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The O antigen of Salmonella group B strains contains the sugar abequose, whereas those from group A and
D strains contain paratose or tyvelose in its place. This is the essential difference between these Salmonella
groups. Only the final step in the biosynthesis of abequose differs from that of paratose, and the abequose
confers on group B strains their specific O4 antigen. The gene, rfbJ, encoding the enzyme abequose synthase
for this last specific step has been cloned, identified, and sequenced and has been shown to function in group
A and D strains to make them O4*. This one gene thus differentiates group B from group A or group D
salmonellae. The enzyme abequose synthase appears to be related to galactose epimerase, and the significance
of this is discussed. The 7fbJ gene and adjacent DNA is of much lower G+C content than is usual for
salmonellae, indicating that the region did not originate in a salmonella but was transferred from outside.

We are studying the genetics of a major polymorphism in
bacteria and present here the genetic base for the O4
antigenic epitope, which characterizes one form of the O
antigen polymorphism.

The O antigen is a polysaccharide which covers much of
the surface of gram-negative bacteria, although it may be
masked by a capsule external to the cell proper. The O
antigen is typically a polymer with a repeating oligosaccha-
ride of 3 to 6 sugar residues, which is linked through an
oligosaccharide core to lipid A, the whole comprising the
lipopolysaccharide (LPS), which is the major lipid of the
outer leaflet of the outer membrane characteristic of gram-
negative bacteria. The lipid A and core do not vary greatly
within a genus and are thought to be invariable within
salmonellae. The O antigen, however, is extremely polymor-
phic and in salmonellae, about 40 major forms are currently
recognized. It should be noted that the genus Salmonella
comprises a single species, S. enterica; unfortunately, the
many serovars are generally given full species rank, although
DNA hybridization and other factors show that the general
level of variation between these serovars is that expected for
a single bacterial species (4, 22).

We have studied three Salmonella groups (A, B, and D),
all of which have an O antigen with a repeat unit of four
sugars. Of these sugars, three form a mannosyl-rhamnosyl-
galactose backbone common to the three groups, which
differ only in the fourth sugar, a dideoxyhexose substituted
on the mannosyl residue. The dideoxy sugar is paratose in
group A, abequose in group B, and tyvelose in group D (see
reference 19 for a recent review). These three dideoxysugars
in their (a-1,3) linkage to mannose confer the 02, 04, and O9
antigenic epitope specificities, respectively.

Variation in the O antigen is thought to be largely the
result of variation in the rfb gene cluster (25), which maps at
42 minutes on the Salmonella chromosome (36). The genes
for the O antigen-specific parts of the biosynthetic pathways
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of the component sugars and the genes for the transferases
which build up the repeat oligomer on the carrier lipid,
undecaprenol phosphate, are all in this gene cluster. Five of
these genes are involved in the synthesis of CDP-abequose
(Fig. 1), the nucleotide sugar from which abequose is trans-
ferred to mannosyl-rhamnosyl-galactosyl-undecaprenolphos-
phate to complete the oligomer. The genes for the first two
steps, rfbF and rfbG, are well documented (29), but the other
genes were not individually named, since the overall reac-
tion carried out by the encoded enzymes was assayed as one
in that analysis. However, it is known that there are three
steps involved (27, 33), and we propose that the genes be
named rfbH, rfbl, and rfbJ, as shown in Fig. 1. A point
mutant in rfbH has been described previously (48).

It is only at the very last step that the pathways to CDP-
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FIG. 1. Pathway for the biosynthesis of CDP-abequose (taken
from reference 25).
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TABLE 1. Strains used

Our
Strain stock Characteristics Reference
0.4 or source
E. coli P2039 azi tonA lacY minA minB 12
DS410 xyl mtl thi ara
Salmonella
M6 IMVS isolate J84/0551, IMVS?®
serovar dublin, group D
M22 IMVS isolate J84/5174, IMVS
serovar dublin, group D
Ty2la M18 galE mutant of Ty2, sero- 13
var typhi, group D
IMVS1316 M8 Serovar paratyphi A, IMVS
group A
CL4419 P9003  hsdL trpB2 nml flaA66 3
rpsL xylT404 ilv-452

metES554 metA22 hsdA

“ Given only when different from the strain name.
b IMVS, Institute of Medical and Veterinary Sciences, Adelaide, Australia.

