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The Salmonella enterica O antigen is a highly variable surface polysaccharide composed of a repeated
oligosaccharide (the O unit). The O unit produced by serogroup D2 has structural features in common with
those of groups D1 and E1, and hybridization studies had previously suggested that the D2 rfb gene cluster
responsible for O-unit biosynthesis is indeed a hybrid of the two. In this study, the 7fb gene cluster was cloned
from a group D2 strain of S. enterica sv. Strasbourg. Mapping, hybridization, and DNA sequencing showed that
the organization of the D2 rfb genes is similar to that of group D1, with the a-mannosyl transferase gene rfbU
replaced by rfbO, the El-specific B-mannosyl transferase gene. The El-specific polymerase gene (rfc) has also
been acquired. Interestingly, the D1-like and El-like rfb regions are separated by an additional sequence
closely related to an element (Hinc repeat [H-rpt]) associated with the Rhs loci of Escherichia coli. The H-rpt
resembles an insertion sequence and possibly mediated the intraspecific recombination events which produced

the group D2 rfb gene organization.

The O antigen is a polysaccharide which, together with lipid
A and core, forms the lipopolysaccharide (LPS) of gram-
negative bacteria. There is extensive serological variation in O
antigen, and in Salmonella enterica about 50 O groups have
been found so far, on the basis of the Kauffman-White scheme
(8). This variation was one of the criteria originally used to
divide Salmonella into different species, although all clones are
now considered to belong to a single species (S. enterica). We
use the old “species” names (e.g., typhimurium) to denote
serovars as recommended by Le Minor and Popoff (24).

O antigen is composed of a repeated oligosaccharide unit
(the O unit) whose structure determines the major immuno-
chemical properties of O antigen. The structures of the O units
of S. enterica serogroups A, B, D1, D2, and E are related,
sharing a mannosyl-rhamnosyl-galactose backbone. The rela-
tionships of groups D1, D2, and E1 are particularly interesting,
there being three structural variations which distinguish them
(Fig. 1). First, a branching tyvelose residue linked to mannose
is present in D1 and D2 but absent in E1. Second, there is
variation in the anomeric configuration of mannose, with
a-mannose used in group D1 but B-mannose used in D2 and
E1l. Third, the galactosyl-mannose linkage formed between
consecutive O units during polymerization is a(1,2) in D1 but
a(1,6) in D2 and E1. Thus, the O unit of group D2 has a hybrid
structure with features of both D1 and E1 O units. This
chemical relatedness is manifested in immunological cross-
reactions: D2 has O factor O9 in common with D1 and also has
O3 and 010, which are present in the E1 group (28).

O-unit biosynthesis is determined by the rfb gene cluster,
which is located at 42 min on the S. enterica chromosome. rfb
genes from representatives of a number of different sero-
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groups, including D1 and E1, have been cloned and sequenced
(5, 19, 22, 26, 52). These studies indicated that in S. enterica
the rfb region has evolved by acquiring clusters of genes
which were assembled in other species, although the foreign
source(s) remains unknown (39).

In a previous study (53), a wide range of S. enterica
serogroups was examined for the presence of particular rfb
genes in a series of DNA hybridization experiments. The
results showed that the group D2 rfb gene organization is very
similar to that of D1 but also indicated that the mannosyl
transferase gene rfbU was probably replaced by rfbO, the
E1-specific mannosyl transferase. We proposed that the D2 rfb
region was the product of intraspecific gene transfer, in which
recombination between a D1 serogroup recipient and an E1
serogroup donor occurred. In this paper, we report the cloning
of the D2 rfb region and an analysis of its genetic organization,
relationships to groups D1 and El, and possible evolutionary
origin.

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strains and plas-
mids are described in Table 1. Bacteria were grown in nutrient
broth or on nutrient agar. Selective medium contained ampi-
cillin (25 pg/ml) or kanamycin (50 pg/ml), as appropriate.

General recombinant DNA techniques. Restriction enzymes,
T4 DNA ligase, and Tag DNA polymerase were from Boehr-
inger Mannheim or Promega. Routine DNA manipulations,
including preparation of plasmid DNA, subcloning, and re-
striction enzyme analysis, were essentially as described by
Sambrook et al. (43).

Construction of the cosmid bank. Chromosomal DNA from
the group D2 S. enterica strain M388 was partially digested
with Sau3A to generate fragments of 30 to 50 kb. The
low-copy-number cosmid vector pPR691 (18) was digested
with BamHI and Pvull and then ligated to digested chromo-
somal DNA. The ligation mixture was packaged in vitro (47)
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FIG. 1. Structures of O units from S. enterica groups D1 (16a), D2
(10, 14, 34), and E1 (13, 41). Shading indicates residues not always

present and determined by genes outside of rfb. Gal, galactose; Man,
mannose; Rha, rhamnose; Tyv, tyvelose; Glc, glucose; OAc, acetate.

with a commercial packaging kit (Promega) and transduced
into Escherichia coli x2819. Transductants were selected on
medium containing kanamycin.

Colony hybridization and Southern blotting. Colony hybrid-
ization and Southern blotting were performed as described by
Sambrook et al. (43). Nitrocellulose membranes were from
Schleicher & Schuell. DNA probes were labelled to a high
specific activity with [a-**P]dCTP by using a random priming
kit (Boehringer Mannheim). Hybridizations were performed in
50% formamide at 42°C, and the final wash was in 0.1 X SSC
(1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1%
Sodium dodecyl sulfate (SDS) at 42°C. The probe used to
screen the cosmid library was pPR619 (51), which contains
DNA cloned from the S. enterica group D1 rfb region. The
probes used in the hybridization studies were H-rpt (Hinc
repeat), a 0.6-kb Pst1-Clal fragment from pPR1487; rfc a 0.4-kb
EcoRI-HindIl fragment from pPR1030 (52); rfvO, a 0.7-kb
HindIll fragment from pPR966 (52); and rfbU, a 1.1-kb
Ndel-EcoRlI fragment from pPR1207 (53).

