero-
group X. The capsule transport genes, ctrABCD and lipAB, are
highly conserved in the major disease-causing serogroups, se-
rogroups A, B, C, Y, and W135 (2, 44). Nucleotide probes for
ctrABCD and lipAB were amplified by PCR from the chromo-
somal DNA of a serogroup B strain, NMB, by using primers
designed from the MC58 serogroup B sequence (44). Southern
blotting performed under high-stringency conditions with the
six serogroup X isolates confirmed that each isolate contained
ctrABCD and lipAB. PCR amplification of the ctz4ABCD and
lipAB coding sequences, as well as the linkage between these
genes, gave product sizes identical to the sizes of the products
amplified from serogroup B strain NMB (data not shown).
Furthermore, PCR amplification with gltS-specific primers, lo-
cated at the 3’ end of lipB (Fig. 3), and lipB-specific primers
gave products for serogroup X identical to those of serogroup
B strains. Thus, ctrtABCD and lipAB are conserved in N. men-
ingitidis serogroup X and have a genetic organization similar to
that in other well-characterized serogroups (Fig. 3).
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FIG. 1. (A) Schematic diagram of the capsule biosynthesis gene cassette in N. meningitidis serogroup X. Three ORFs, xcbA, xcbB, and xcbC,
were identified and were transcribed divergently from the first gene of the capsule transport operon, ctr4. An IS1016 element (indicated by an open
box with the arrow showing the transcriptional direction of the transposase) was found in some strains. The locations of nucleotide primers used
in this study are indicated by arrowheads. (B) Nucleotide sequence of the intergenic region between ctr4 and xcbA of strain M0328 (accession
number AY289932). The translational start codons of ctr4 and xcbA are indicated by boldface type and underlining. The sequence of the IS1016
element is indicated by lightface type. A 10-bp duplication associated with the IS/016 insertion is enclosed in a box. The arrows indicate an
imperfect 18-bp inverted repeat flanking the IS/016 element. Probable promoters (—10 and —35) for xchA in the strains containing IS7016 in this
region are indicted by dotted lines above the sequence, while the putative xcb4 promoter in the strain without IS7016 is indicated by the dashed
line above the sequence. The putative ctrA promoter sequences are indicated by underlining.
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FIG. 2. Alignment of the amino acid sequences of XcbA, LcbA, and SacB generated by the Clustal W method (45).

xcbA, xcbB, and xcbC are transcribed as an operon. RT-PCR
was performed to determine whether xcbA, xcbB, and xcbC are
linked as an operon. The CN4 primer located inxcbC (Fig. 1A)
was utilized as the reverse transcription primer to generate
cDNA from total RNA isolated from strain M7575. The RT
reaction mixture was subsequently used as the template for

PCR amplification of an internal fragment of each gene. PCR
products were obtained not only for xcbC but also for xchB and
xcbA, indicating that these three genes are transcribed as a
single transcript (Fig. 4).

xcbABC gene products are required for capsule expression.
To determine whether the xchABC gene cassette is required
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FIG. 3. Schematic diagram of the capsule genetic loci of N. meningitidis serogroup X and serogroup B, showing the similarity of the two
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for expression of the serogroup X capsule, a deletion-insertion
mutation was introduced into the xchbABC gene cassette. A
fragment between the Ncol and EcoRV (Fig. 1A) restriction
sites was removed from plasmid pUC7575 containing the
4.2-kb ctrA-galE region of strain M7575 and was replaced with
an ((Sp) cassette. This mutation resulted in 3" truncation of
xcbA, 5" deletion of xcbC, and complete deletion of xcbB. The
resulting plasmid construct, pYT302, was used to transform

CN4 - CN8
r \Y4

CN9—-CN6 CN2-CN10

N

FIG. 4. RT-PCR demonstrating that xcbA, xcbB, and xcbC consti-
tute an operon. An xcbC internal primer, CN4, was used to generate
cDNA from total RNA isolated from strain M7575. Equivalent RT
reactions without RT added (—RT) were also performed to check for
possible chromosomal DNA contamination. The reverse transcription
reaction mixtures were subsequently used as templates in PCR ampli-
fications with primers internal to xcbA (primers CN2 and CN10), xchB
(primers CN9 and CNG6), and xcbC (primers CN4 and CN8). PCR
products generated with chromosomal DNA were used to assess the
expected product size.