abequose and CDP-paratose diverge, and abequose syn-
thase, the rfbJ product, thus determines the 3,6-dideoxy-
hexose specificity (27). Note that in group A and group D
strains, abequose synthase is replaced by paratose synthase,
which reduces the same substrate to the glucose instead of
the galactose isomeric state at carbon 4, and we would
expect rfbJ to be replaced. Group D strains have, in addi-
tion, an epimerase to convert CDP-paratose to CDP-
tyvelose.

A partial gene order for the rfb cluster of strain LT2 was
established by using a series of mutants with deletions
extending from his into rfb (23, 29), and we have recently
cloned the whole region from strains LT2 (group B, serovar
typhimurium), IMVS1316 (group A, serovar paratyphi A),
and Ty2 (group D, serovar typhi) and located the known
genes, approximately, on a restriction map of the region (2,
3, 44).

In this study, we located and sequenced the rfbJ gene and
showed that when cloned into group A or group D strains, it
confers on them the ability to make abequose, which is then
incorporated into O antigen.

J. BACTERIOL.

MATERIALS AND METHODS

Strains are listed in Table 1. Strains marked IMVS were
obtained from the Institute of Medical and Veterinary Sci-
ences, Adelaide, Australia. All derived plasmids contain rfb
DNA from strain CL4419 (an LT2 strain). Map coordinates
are as in reference 3. Plasmids pPR301 and pPR302 contain
the EcoRI fragment of rfb from positions 0 to 9.57, inserted
in opposite orientations in the EcoRI site of pPEMBLS (9). All
other plasmids contain rfb DNA from LT2 cloned into
pUCI18 (47). Plasmid pPR303 is an EcoRI to BgIII fragment
cloned between the EcoRI and BamHI sites of pUCI1S;
pPRS586 and pPR587 contain an Sphl fragment cloned into
the Sphl site; and pPR874 contains an Hpal fragment cloned
into the Smal site. Plasmids pPR877 and pPR878 are two of
a family made from pPR303 by BAL 31 digestion from the
Pstl polylinker site, followed by addition of Ps¢I linkers and
ligation. The plasmids were used in experiments presented in
Fig. 2, and the map locations of restriction sites, the ends of
BAL 31 digestion, and orientation of inserts can be seen
there.

Analysis of O antigen and LPS. The 02, 04, and 09 O
antigen epitopes on cells were detected by slide agglutination
as described by Leinonen (20). Sera were generously given
by the Institute of Medical and Veterinary Science, Ade-
laide, South Australia.

The procedure of Hitchcock and Brown (16) was used as
a rapid means of preparing samples for electrophoresis on
acrylamide gels to detect LPS. The Western blot (immuno-
blot) procedure of Burnette (6) was followed to locate O4
antigen in LPS by using specific anti-O4 serum; the proce-
dures of De Joungh-Leuvenink et al. (8) were used for
adsorption of secondary antibodies and for developing the
horseradish peroxidase assay.

SDS-PAGE. Proteins were analyzed essentially as previ-
ously described (24) on 11 to 20% gradient sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gels. Samples were heated in a boiling water bath for 5
minutes before loading, and gels were stained by the method
of Achtman et al. (1).

Minicell methods. Minicells were purified on sucrose step
gradients, and [**S]methionine was incorporated into pro-
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FIG. 2. Expression of the antigenic epitope O4 in strain M6 carrying plasmids with LT2 rfb DNA. Arrowheads on lines representing clones
indicate the direction of transcription from the external lac promoter. Arrowheads on both ends of a line indicates that the insert was cloned
in both orientations, in which case the name to the left represents the plasmid in which the external lac promoter reads into the insert material
from right to left. Map positions (in kilobases) are from Brahmbhatt et al. (3).
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teins as described by Dougan and Kehoe (10). Extracts of
labeled minicells were electrophoresed on 11 to 20% gradient
SDS-PAGE, dried down at 80°C onto Whatman 3MM filter
paper, and autoradiographed at room temperature.