Restriction mapping of cosmid. Linear DNA was prepared
from phage particles produced by in vivo packaging of recom-
binant cosmids (16) and partially digested with EcoRI, BglII, or
Sacl before hybridization to *P-end-labelled oligonucleotides
specific for vector cos sequences which flank the cloned cosmid
insert (Amersham). The DNA fragments were then separated
on an agarose pulsed-field electrophoretic gel which was dried
and autoradiographed.

Analysis of O antigen. Expression of group D2 O antigen by
recombinant E. coli clones was tested by slide agglutination
(23) using Salmonella antiserum specific for factors O46 and
09 (Wellcome Diagnostics). Whole membrane samples for
electrophoretic analysis of LPS were prepared from bacterial
liquid cultures essentially as described by Lugtenberg et al.
(29). Samples were run on an SDS-18% (wt/vol) polyacryl-
amide gel, and LPS was visualized by silver staining (49).

DNA sequencing. The sequencing strategies used ensured
that sequence data were obtained from both strands of the
DNA. Deletion families were produced from pPR1488 and
pPR1500 by using the Erase-a-Base system (Promega), which
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is based on the unidirectional exonuclease III digestion proce-
dure (15). These deletion clones were used to sequence the
3.7-kb EcoRI-HindlIII fragment containing H-rpt and rfc. The
sequence of the ~0.6-kb PstI-Accl fragment corresponding to
region IV (see Fig. 3) was obtained directly from pPR1494 in
sequencing reactions which used either the M13 forward
primer or the reverse sequencing primer (in which case a
double-stranded DNA template was used). In all other cases,
single-stranded phagemid DNA was produced in E. coli IM109
with the helper phage M13KO7 (4) for use as the template for
sequencing. Thermocycle sequencing reactions based on the
dideoxy termination method (44) were run in a Perkin-Elmer
Cetus DNA thermal cycler by a procedure recommended by
Applied Biosystems. The reactions used primers labelled with
the appropriate fluorescent dye and were run on an Applied
Biosystems 370A automated DNA sequencer.

Computer programs for the editing and analysis of DNA
sequences were accessed through the Australian National
Genomic Information Service (40). Sequence data were assem-
bled into contigs with the XDAP program (12). Sequence data
bases were searched with the National Center for Biotechnol-
ogy Information BLAST network server (1). Pairwise sequence
comparisons were performed with the COMPARE option of
the Genetics Computer Group suite of programs (7).

Nucleotide sequence accession numbers. The sequences of
rfb regions II and IV have been deposited in GenBank under
accession numbers U04165 and U04164, respectively.

RESULTS

Cloning of the group D2 rfb region. A cosmid bank of
chromosomal DNA of the group D2 serovar Strasbourg S.
enterica strain M388 was constructed in the E. coli host x2819
by using the low-copy-number vector pPR691 (18). The plas-
mid pPR619, which contains group D1 rfb DNA (51), was used
as a probe to screen 1,400 colonies of the cosmid bank by
hybridization. Two positive colonies were found, one of which
gave a positive result in a slide agglutination test with group D2
antiserum, which is specific for the factors O46 and O9. This
strain, P4754, contains a recombinant cosmid (pPR1389) with
an approximately 45-kb insert. In order to determine whether
pPR1389 contains all the genes necessary to produce D2-
specific O units, the cosmid DNA was packaged in vivo and
transduced into E. coli S@874, in which the entire host rfb
region is deleted. The transductant strain, P4756, still gave a
positive result with D2 antiserum by slide agglutination.

The LPS of both strains harboring pPR1389 was then
analyzed by SDS-polyacrylamide gel electrophoresis (PAGE)
and silver staining (Fig. 2). Both P4754 and P4756 produced
LPS, confirming that pPR1389 contains the whole D2 rfb
region. The LPS bands observed had high molecular weights
(i.e., were composed of multiple O units), indicating that
pPR1389 also contains rfc, which encodes the polymerase
responsible for O-unit polymerization. Furthermore, in both
P4754 and P4756 the LPS produced shows the distinctive
modal distribution pattern which is due to the chain length
determinant. The gene encoding this determinant, cld (or rol),
is usually located between gnd and his (2, 3), and since this
region is within the S@874 deletion it is likely that the cld
function is provided by a gene present on pPR1389. This was
subsequently confirmed by hybridization (results not shown).
The LPS prepared from M388 (S. enterica) has the bimodal
pattern which has been previously observed in other systems
(21), with modal lengths of about 25 and 45 units (Fig. 2).
Interestingly, however, the two E. coli strains display a single
modal O-antigen chain length of about 37 units, suggesting
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TABLE 1. Bacterial strains and plasmids