the six serogroup X meningococcal isolates. Transformants
selected with spectinomycin were successfully generated in
strains M328 and M2526, and deletion and insertion of the )
cassette were confirmed by colony PCR performed with prim-
ers CN2 and CN4 and by Southern blot analyses (data not
shown). Because pYT302 contained the 4.2-kb xcbABC DNA
region without IS/016 from strain M7575, two classes of trans-
formants were obtained in strains carrying IS1016; in one of
these classes IS1016 was lost during recombination. Transfor-
mants M328::302 and M2526::302, carrying IS1016 in the ctrA-

™
M328
M328::302
M2526
M2526::302
F8229

$ $ $

N N N

FIG. 5. Whole-bacterium immunoblot for N. meningitidis sero-
group X. Aliquots containing 1 X 10%, 1 X 107, and 1 X 10° cells of
serogroup X meningococcal strains M328 and M2526 and the capsule
biosynthesis insertion-deletion mutants of these strains, M328::302 and
M2526::302, were dried on a nitrocellulose membrane and probed with
serogroup X capsule-specific polyclonal antiserum. Serogroup A strain
F8229 was included as a negative control.
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% of survival

strains

FIG. 6. Human serum bactericidal assays. N. meningitidis sero-
group X strains M328 and M2526 and the capsule biosynthesis inser-
tion-deletion mutants of these strains were exposed to 10% pooled
normal human serum (solid bars) or heat-inactivated (56°C, 30 min)
human serum (gray bars). The percentage of survival (y axis) is indi-
cated by using a log scale (n = 2 for each variable). The bars indicate
means, and the error bars indicate standard deviations.

xcbA intergenic region, were tested for capsule expression by
whole-bacterium immunoblotting by using serogroup X cap-
sule-specific polyclonal antiserum (Fig. 5). Neither M328::302
nor M2526::302 expressed capsular polysaccharides, further
indicating that the xcbABC gene cluster is essential for capsule
expression.

Mutations in xchbABC confer sensitivity to normal human
serum. The importance of capsule in conferring resistance to
killing by human sera in meningococci has been well docu-
mented (23). The capsule-deficient phenotype of xcbABC mu-
tants shown by colony immunoblotting suggested that the mu-
tants should have a serum-sensitive phenotype. Serum
bactericidal assays were performed to confirm this prediction.
As shown in Fig. 6, the xcbABC mutants were rapidly killed in
the presence of 10% normal human serum, whereas the en-
capsulated parent strain survived. These data further demon-
strated that no capsule is present in the xchbABC mutants and
that capsule is important for the resistance of N. meningitidis
serogroup X to killing by normal human serum. Meningococ-
cal lipooligosaccharide profiles have also been shown to influ-
ence serum sensitivity (9, 16, 23, 47). However, no differences
in lipooligosaccharide were noted between the parent and cap-
sule-deficient strains when proteinase K digests of whole-cell
lysates were analyzed by Tricine polyacrylamide gel electro-
phoresis (22) (data not shown).

DISCUSSION

The capsular polysaccharides of N. meningitidis and other
bacterial capsules (Haemophilus influenzae, E. coli K1), desig-
nated group II capsules, have similar genetic organization and
chemical properties (32, 48). Group II capsule loci are usually
composed of a unique biosynthesis gene cassette flanked by
conserved genes involved in translocation of the capsular poly-
saccharides (32, 48). Recently, N. meningitidis serogroup X has
emerged as a serogroup that has caused large outbreaks of
disease in sub-Saharan Africa (10, 13). The capsule of sero-
group X, (al—4)-linked N-acetylglucosamine 1-phosphate, is
biochemically similar to the serogroup A capsule, (al—6)-
linked N-acetylmannosamine 1-phosphate. The overall organi-

INFECT. IMMUN.

zation of the capsule transport and biosynthesis genes of sero-
group X meningococci, as defined in this study, showed
similarity to the organization in other meningococcal sero-
groups characterized to date (2, 44). The capsule locus is lo-
cated near gitS, as it is in other meningococci. In addition,
xcbABC, sacABCD of N. meningitidis serogroup A, and syn-
ABCD of N. meningitidis serogroup B have much lower G+C
contents (35 to 39, 24 to 35, and 28 to 41%, respectively) than
the whole meningococcal genome (52%) (44). The difference
in G+C contents suggests that horizontal gene transfer oc-
curred.