DNA methods. Routine methods were as described by
Maniatis et al. (26). Sequencing was carried out by the
dideoxy method of Sanger et al. (37, 38). Fragments from an
Hpal-HindIIl double digest of the EcoRI-Pstl insert from
pPR303 were treated with DNA polymerase to end fill the
HindIll- and EcoRI-cut ends. They were separated on an
agarose gel, and individual bands were cut out and cloned
into M13mp18 (30) for sequencing. Further sequence was
obtained from some of the BAL 31 deletions of pPR303
described above, after transferring the EcoRI-PstI fragments
to M13mp18. Remaining gaps were filled in by using syn-
thetic oligonucleotides as primers and a suitable M13mp18
clone from those described above, to give sequence in both
directions from the Hpal site at 8.31 to the EcoRI site at
9.57.

All computer sequence analysis was done on the MBIS
System at the CSIRO Biotechnology Laboratory, Sydney,
Australia (5), which incorporates several sets of programs.
The sequence was assembled by using the DB system of
Staden (41, 42), and the molecular weight and a hydropho-
bicity index were calculated by the program ANALYSEQ
(41). We used the program PREDICT, which combines eight
different methods to produce a joint protein secondary
structure prediction (11). The program MTX (34) was used
with the substitution matrix of Dayhoff et al. (7) to give a dot
matrix sequence comparison, and the program BESTFIT in
the GCG package, which uses the ‘‘local homology’’ algo-
rithm of Smith and Waterman (40) was used to align pro-
teins.

RESULTS

Identification of rfbJ. The O antigens of groups A, B, and
D are chemically very closely related, and as a first step in
unraveling the genetic basis of O antigen variation, we have
looked for the genetic basis for the specificity of group B
strains relative to group A or D, essentially because strain
LT2, a group B strain (serovar typhimurium) has been well
characterized genetically. Group B salmonellae are distin-
guished from group A and D strains by having abequose in
their O antigen and are expected to have the gene rfbJ,
which encodes the one step specific to the abequose biosyn-
thetic pathway.

Our earlier studies (3, 44) had shown that the rfb regions of
Salmonella strains LT2 (group B) and Ty2 (group D) were
almost identical over much of their lengths, with only about
4.37 kilobases of LT2 DNA not showing homology with Ty2
DNA by restriction mapping, by Southern blotting, or het-
eroduplex analysis. We have since shown by Southern
blotting at low stringency that there is some homology over
much of this latter region (unpublished data) and now refer
to it as a region of low homology. The deletion which
defined, collectively, the terminal three genes of the abe-
quose pathway (rfbH, rfBI, and rfbJ) also ended within this
region of low homology, giving an approximate location for
rfbJ (although it should be noted that the data showed only
that at least one of the three genes lay in this area). We
therefore transferred plasmids pPR586, pPR587, and pPR301
(Fig. 2), which cover this approximate area, into repre-
sentative strains of group A and group D (Ty2la, M6, and
M22). The transformants all produced epitope O4, in addi-
tion to the O2 or O9 epitopes of the parent strains.
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FIG. 3. Epitope O4 of group B expressed in cells of strain M6, a
group D strain. Cell lysates were run on an 11 to 20% SDS-PAGE
gradient gel and transferred to nitrocellulose paper. This was probed
with anti-O4 antisera as the primary antiserum and developed with
a commercially available goat anti-rabbit horseradish peroxidase
conjugate. Strains are M6 carrying pPR874 (lane 1), pPR303 (lane 2),
or no plasmid (lane 3) and CL4419 (lane 4).

A family of BAL 31 deletion mutants was then made from
pPR303, and a selection of these clones was transformed into
strain M6 and checked for O4 antigen. M6 carrying pPR878,
which had an rfb DNA insert of 1.40 kilobases (from 8.17 to
9.57), was able to produce O4 antigen, whereas M6 carrying
pPR877, which had an rfb fragment of 1.13 (from 8.44 to
9.57), did not (Fig. 2).