Sptlr :sl::‘g Lsz:t:c);alt::y Relevant properties Source or reference
E. coli strains :
x2819 P3851 F~ lacY ginV44 galT22 AtyhA57 rec-56 metBI hsdR2, lysogenized with 16
N(cI857 b2 redB3 S7)
SP874 P4052 A(sbcB-rfb)86 lacZ4053 trp-355 upp-12 relAl rpsL150 33
JM109 P3584 supE44 nalA96 recAl relA1 endA1 thi hsdR17 A(pro-lac) F'(traD36 54
proAB” lacl? lacZAM15)
C600 P334 F~ thr-1 leuB6 tonA21 lacY1 supE44 thy-1 hsdR N~ 43
P4754 P3851 harboring pPR1389 This study
P4756 P4052 harboring pPR1389 This study
S. enterica strains
— M9 Group D1, subspecies I serovar Dublin IMVS?
Ty2la Mi18 Group D1, subspecies I serovar Typhi, galE mutant of strain Ty2 11
— M32 Group E1, subspecies I serovar Anatum IMVS
— M38 Group D1, subspecies II serovar Haarlem IMVS
— M388 Group D2, subspecies I serovar Strasbourg Microbiology Department,
University of Adelaide
— M840 Group D3, subspecies I serovar Zurich Pasteur Institute
0960 M841 Group D2, subspecies I serovar Cochin IMVS
1561 M842 Group D2, subspecies I serovar Fresno IMVS
1315 M843 Group D2, subspecies I serovar Marylebone IMVS
1179 MB844 Group D2, subspecies I serovar Bergedorf IMVS
his-388 P9029 Group B, subspecies I serovar Typhimurium strain LT2 A(hisD-rfb)388 36
Plasmids®
pPR619 P3705 8.4-kb EcoRI-Kpnl fragment from rfb region of M18 in pUC9 51
pPR691 P3785 Low-copy-number cosmid cloning vector 18
pPR1389 P4754, P4756 50-kb fragment from rfb region of M388 in pPR691, expressing D2 O This study
antigen
pPR1394 P4773 13-kb Sacl fragment from pPR1389 This study
pPR1395 P4774 16-kb Sacl fragment from pPR1389 This study
pPR1396 P4775 23-kb Sacl fragment from pPR1389 This study
pPR1400 P4779 9.5-kb EcoRI fragment from pPR1389 This study
pPR1401 P4780 3.2-kb Pstl fragment from pPR1400 This study
pPR1479 P4886 1.7-kb PstI fragment from pPR1400 This study
pPR1480 P4887 1.0-kb PstI fragment from pPR1400 This study
pPR1486 P4893 1.1-kb Pst1-Clal fragment from pPR1479 This study
pPR1487 P4894 0.6-kb PstI-Clal fragment from pPR1479 This study
pPR1488 P4896 3.7-kb EcoRI-HindIII fragment from pPR1400 in PGEM-7zf(+) This study
pPR1494 P4901 0.5-kb Accl-Pstl fragment from pPR1480 This study
pPR1500 P4909 Same as pPR1488 but in PGEM-7zf(—) This study
pPR1502 P4917 2.3-kb EcoRI fragment from pPR1396 This study

2 —, laboratory stock number used as strain name.
b Institute of Medical and Veterinary Science, Adelaide, Australia.

< Unless otherwise indicated, all plasmids were constructed with the cloning vector PT7T3-19u.

that the effect of the D2 chain length determinant on D2 O
antigen is modified by host-specific factors.

Genetic organization of the group D2 rfb region. The
pPR1389 insert was subcloned and subjected to extensive
restriction enzyme analysis (Fig. 3A). The location and genetic
organization of the rfb region of D2, which were determined by
comparison of restriction maps with the corresponding region
of group D1 (serovar Typhi) as well as hybridizations with
specific rfb gene probes (data not shown), are summarized in
Fig. 3. The comparison revealed five distinct regions, which
were defined according to the distribution pattern of restric-
tion sites within these three groups (Fig. 3B). Region I (from
the EcoRI site within rfbV to an AfII1I site 0.5 kb downstream)
contains sites common to D1 and D2 but not found within E1.
Region II (extending about 2 kb from the AfII site to a BanIl
site) contains restriction sites which are specific to D2. In
region III (extending about 3.5 kb from the BarlII site to a Pstl
site), D2 has a pattern identical to that of E1. In E1, this region
includes most of orf9.6 [which we now believe to be the

O-antigen polymerase gene rfc, specific for «(1,6)-specific
linkages between O units; see Discussion], the mannosyl
transferase gene rfbO, and the 5’ portion of the rhamnosyl
transferase gene rfbN (52). In region IV (a short segment
within the 3’ end of rfbN), there are only a few polymorphic
sites, whereas region V contains numerous sites common to all
three strains. A possible explanation for this arrangement is
that in group D2, DNA within regions II and III was acquired
by recombination.

An insertion sequence-like element (H-rpt) within region II.
A 3.7-kb EcoRI-HindIII fragment which spans the D2-specific
region II was subcloned from pPR1395 (to give pPR1488) and
then sequenced. The DNA sequence confirms the presence of
the rfbV, orf9.6 (rfc; see Discussion), and rfbO genes, which
were predicted on the basis of our comparative mapping and
hybridization studies (Fig. 3B). Surprisingly, though, between
rfbV and rfc (within region II) there is a 1,285-bp segment
(which was designated H-rpt) whose sequence does not resem-
ble those of group D1 or E1 rfb genes or indeed any other
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found at the right-hand ends (relative to the conserved core) of
RhsA, RhsB, RhsC, and RhsE. In RhsB and RhsE, the H-rpt is
1,291 bp in length, contains a single open reading frame (orfH),
and is bounded by 11-bp inverted repeats. This structure,
which is reminiscent of an insertion sequence, together with
the occurrence of H-rpt within the rearranged DNA sequences
present at the Rhs loci, has prompted the suggestion that it is
a mobile genetic element (55). Other H-rpt data base matches
were with a sequence downstream of the dhl4 gene of Xan-
thobacter autotrophicus (17) and with the rfbQ-rfbS region of
the Vibrio cholerae rfb gene cluster (48).