The intergenic regions separating the divergently tran-
scribed transport and biosynthesis genes in serogroups A, B, C,
Y, and W135 have been characterized in detail and have sim-
ilar organizations of transcriptional control (37, 38, 46). The
sialic acid-containing serogroups (serogroups B, C, Y, and
W135) utilize identical 134-bp intergenic regions to initiate
transcription (37, 46), while a completely different 218-bp se-
quence separates the transport and biosynthesis gene clusters
in N. meningitidis serogroup A (38). The intergenic regions of
these serogroups contain overlapping promoters for control-
ling the divergent operons. The nucleotide sequence of the
266-bp intergenic region separating the divergently transcribed
ctrA and xcbA genes differs from that found in serogroup A or
serogroup B. Interestingly, expression of the serogroup X cap-
sule was not affected by the presence of an IS107/6 element in
the intergenic region (Fig. 1). IS1016 may have inserted into
the intergenic region after acquisition of the capsule locus in
strain M328. Alternatively, IS/076 may mediate acquisition of
the capsule genes and may have been lost in some strains.
IS1016 was originally described as flanking the capsule locus of
H. influenzae, and it was proposed that this element mobilizes
the ~17-kb capsule gene cluster as a compound transposon in
the H. influenzae chromosome (24, 25). Many virulent H. in-
fluenzae serotype b strains carry a duplicated capsule locus, and
flanking IS1016 elements may facilitate reversible gene ampli-
fication through unequal homologous recombination events
(25). It has been noted that the presence of outwardly directed
promoters in an insertion element or the formation of hybrid
promoters between an insertion element and host DNA (14)
may provide and/or enhance expression of certain genes, thus
conferring a certain survival advantage. In the case of N. men-
ingitidis serogroup X, predicted promoters resembling a 070
consensus sequence can be identified in the intergenic region
both within and outside the IS7076 that could initiate tran-
scription of xcbA (Fig. 1B), without interference with the pu-
tative ctrA promoter. There was no difference in the level of
serogroup X capsule expression between strains with IS 7076
and strains without IS1016, suggesting that IS/016 does not
affect capsule expression. Another insertion element, IS7301,
has been shown to mediate on-off switching of capsule expres-
sion through reversible insertion and excision within the coding
sequence of the first biosynthesis gene, synA4, in a serogroup B
strain (17).

The serogroup X capsule is a polymer of (al—4)-linked
N-acetylglucosamine 1-phosphate. N-Acetylglucosamine is a
common precursor of important bacterial components, such as
peptidoglycan [(al—4)-linked N-acetylglucosamine (GlcNAc)
and N-acetylmuramic acid]. The coupling of a C-4 hydroxyl
group in N-acetylmuramic acid and the C-1 carbon in UDP-
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GlcNAc, along with the release of UDP, generates the disac-
charide precursor of the peptidoglycan. Analogously, coupling
of two UDP-GIcNAc molecules between the C-4 hydroxyl of
one UDP-GIcNAc and the C-1 phosphate of the other UDP-
GlcNAc through the energy provided by the hydrolysis of UMP
is predicted to produce the (1—4) phosphodiester linkage of the
serogroup X capsule. A similar sequence of reactions has also
been proposed for capsule expression in serogroup A menin-
gococci, whose capsular structure is (al—6)-linked N-acetyl-
mannosamine (ManNAc) 1-phosphate (38). SacB is believed
to be responsible for the polymerization of UDP-ManNAc
(38), creating the phosphodiester bond between positions 1
and 6 of individual UDP-ManNAc molecules through the re-
lease of UMP. XcbA is probably the capsular polymerase for
serogroup X meningococci, considering its homology to SacB.
XcbA also showed sequence similarity to the putative biosyn-
thesis protein, LcbA, of N. meningitidis serogroup L, which
expresses a capsule composed of (al-P—3)-linked trisaccha-
ride of GlcNAc.

In summary, the genetic basis of capsule expression in sero-
group X meningococci was defined. Like the capsules of other
meningococcal serogroups (23), the serogroup X capsule is
critical for resistance to normal human serum. With the iden-
tification of the unique serogroup X biosynthesis sequence,
molecular tools for diagnosis and monitoring the epidemiology
and emergence of serogroup X disease can be developed. In
addition, this study provided additional information on the
evolution of the capsule biosynthesis region of group II encap-
sulated bacterial pathogens.
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