The DNA necessary for this complementation was further
defined by using pPR874, which contains an Hpal fragment
bounded by 8.31 and 9.54, and which, when transformed into
strain M6, gave a strain which produced O4 antigen, as well
as 09 antigen. Thus, the DNA necessary for this comple-
mentation has been localized to a 1.23-kilobase DNA frag-
ment, which we assume must carry rfbJ.

LPS from M6 strains carrying plasmids which express rfbJ
showed the typical ladder (data not shown) when it was
electrophoresed on polyacrylamide gels and silver stained
(15, 18, 32). When such gels were developed as a Western
blot with anti-O4 sera, the typical LPS ladder was again seen
(Fig. 3), showing that the O4 determinant was polymerized
to give LPS of normal length.

Visualization of rfbJp and the sequence. Plasmids carrying
rfbJ were transformed into DS410, and minicells were pre-
pared and labeled, and their proteins analyzed by SDS-
PAGE. The result is shown in Fig. 4. Strains carrying rfbJ
produce one extra band that corresponds to a protein of M,
33,000.
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FIG. 4. Proteins produced by minicells carrying a plasmid with
rfbJ. Strain DS410 carrying pPR874 (lane 1) or pUCI18 (lane 2) was
grown with [3S]methionine, minicells were harvested and lysed,
and whole cell extracts were run on SDS-PAGE. An autoradiograph
is shown, and an additional band of 33 kilodaltons can be seen when
pPR874 is present.
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EcoRI
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-250.

mmmwmmammlmswmdmyszt1emm-mmmmwammmummvamwu
TTACCAGAAGCAACAGAGAAATCAGATCCATCCTGG TTTGGCTTCOCTATCACCCTGAAAGAAA CTAGCGG TG TTAACCG TGTCGAACTGGTGAAATTOCTTGATGAA

GAATTCCTCGAA
-200.

.TCGGTACACGTTT. TTCGCCAACCGTA'

-150.

AR’

AlaLysIlecly'rhmrglgulaurhonlaclyunuul1ehrgclnPro‘rerhmmnValLysWdValGlyGluIﬂmmmmnmlnm
GCAAAAA ACTGTTTGCTGGAAATCTGA' TTTTGCTAATGTGAAATATCGTGTAGTGGGTGAGT TGACAAATACCGACCG TATAATGAATCAAACG

-100. -50.
PheTrplleGlyIlleTyrProGlyLeuThrThrGluHi sLeuAspTyrValValSerLysPheGluGluPhePheGlyLeuAsnPhe* **

+1.

& Met

TTCTGGATTGGTATTTATCCAGGCTTGACTACAGAGCATT TAGATTATGTAG T TAGCAAG TTTGAAGAGT TCTTTGGTTTGAATTTCTAATTCAAT TTAT TCTATCTGGTGATTGCGATG

50.

100.
ThrPheleulysGluTyrValIleValSerGlyAlaSerGlyPhelleGlyLysHisLeuLeuGluAlaleuLysLysSerGlyIleSerValValAlal leThrArgAspValllelys
GTGGGGCT TCCGGCTTTATTGGTAAGCATTTACTCGAAGCGCTAAAAAAA TCGGGGATTTCAGTTGTOGCAATCACTCGAGATGTAATAAAA

ACCTTTTTGAAAGAATATGTAATTGTCA(
150.

200.

MMsnSemmmmnvmmmlmzmmnIleGluIauIquﬂleluImSerIleAlpSerAlMIloGlyIICIIﬁllmudﬂl:Glul‘yt
TGGTGCAGTTGGGA TTCTGCATTAATTGGTA'

AATAATAGTAATGCATTAGCTAATGTTAGA'
250. 300.

GlyHisLyaThrSetSerlaunmnIloclmpAlaAanalneLysProum.ynmuuMpuuuulaynwmlmpllmwm
GGGCATAAAACATCATCTCTCA' TTGAAGATGCAAATGTTATAAAACCA' TTTGGCAATAAAATATCGGGOGGATATCTTTTTAAATACAGATAGTTTTTTT

TAAATA'
400.