The group D2 H-rpt and the V. cholerae rfoQ-rfbS region
appear to represent degenerate H-rpts and would originally
have contained a complete orfH gene, as in E. coli RhsB,
perhaps encoding a transposase. However, in both S. enterica
and V. cholerae, this gene has accumulated a number of
termination codons, and the S. enterica sequence also shows
numerous frameshift mutations (Fig. 4). Figure 4 shows that
when allowances are made for changes in reading frame, a
“repaired” D2 orfH translation product which has 69% identity
over 377 amino acid residues to the product of E. coli RhsB
orfH can be derived. A similar situation is seen in some of the
Rhs sequences which contain only degenerate H-rpts (55). The
accumulation of mutations within H-rpt sequences is perhaps
not surprising, since there would be only intermittent selective
pressure to maintain the integrity of the orfH gene if, as
suggested, its only function is in transposition.

b|as

ajl2s

12

1 2 3 4 5

FIG. 2. High-molecular-weight LPS of various strains demon-
strated by silver-stained SDS-PAGE. Lanes: 1, M388 (S. enterica group
D2 sv. Strasbourg); 2, P3851 (E. coli x2819); 3, PA754 (E. coli x2819
harboring pPR1389); 4, P4052 (E. coli S@874); 5, P4756 (E. coli SO874
harboring pPR1389). The lowest-molecular-weight bands in the gel
correspond to O-antigen molecules which contain approximately 12 O
units. Three regions of the gel in which O-antigen molecules of the
indicated different modal lengths are found have been bracketed: a
and b refer to lane 1 and c refers to lanes 3 and 5.

known S. enterica rfb gene (Fig. 4). When this sequence was
used to search sequence data bases, highly significant matches
with several entries were found, most notably with H-rpt
sequences which are associated with the Rhs loci of E. coli K-12
(9, 42, 55). In E. coli K-12 (but not in all other E. coli strains)
there are five Rhs loci (RhsA to RhsE), which are dispersed
within the genome. Each locus is a complex composite of
conserved and variable sequences, only some of which are
common to all loci. H-rpt sequences of various lengths are

DNA sequence of region IV. Groups D1 and B have a genetic
organization which is different from that of E1 at the right-
hand end of the rfb cluster: in the latter group there is an
additional gene (orf17.4) situated between rfbP and gnd (Fig.
3A) (52). Mapping and hybridization analysis (not shown) of
DNA subcloned from this region (pPR1502) showed that there
is no equivalent of orf17.4 in group D2 but that the gene order
is the same as in D1 (Fig. 3A). Consequently, we predicted
from the comparative map (Fig. 3A) that the D2 sequence
would change from being E1-like to being D1-like at a junction
somewhere between rfbO and gnd. A likely location was within
region IV (Fig. 3B): although there is a paucity of restriction
sites within this region, those present (Bsml, Aval, and XmnI)
are polymorphic. The sequence of region IV (which lies within
the rfbN gene) was therefore determined (GenBank U04164)
and compared with rfbN sequences previously obtained from
groups E1 and B (19, 52). (The sequence of the group D1 rfbN
gene has not been determined, but we presume on the basis of
restriction enzyme analysis [50] that it is very closely related to

FIG. 3. Physical and genetic maps of DNA cloned from S. enterica group D2. Bars represent the inserts of recombinant plasmids. Restriction
sites are represented as follows: A, Accl; Af, AfIIII; Av, Aval; B, Bglll; Bn, Banll; Bs, Bsml; C, Clal; D, Dralll; E, EcoRI; H, HindIII; He, Hincll;
K, KpnlI; Nh, Nhel; Nc, Ncol; Nd, Ndel; Nr, Nrul; Ns, Nsil; P, Pstl; Pv, Pvull; R, EcoRV; S, Sacl; Sp, Sspl; St, Styl; and X, Xmnl. Equivalent
restriction sites are indicated by vertical lines between the different serogroups. Bsml, Aval, and Xmnl sites (marked with an asterisk) were mapped
only within the pPR1494 insert. In the proposed genetic organization of the group D2 rfb region, which was deduced from partial DNA sequencing
and comparative mapping and hybridization, genes are shown as boxes. rfb genes with known functions are named without the rfb prefix (e.g., B
for rfbB), whereas open reading frames of undetermined function (orf0.0, etc.) are named relative to their position (in kilobases) on the scale
shown, which begins at a common EcoRlI site. The 7fb genes encode the following: rfbM and rfbK, dGDP-mannose biosynthesis; rfbA, rfbB, rfoC,
and rfbD, dTDP-rhamnose biosynthesis; 7fbF, rfbG, rfbH, rfbl (previously orf7.6 [20, 27)), rfbS, and rfbE, dCTP-tyvelose biosynthesis; 7fbP, galactosyl
transferase; 7fbN, rhamnosyl transferase; rfbO, mannosyl transferase (25); rfbV, putative tyvelosyl transferase; rfbX, a protein with 12 predicted
transmembrane segments thought to function in O-unit export (5a, 39); rfc (orf9.6), putative O-unit polymerase; and gnd, 6-phosphogluconate
dehydrogenase. Shaded boxes represent degenerate genes which are no longer functional. The D2 genetic organization is compared with that of
groups D1 (26, 50) and E1 (52), in which gaps (broken lines) have been introduced to improve gene alignments. For a review of the organization
of S. enterica rfb gene clusters, see reference 39 (but note that in that review the identification of rfbC and rfbD was in error and the order was given
as rfbBCAD; a correction will be published shortly). (A) Map showing the extent of the D2 DNA which was cloned in cosmid pPR1389. An
expanded map of the segment of this DNA which contains the D2 rfb region is shown in greater detail. (B) Map of the part of the rfb region in
which D2 differs from groups D1 and E1 and from which DNA sequencing data were obtained. Regions I to V, which reflect the patterns of
restriction sites shared by the different serogroups as defined in the text, are shown below. Vertical arrows show sites at which the D2 DNA
sequence diverges from the sequence of group D1 or E1.
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the group B sequence.) The distribution of polymorphic sites
within the sequenced 538-bp segment is not random, with 83 of
87 sites occurring within the first 365 nucleotides. At 75 of
these sites, D2 is identical to E1 rather than B (i.e., D1). In the
remaining 173 bp there are only four polymorphic sites,
making any conclusions tentative, but since at three of them
the D2 sequence matches B (D1) rather than El it seems
possible that this region indeed contains the right-hand bound-
ary of the El-like DNA segment which was introduced into the
group D2 genome. It is worth noting that the putative recom-
bination site is near a sequence (5'-GCCGGTGG-3") with only
one base difference from the chi octomer used by the recBCD
system in promoting homologous DNA exchanges (45, 46).
The location and orientation are correct for chi-mediated
recombination at the site postulated.