TAATATCGAATTATTAGTCGAGGAGTTATCAATTGA'

TCATTCATTTGGCAACAGAATAT
350.

450

AlaLysLysAspPheAsnTyrGlnHisMetArgProTyrI lelltl‘h.l.’LysA:gﬂilPMluIchlyﬁilmmmmpllmw
GCCAAGAAAGA' CTTTGATGAAATTGGGCATTA' TGACATTTCATTTGTAAACA'

TTTTAATTATCAACATATGOGGCCT TATATAAT TACTAAAAGACA(

500.

TTATGCTAATATGCA' TGOGATTA

550. 600.
Ile

GluHisValTyrGlyProGlyAspGlyGluAsnLysPhel leProTyrilelleAspCysLeuAsnLysLysGl Val. ThrThrGlyGluGlnI )
YProGly. YG. y Tyr: = pCys. nLysLysGlnSerCysValLysCys' yGl eArghspPhe.

GAGCATGTATA' TAAATTTATTCCATACA'

TAAGAGACTTTATT

50. 700.
PheValAspAspValValAsnAlaTyrLeuThrlleLeuGluAsnArgLysGluValProSerTyrThrGluTyrGlnValGly ThrGlyAl aGlyValSerLeulysAspPheLeuVal
TGCTTATTTAACTATATTAGAAAA TAGAAAAGAAGTACCT TCATATACTGAG TATCAAGT TGGAACTGGTGCTGGGGTAAGT TTGAAAGATT TTCTGGTT

TTTGTAGATGATGTGGTAAA'
750.
TATTTGCAAAATACTATGATGCCAGGTTCATCGAGTATATTTGAA'

800.
TAATGAAATAA'

TyrLeuGlnAsnThrMetMetProGlySerSerSerIlePheGluPheGlyAlaIleGluGlnArgAspAsnGlul leMetPheSerValAl aAsnAsnLysAsnleuLysAlaMetGly
TTTGGTGCGATAGAGCAAAGAGA' TGTTCTCTGTAGCAAATAATAMAATTTAAAAGCAATGGGC

850. 900.
TrplLysProAsnPheAspTyrLysLysGlyIleGluGluLeuleuLysArgLeut***

1

TGGAAACCAAATTTCGATTATAAAAAAGGAATTGAAGAACTACTGAAACGGT TATGAGAT TTTCATGATCTT TTAATAAATAAATOGT TAAC

FIG. 5. DNA sequence of the rfb region from the EcoRlI site at 9.57 to the Hpal site at 8.35. An incomplete open reading frame and a
complete one assumed to represent rfbJ are shown by their derived amino acid sequences. A possible Shine-Dalgarno site is indicated (SD).

See Fig. 2 for map positions.

The region from the EcoRlI site at 9.57 to the Hpal site at
8.31 was sequenced, and the sequence is shown in Fig. 5. It
contains a single complete open reading frame which must
thus represent the rfbJ gene. There is also the 3’ end of an
open reading frame comprising 109 codons, which reads
through the EcoRI site and terminates 27 bases from an ATG
codon which we assume to be the start of the rfbJ gene. The
protein encoded is composed of 299 amino acids and has a
predicted molecular mass of 34,106 daltons, which agrees
well with the estimate based on the protein seen on PAGE
gels. The protein was given a hydrophobicity index of 16.18
by ANALYSEQ.

DISCUSSION

The 1.23-kb insert in plasmid pPR874 confers on group A
and group D strains the ability to make abequose, and,
hence, the one complete open reading frame present must
represent rfbJ, which thus lies between approximate posi-
tions 8.31 and 9.21 of our restriction map.

The rfbJ gene in pPR874 is expressed, although in the
wrong orientation to be read from the lac promoter of the
vector. We conclude that there is either another vector
promoter reading into the insert from the other end or there
is a promoter in the insert; however, there is no good
promoter sequence apparent upstream of rfbJ and resolution
of this matter requires further study. The upstream open
reading frame terminates 27 bases before the start of rfbJ.
There is a weak potential Shine-Dalgarno sequence which is

marked in Fig. 5§ and may function or there may be some
readthrough from the upstream open reading frame, al-
though the 27-base interval is not within the range reported
for efficient readthrough (14). Alternatively, rfbJ may start at
the GTG codon three codons upstream of the ATG codon
and may not have a Shine-Dalgarno sequence.