Genetic organization of other group D strains. We were
interested to determine if the genetic organization of the
serovar Strasbourg strain reported here is shared by other
strains within group D2. A panel of different serovars (Cochin,
Fresno, Marylebone, Bergedorf, and Haarlem) from within
this group was therefore examined by DNA hybridization with
probes specific for the El-like genes rfc and rfbO, the D1-like
gene rfbU, and the D2-specific H-rpt. All the group D2 strains
examined gave the same hybridization pattern as M388 (the
serovar Strasbourg strain), indicating that they have the same
rfb organization. We also looked at a strain belonging to the
third subdivision of serogroup D. Group D3 strains produce
more than one type of O unit, which have overall structures
similar to the D2 O unit with the same linkage between units
but can contain either a- or B-anomeric forms of mannose
(35). It has been suggested elsewhere (31) that an explanation
for this heterogeneity is that D3 may have a duplicated rfb
region, so we expected that it would hybridize to both rfbO and
rfbU. Although the D3 strain hybridized to the rfbU probe,
there was, surprisingly, no detectable hybridization to rfbO or
rfc. This indicates that the group D3 B-mannosyl transferase
and O-unit polymerase gene sequences are both substantially
different from those of E1 and D2. The H-rpt is present,
however, suggesting that groups D2 and D3 are quite closely
related, and it is possible that it was also involved in the
formation of the D3 rfb organization. In contrast, the group E1
and D1 strains examined did not hybridize to the H-rpt probe,
perhaps indicating that the H-rpt was introduced into S.
enterica relatively recently in evolution. Interestingly, the D2
H-rpt has a G+C content of 38%, which is markedly lower
than the value of 51% which is usual for S. enterica genes.

DISCUSSION

Genetic organization of the group D2 rfb gene region. The
genetic organization of the group D2 rfb region, based on
sequence data from the present work as well as previous
hybridization studies (53), is summarized in Fig. 3A. The
region has the same flanking genes (orf0.0, orfl.2, and orf2.8,
whose functions are unknown [19], and gnd) as the rfb regions

S. ENTERICA GROUP D2 rfb REGION 4363

of the other S. enterica groups which have been examined so far
(see reference 39 for a summary). Most of the group D2 rfb
genes can confidently be assigned a function (Fig. 3) on the
basis of comparisons with these other groups.

The rfc gene is responsible for the polymerization of O units.
As suggested by its name, rfc is not always located within the rfb
gene cluster, and in group B serovar Typhimurium it is located
between 18 and 34 min on the chromosome (32), remote from
the rfb locus. This polymerase gene is probably also used in
groups A and D1 (30, 37), which share the same «(1,2) linkage
between O units. However, this gene is not present in groups
D2 and E (6), which have different linkages between O units
(Fig. 1) and so use a different polymerase (in the following
discussion we refer to this gene as rfc®?# when it is necessary
to distinguish it from the go&ymerase gene of groups B, A, and
D1, which is called rfc*®P’). In group El, the polymerase
function maps close to or within the 7fb locus (6, 38), and it was
previously suggested that the E1 gene orfl7.4 might be the
polymerase gene (52). However, since this gene is not present
in group D2 it now seems much more likely that orf9.6 encodes
the polymerase which confers «(1,6) galactosyl mannose link-
ages between O units, as it is the only gene specific to the D2
and E1 regions for which no other function has been ascribed.
orf9.6 is similar in size to rfc*®P! and encodes a highly
hydrophobic protein with multiple transmembrane domains
(52), in this respect resembling the group B, A, and D1
polymerase (6), although there is no appreciable similarity in
amino acid sequence. orf9.6 is not detectable by hybridization
in group B, A, or D1 (53).

The gap between rfbl and rfbU in groups D1 and D2 is now
seen to contain truncated and mutated remnants of a gene
(rfc*) resembling rfc®?%’ (Fig. 3B and 4). It is in essentially the
same position as the complete rfc gene in groups D2 and El,
and the rfc gene of group C2 (5) is in a comparable position. It
seems reasonable to assume that rfc* constitutes the remnants
of a polymerase gene originally used by an antecedent of
groups D1 and A (which comprises strains derived from group
D1 [26]) and possibly also B.

Origin of group D2 rfb genes. The S. enterica rfb clusters
studied previously are mosaics of genes which have various
origins (as indicated by GC contents which are atypical of the
rest of the S. enterica genome), and it has been suggested that
the gene clusters were assembled in other species before being
transferred into S. enterica (39). The group D2 rfb region,
however, may have originated by intraspecific recombination,
as suggested by its hybrid appearance (Fig. 3A). Although
there are numerous possible explanations for the origin of the
D2 genetic organization, the most appealing one is that a
group D1 strain underwent recombination with a group E1
strain. We propose that in this exchange a segment of DNA
containing the E1-like genes rfc®?£7 and rfbO replaced rfbU in
the chromosome of a group D1 strain. The effect would have
been to change the anomeric configuration of the mannosyl
residue in the O unit from « to B. The new rfc”?%’ gene would
also allow the formation of «(1,6) linkages between O units

FIG. 4. Alignment of genes within region II of the group D2 rfb region with related sequences. The DNA sequence is numbered with respect
to the EcoRI site of pPR1488. Deduced translation products are shown above the DNA sequence. Dots indicate that the presence of the same
residue in related DNA and protein sequences, which are as follows: D1, S. enterica group D1 sv. Typhi rfb region (26); RhsB, E. coli RhsB (55);
and El, S. enterica group E1 sv. Anatum rfb region, (52). Notional translations of two nonfunctional genes (rfc* and orfH) are also shown; note
that these include several stop codons and frame shifts (§). The latter were introduced after consideration of pairwise comparisons of translation
products of all three reading frames of the D2 DNA and either RhsB OrfH or Rfc. Within orfH, nucleotides shown in lowercase are not present
at the corresponding position in the E. coli RhsB orfH sequence. The H-rpt is enclosed. Despite the overall similarity of the two H-rpt sequences
being compared, the 11-bp terminal inverted repeats of the RhsB H-rpt (arrows) are not well conserved in the D2 H-rpt. The complete DNA
sequence of region II is available from the GenBank nucleotide sequence data base (U04165).
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explained as an attempted H-rpt transposition in which the
cointegrate intermediate was resolved not by site-specific
recombination in the H-rpt but by homologous recombination
in the adjacent DNA (Fig. 5), perhaps involving an adjacent
chi-like sequence. It is interesting to conjecture that the H-rpts
of E. coli mediated similar DNA rearrangements at the Rhs
loci, which appear to be composites of sequences derived from
various sources (55).
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FIG. 5. Possible mechanism for the generation of the recombinant
D2 rfb region. The formation of a cointegrate between a chromosome
carrying the D1 rfb region and a plasmid carrying an E1 rfb region,
formed as an intermediate in transposition of H-rpt, is shown. Dotted
lines indicate the sites of two recombination events: the transposition
of H-rpt into the nonfunctional rfc* region and a second recBCD-
mediated homologous recombination which resolves the cointegrate.
There need not have been any E1 rfb genes on the plasmid to the left
of the H-rpt, but the rfbX gene is shown here nevertheless for clarity.
The figure shows the H-rpt originally located in the E1 rfb region on a
plasmid, whose formation might have been mediated by the H-rpt in
the same way that Mu can bring about the formation of plasmids
carrying chromosomal DNA. However, the H-rpt may instead have
originally been on the D1 chromosome, where it would have arrived by
transposition into the rfb region.

during polymerization. A secondary genetic change must have
been the loss of the rfc?®P! gene responsible for «(1,2)
glycosydic linkages between O units.

The left-hand boundary of the El-like introduced DNA is
quite distinct. Sequences homologous to D1 are separated
from sequences homologous to E1 by the H-rpt element (Fig.
4). The occurrence of the H-rpt at this junction implies that it
was involved in the proposed recombination. The structure of
the H-rpt, and in particular the occurrence of short inverted
repeat sequences at its extremities, suggests that it may be an
insertion sequence. If this is the case, the recombination can be

search Council.

REFERENCES

. Altschul, A. F.,, W. Gish, W. Miller, E. W. Myers, and D. ]J.

Lipman. 1990. Basic local alignment search tool. J. Mol. Biol.
215:403-410.

. Bastin, D. A,, P. K. Brown, A. Haase, G. Stevenson, and P. R.

Reeves. 1993. Repeat unit polysaccharides of bacteria: a model for
polymerisation resembling that of ribosomes and fatty acid syn-
thetase, with a novel mechanism for determining chain length.
Mol. Microbiol. 7:725-734.

. Batchelor, A. R., P. Alifano, E. Biffali, S. I. Hull, and R. A. Hull.

1992. Nucleotide sequences of the genes regulating O-polysaccha-
ride antigen chain length (rol) from Escherichia coli and Salmo-
nella typhimurium: protein homology and functional complemen-
tation. J. Bacteriol. 174:5228-5236.

. Blondel, A., and J. Thillet. 1991. A fast and convenient way to

produce single stranded DNA from a phagemid. Nucleic Acids
Res. 19:181.

. Brown, P. K., L. K. Romana, and P. R. Reeves. 1992. Molecular

analysis of the rfb gene cluster of Salmonella serovar Muenchen
(strain M67): genetic basis of the polymorphism between groups
C2 and B. Mol. Microbiol. 6:1385-1394.

5a.Cole, R., D. Liu, and P. Reeves. Unpubiished results.

6.

10.

11.

12.

13.

14.

15.

Collins, L. V., and J. Hackett. 1991. Molecular cloning, character-
ization, and nucleotide sequence of the rfc gene, which encodes an
O-antigen polymerase of Salmonella typhimurium. J. Bacteriol.
173:2521-2529.

. Devereux, J., P. Haeberli, and O. Smithies. 1984. A comprehensive

set of sequence analysis programs for the VAX. Nucleic Acids
Res. 12:387-395.

. Ewing, W. H. 1986. Edwards and Ewing’s identification of the

Enterobacteriaceae. Elsevier Science Publishers, Amsterdam.

. Feulner, G., J. A. Gray, J. A. Kirschman, A. F. Lehner, A. B.

Sadosky, D. A. Vlazny, J. Zhang, S. Zhao, and C. W. Hill. 1990.
Structure of the rhsA locus from Escherichia coli K-12 and
comparison of rhsA with other members of the rhs multigene
family. J. Bacteriol. 172:446-456.