The product of rfbJ. Abequose synthase is a dehydroge-
nase converting CDP-4-keto-3,6-dideoxy-D-glucose to CDP-
3,6-dideoxy-D-galactose, (CDP-abequose), transferring two
hydrogen atoms from NADPH to the keto moiety on carbon
4 (27). NAD-linked dehydrogenases, as a class of proteins,
have been extensively studied by X-ray crystallography. The
NAD-binding domain, common to NAD-linked dehydroge-
nases, consists of a six-stranded parallel beta sheet (strands
named BA to BF) connecting alpha helices.

The PREDICT program (11) predicts several beta strands
within the first 140 amino acids of abequose synthase. The
amino acids of the first two show a reasonable fit to the
pattern for BA and BB, particularly with regard to amino
acids thought to be necessary for structural stability and
function in the NADH-binding domain (35) (Fig. 6).

We conclude that abequose synthase probably has the
six-beta-strand structure characteristic of NAD-linked dehy-
drogenases and that BA and BB occupy residues 6 to 13 and
31 to 37, respectively, with potential BC and BD segments at
residues 48 to 54 and 74 to 79.

Comparison of the rfbJ and galE genes and their products.
The enzyme UDP-glucose-4-epimerase encoded by the gene
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FIG. 6. Comparison of abequose synthase and UDP-glucose-4-epimerase with
shown are: 1, dogfish lactate dehydrogenase; 2, pig glyceraldehyde-3-phosphate dehydrogenase; 3, lobster glyceraldehyde-3-phosphate
dehydrogenase; 4, yeast glyceraldehyde-3-phosphate dehydrogenase; 5, horse liver alcohol dehydrogenase; 6, rat liver alcohol dehydroge-
nase; 7, bovine glutamate dehydrogenase; 8, abequose synthase; and 9, UDP-glucose-4-epimerase. The alignment of sequences 1 to 7 is taken
from Table 4 of Rossman et al. (35) and is based on known tertiary structures. The functions indicated on the top line are B sheet residues
in hydrophobic pockets facing o helices (H) or residues in the helices in the pocket and facing the B sheet (S), or they are functional in binding
the AMP component of the coenzyme (F). Residues with these functions were identified by Rossman and are circled. Sequence 8 is from this
study, and sequence 9 is from reference 21. These two bacterial sequences have been aligned by eye with the other seven sequences. The
residues shown under BA and BB comprise essentially the first two B sheets predicted (see Fig. 6). We have shaded homologous residues by
using three criteria: (i) all residues circled as indicated above; (ii) all residues in sequences 7 to 9 which are identical or very similar to circled
residues; (iii) all blocks of 2 or more identical or very similar residues at a given position, unless the homology involves only 2 of the 4 enzyme
specificities represented by sequences 1 to 7. In most positions, only one set of identical or similar residues was found; in the other positions,

distinctive shading was used for one of the 2 sets.

galE interconverts UDP-galactose and UDP-glucose by a
mechanism which has similarities to that of abequose syn-
thase (see below).

The sequence of the Escherichia coli galE gene has been
published (21), and we have analyzed the predicted amino
acid sequence by the methods discussed above. We find beta
strand and alpha helix predictions that fit with the model for
the NAD*-binding domain, and there is good homology with
well characterized NAD-linked dehydrogenases for the first
two beta segments of that domain (Fig. 6).

An MTX dot plot comparison (Fig. 7) of the amino acid
sequences of abequose synthase and the epimerase shows
homology at the amino-terminal end and in the carboxy-
terminal half. Alignments for these two regions are shown in
Fig. 7: the sequences assigned above to BA are very strongly
conserved between the two, with eight identical and three
similar amino acids within and immediately beyond BA. The
carboxy-terminal half has a more moderate but extended
amino acid homology.