Fukuda, M., and F. Egami. 1971. A reinvestigation of the ano-
meric configuration of mannose in the antigens of Salmonella
groups B, D and E. Eur. J. Biochem. 20:438-441.

Germanier, G., and R. Furer. 1975. Isolation and characterization
of galE mutant Ty21a of Salmonella typhi: a candidate strain for a
live, oral typhoid vaccine. J. Infect. Dis. 131:553-558.

Gleeson, T. J., and R. Staden. 1991. An X windows and UNIX
implementation of our sequence analysis package. Comput. Appl.
Biosci. 7:398.

Hellerqvist, C. G., and A. A. Lindberg. 1971. Structural studies of
the common-core polysaccharide of the cell wall lipopolysaccha-
ride from Salmonella typhimurium. Carbohydr. Res. 16:39—48.
Hellergvist, C. G., B. Lindberg, A. Pilotti, and A. A. Lindberg.
1970. Structural studies on the O-specific side-chains of the
cell-wall lipopolysaccharide from Salmonella strasbourg. Acta
Chem. Scand. 24:1168-1174.

Henikoff, S. 1984. Unidirectional digestion with exonuclease III
creates targeted breakpoints for DNA sequencing. Gene 28:351-
359.



VoL. 176, 1994

16.

Jacobs, W. R,, J. F. Barrett, J. E. Clark-Curtiss, and R. Curtiss III.
1986. In vivo repackaging of recombinant cosmid molecules for
analyses of Salmonella typhimurium, Streptococcus mutans, and
mycobacterial genomic libraries. Infect. Immun. 52:101-109.

16a.Jann, K., and B. Jann. 1984. Structure and synthesis of O-antigen,

17.

18.

19.

21.

22.

23.

24.

25.

26.

27.

29.

30.

31.

32

33.

34,

p. 138-186. In E. T. Rietschel (ed.), Handbook of endotoxin, vol.
I. Elsevier Science Publishers, Amsterdam.

Janssen, D. B., F. Pries, J. van der Ploeg, B. Kazemier, P.
Terpstra, and B. Witholt. 1989. Cloning of 1,2-dichloroethane
degradation genes of Xanthobacter autotrophicus GJ10 and expres-
sion and sequencing of the dhlA gene. J. Bacteriol. 171:6791-6799.
Jiang, X.-M., H. N. Brahmbatt, N. B. Quigley, and P. R. Reeves.
1987. A low copy number cosmid. Plasmid 18:170-172.

Jiang, X. M., B. Neal, F. Santiago, S. J. Lee, L. K. Romana, and
P. R. Reeves. 1991. Structure and sequence of the rfb (O antigen)
gene cluster of Salmonella serovar typhimurium (strain LT2). Mol.
Microbiol. 5:695-713.

. Kessler, A., A. Haase, and P. R. Reeves. 1993. Molecular analysis

of the 3,6-dideoxyhexose pathway genes of Yersinia pseudotuber-
culosis serogroup Ila. J. Bacteriol. 175:1412-1422.

Kusecek, B., H. Wloch, A. Mercer, V. Vaisinen, G. Pluschke, T.
Korhonen, and M. Achtman. 1984. Lipopolysaccharide, capsule,
and fimbriae as virulence factors among O1, 07, 016, O18, or O75
and K1, K5, or K100 Escherichia coli. Infect. Immun. 43:368-379.
Lee, S. J., L. K. Romana, and P. R. Reeves. 1992. Sequence and
structural analysis of the rfb (O antigen) gene cluster from a group
C1 Salmonella enterica strain. J. Gen. Microbiol. 138:1843-1855.

Leinonen, M. 1985. Serological methods for the study of bacterial
surface antigens, p. 179-206. In T. K. Korhonen, E. A. Dawes, and
P. H. Mikeli (ed.), Enterobacterial surface antigens: methods for
molecular characterisation. Elsevier Science Publishers, Amster-
dam.

Le Minor, L., and M. Y. Popoff. 1987. Designation of Salmonella
enterica sp. nov., nom. rev., as the type and only species of the
genus Salmonella. Int. J. Syst. Bacteriol. 37:465—468.

Liu, D., A. M. Haase, L. Lindqvist, A. A. Lindberg, and P. R.
Reeves. 1993. Glycosyl transferases of O-antigen biosynthesis in
Salmonella enterica: identification and characterization of trans-
ferase genes of groups B, C2, and E1. J. Bacteriol. 175:3408-3413.
Liu, D., N. K. Verma, L. K. Romana, and P. R. Reeves. 1991.
Relationships among the rfb regions of Salmonella serovars A, B,
and D. J. Bacteriol. 173:4814-4819.

Lo, S., V. P. Miller, Y. Lei, J. S. Thorson, H.-W. Liu, and J. L.
Schottel. 1994. CDP-6-deoxy-A>“-glucoseen reductase from Yer-
sinia pseudotuberculosis: enzyme purification and characterization
of the cloned gene. J. Bacteriol. 176:460—468.

. Liideritz, O., A. M. Staub, and O. Westphal. 1966. Inmunochem-

istry of O and R antigens of Salmonella and related Enterobacte-
riaceae. Bacteriol. Rev. 30:192-255.

Lugtenberg, B., J. Meijers, R. Peters, P. van der Hoek, and L. van
Alphen. 1975. Electrophoretic resolution of the major outer
membrane proteins of Escherichia coli K12 into four bands. FEBS
Lett. 58:254-258.

Miikelii, P. H. 1965. Inheritance of the O antigens of Salmonella
groups B and D. J. Gen. Microbiol. 41:57-65.

Miikeld, P. H., and B. A. D. Stocker. 1984. Genetics of lipopoly-
saccharide, p. 59-137. In E. T. Rietschel (ed.), Handbook of
endotoxin, vol. I. Elsevier Science Publishers, Amsterdam.
Naide, Y., H. Nikaido, P. H. Miikeld, R. G. Wilkinson, and B. A. D.
Stocker. 1965. Semirough strains of Salmonella. Proc. Natl. Acad.
Sci. USA 53:147-153.

Neuhard, J., and E. Thomassen. 1976. Altered deoxyribonucleo-
tide pools in P2 eductants of Escherichia coli K-12 due to deletion
of the dcd gene. J. Bacteriol. 126:999-1001.

Nghiem, H. O., G. Bagdian, and A. M. Staub. 1967. Etudes
immunochimiques sur les Salmonella. 13. Détermination de la

35.

36.

37.

38.

39.

41.

42.
43.

45.
46.

47.

49.

50.

51

52.

53.

54,

5S.

S. ENTERICA GROUP D2 rfb REGION 4365

structure du polyoside spécifique d’une Salmonella du group D2
(S. strasbourg). Eur. J. Biochem. 2:392-398.

Nghiém, H.-O., K. Himmelspach, and H. Mayer. 1992. Immuno-
chemical and structural analysis of the O polysaccharides of
Salmonella zuerich [1,9,27,(46)]. J. Bacteriol. 174:1904-1910.
Nikaido, H., M. Levinthal, K. Nikaido, and K. Nakane. 1967.
Extended deletions in the histidine-rough-B region of the Salmo-
nella chromosome. Proc. Natl. Acad. Sci. USA 57:1825-1832.
Nurminen, M., C. E. Hellerqvist, V. V. Valtonen, and P. H.
Mikeld. 1971. The smooth lipopolysaccharide character of
1,4,(5),12 and 1,9,12 transductants formed as hybrids between
groups B and D of Salmonella. Eur. J. Biochem. 22:500-505.
Nyman, K., M. Plosila, L. Howden, and P. H. Mikeld. 1979.
Genetic determination of lipopolysaccharide: locus of O-specific
unit polymerase in group E of Salmonella. Zentralbl. Bakteriol.
Hyg. I. Abt. Orig. A 243:355-362.

Reeves, P. R. 1993. Evolution of Salmonella O antigen variation by
interspecific gene transfer on a large scale. Trends Genet. 9:17-22.

. Reisner, A. H., C. A. Bucholtz, J. Smelt, and S. McNeil. 1993.

Australia’s National Genomic Information Service. Proc. Twenty-
Sixth Annu. Hawaii Int. Conf. Systems Sci. 1:595-602.

Robbins, P. W., and T. Uchida. 1965. Chemical and macromolec-
ular structure of O-antigens from Salmonella anatum strains
carrying mutants of bacteriophage £'°. J. Biol. Chem. 240:375-383.
Sadosky, A. B., J. A. Gray, and C. W. Hill. 1991. The RhasD-E
subfamily of Escherichia coli. Nucleic Acids Res. 19:7177-7183.
Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning: a laboratory manual, 2nd ed. Cold Spring Harbor Labo-
ratory Press, Cold Spring Harbor, N.Y.

. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing

with chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA
74:5463-5467.

Smith, G. 1987. Mechanism and control of homologous recombi-
nation in Escherichia coli. Annu. Rev. Genet. 21:179-201.

Smith, G. R. 1991. Conjugational recombination in E. coli: myths
and mechanisms. Cell 64:19-27.

Sternberg, N., D. Tiemeier, and L. Enquist. 1977. In vitro packag-
ing of X dam vector containing EcoRI DNA fragments of Esche-
richia coli and phage P1. Gene 1:255-280.

. Stroeher, U. H.,, L. E. Karageorgos, R. Morona, and P. A.

Manning. 1992. Serotype conversion in Vibrio cholerae O1. Proc.
Natl. Acad. Sci. USA 89:2566-2570.

Tsai, C. M., and C. E. Frasch. 1982. A sensitive silver stain for
detecting lipopolysaccharides in polyacrylamide gels. Anal. Bio-
chem. 119:115-119.

Verma, N. K., N. B. Quigley, and P. R. Reeves. 1988. O-antigen
variation in Salmonella spp.: rfb gene clusters of three strains. J.
Bacteriol. 170:103-107.

Verma, N., and P. Reeves. 1989. Identification and sequence of
rfbS and rfbE, which determine antigenic specificity of group A
and group D salmonellae. J. Bacteriol. 171:5694-5701.

Wang, L., L. K. Romana, and P. R. Reeves. 1992. Molecular
analysis of a Salmonella enterica group E1 rfb gene cluster: O
antigen and the genetic basis of the major polymorphism. Genetics
130:429-443.

Xiang, S.-H., A. M. Haase, and P. R. Reeves. 1993. Variation of the
rfb gene clusters in Salmonella enterica. J. Bacteriol. 175:4877-
4884.

Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved
M13 phage cloning vectors and host strains: nucleotide sequences
of the M13mp18 and pUC19 vectors. Gene 33:103-119.

Zhao, S., C. H. Sandt, G. Feulner, D. A. Vlazny, J. A. Gray, and
C. W. Hill. 1993. Rhs elements of Escherichia coli K-12: complex
composites of shared and unique components that have different
evolutionary histories. J. Bacteriol. 175:2799-2808.



	University of Nebraska - Lincoln
	DigitalCommons@University of Nebraska - Lincoln
	7-1-1994

	Molecular Analysis of the rfb Gene Cluster of a Group D2 Salmonella enterica Strain: Evidence for Its Origin from an Insertion Sequence-Mediated Recombination Event between Group E and Dl Strains
	Shi-Hua Xiang
	Matthew Hobbs
	Peter R. Reeves