The homology between abequose synthase and UDP-
glucose-4-epimerase is extremely interesting. The epimerase
is a dimer with a single tightly bound NAD", which is used
to oxidize carbon 4 of UDP-glucose or UDP-galactose to
UDP-4-keto-glucose (46). However, the UDP-4-keto-glu-
cose and NADH are not released, but the keto group can be
reduced back to a hydroxyl group in either the glucose or
galactose isomeric form. Thus, the enzyme can interconvert
UDP-glucose and UDP-galactose through its unusual prop-
erty of being able to attack the keto group from either side.

Abequose synthase uses NADPH as a cofactor and re-
duces the 4-keto group of CDP-4-keto-3,6-dideoxy-glucose
to the galactose isomeric form. We propose that it is struc-
turally similar to UDP-glucose-4-epimerase but can attack its

substrate from one side only, to give CDP-abequose (or,
alternatively, the isomer CDP-paratose may be too tightly
bound to the active site for it to be released at detectable
levels). Abequose synthase also differs from UDP-glucose-
4-epimerase in releasing the NAD™, thus acting as a typical
dehydrogenase.

The corresponding enzyme of group A (and also group D)
strains, paratose synthase, reduces the 4-keto group of the
same substrate to the glucose isomeric form and differs from
abequose synthase in allowing attack from the other side
only (or in allowing release only of CDP-paratose). In the
accompanying paper we give the sequence of the paratose
synthase gene of a group D salmonella.

The low G+C content. The rfbJ gene has a very low
guanosine-plus-cytosine (G+C) content of 0.32, whereas
Salmonella genes normally have about 0.51 G+C content.
The variation in G+C content in different bacterial species is
thought to be due to differences in the mutation rates
(A.T)~(G.C) and (G.C)—=(A.T), (where (A.T) refers to an
AT or TA base pair and (G.C) to a GC or CG base pair). This
gives rise to a bias in genetic drift (a directional mutation
pressure) to give the whole genome a G+C content charac-
teristic for a given species or group (43). The rfbJ gene, and
perhaps more or even all of the rfb gene cluster, must thus
have developed in an organism with a low G+C content and
then have been transferred to the genus Salmonella. The
genus Salmonella is in the family Enterobacteriaceae, with
G+C contents ranging from 0.38 to 0.60 (4), and the rfbJ
gene is presumed to derive from a source outside of this
family. The G+C content of first, second, and third codon
bases (P;, P,, and P;) is 0.41, 0.30, and 0.24, respectively,
showing the descending content characteristic of low-G+C
species (28, 43).
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FIG. 7. Relationships of the amino acid sequences of abequose
synthase (RfbJ) and UDP-glucose-4-epimerase (GalE). The diagram
shows the output from the program MTX, with the span for
comparisons set at 16 residues. The sequence alignment was ob-
tained with the program BESTFIT by using the default parameters
of gap weight = 5.0 and gap length weight = 0.3.

P, can range from 0.09 to 0.95 and reflects quite well the
directional mutation pressure (43). P, and P, vary over a
smaller range, due to constraints related to amino acid
choice, and presumably drift much more slowly. The values
of P, and P, for rfbJ are only a little lower than those for a
typical gene with a P, of 0.24. The value of P, of rfbJ thus
still reflects the equilibrium established in its low-G+C
source species and has not had time to drift significantly
since transfer to the genus Salmonella. Given that synono-
mous substitution (base changes which do not affect the
amino acid coded and gccur mostly in base 3) since the
divergence of the genera Escherichia and Salmonella aver-
ages 0.90 per synynomous site (39) and such substitution
would bring P; close to equilibrium for the species, we
conclude that transfer of rfbJ must have occurred a short
time ago relative to the time since the two genera diverged.
Several genes encoding virulence factors in E. coli and

J. BACTERIOL.

Vibrio cholerae have low G+C contents, but they are all
factors present in only some pathogenic strains or species
and in the case of E. coli, the genes are often on plasmids.
I'ransfer from other species is easily explained. However the
O antigen is characteristic of gram-negative bacteria and is
very widely present. It is, therefore, surprising to find that
genes concerned with the specificity of this polymorphic but
generally present character have been transferred from a
distantly related species.
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