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Salmonella enterica and Yersinia pseudotuberculosis are the only examples in nature known to use a variety
of 3,6-dideoxyhexose derivatives as 0 antigen constituents. To allow a comparison of the responsible
biosynthetic genes ofthe two organisms, we have sequenced a section of the Y. pseudotuberculosis serogroup IIA
rfb region that contained the genes for the abequose biosynthetic pathway. Comparison of the identified
genes with the rib region of S. enterica LT2 showed that the two dideoxyhexose pathway gene clusters are
related. The arrangement of the genes was largely conserved, and the G+C compositions of the two DNA
regions were strikingly similar; however, the degree of conservation of nucleotide and protein sequences
suggested that the two gene clusters have been evolving independently for considerable time. Hybridization
experiments showed that the dideoxyhexose pathway genes are widespread throughout the various serogroups
of Y. pseudotuberculosis.

3,6-Dideoxyhexoses (DDH) are a group of unusual, highly
immunodominant monosaccharides found almost exclu-
sively within the 0 antigen component of lipopolysaccharide
(LPS). Of eight possible derivatives, only five have so far
been found to occur naturally: four of them (abequose,
paratose, tyvelose, and colitose) within strains of Salmo-
nella enterica, and all five (including ascarylose) within
strains of Yersinia pseudotuberculosis. Isolated Escherichia
coli and Citrobacter strains are also known to contain DDH,
although in these cases the repertoire is limited to the
formation of colitose or abequose, respectively. Only in one
situation, in the parasitic Parascaris worm, has a DDH (in
this case ascarylose) been found outside LPS (25). Within Y
pseudotuberculosis, DDH are particularly widespread as 0
antigen constituents. The antigenic typing scheme of Y
pseudotuberculosis has recently been revised (1), suggesting
the division into seven major serogroups (I to VII). This
division largely reflects the distribution of DDH derivatives
throughout the species: group I and III strains possess
paratose, group II strains possess abequose, group IV
strains possess tyvelose, group VA strains possess ascary-
lose, and group VI and VII strains possess colitose (20, 35);
group VI strains additionally incorporate yersiniose, a DDH-
related sugar, into their LPS, while group VB strains contain
6-deoxy-L-altrose instead of a DDH. The assignment of
strains containing similar DDH derivatives to different sero-
groups (e.g., I and III or VI and VII), as well as a further
subdivision of some groups into subgroups (IA and -B; IIA,
-B, and -C; IVA and -B; and VA and -B), is due to
differences in sugar composition and arrangement of the
remaining 0 unit (35).

In both S. enterica and Y pseudotuberculosis, DDH are
formed by the same biosynthetic-reaction sequences. Four
DDH, abequose, tyvelose, paratose, and ascarylose, are
synthesized by a common pathway proceeding from CDP-
D-glucose (Fig. 1) (28); the fifth, colitose, is derived from
GDP-D-mannose presumably via a similar reaction sequence
(11). All enzymes involved in DDH biosynthesis in S.
enterica are encoded within the rib gene cluster, which is
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responsible for the formation of the O-specific subunit of the
LPS (26).
The rfb gene clusters of several DDH-containing S. enter-

ica strains have been cloned and sequenced (7, 8, 17, 24, 45,
50), and most of the DDH-related genes have been identified.
In all cases investigated, the arrangement of the DDH
pathway genes and their relative positions within the rib

region are conserved: immediately downstream of the rham-
nose pathway genes, a block of four highly conserved genes
is found, comprising rfbF and rfbG as well as two open
reading frames (ORFs), orf7.6 and orflO.4, which are
thought to correspond to the postulated DDH pathway genes
rflI and OJbH (8). Abequose-forming strains of serogroups B
and C2 (serovars typhimurium and muenchen, respectively)
were shown to possess another gene, rfbJ, coding for
abequose synthase, which is located adjacent to this highly
conserved block; although secondary structure predictions
indicated very similar proteins, DNA and amino acid se-

quences of the two rfbl genes had only low levels of
similarity (only 36% identity at the amino acid level [8]). In
strains forming tyvelose and paratose (serovars typhi and
paratyphi of serogroups D and A, respectively), the rfbJ

gene was replaced by a paratose synthase gene, rUbS, and a
tyvelose epimerase gene, rfbE (46). The tyvelose epimerase
gene in the paratose-producing group A strain, however, was
found to be inactive because of a single point mutation.
While rfbS still showed a low degree of similarity to rfib at
the DNA sequence level, no counterpart to rfbE was found
in the rfb region of the abequose-producing strains of S.
enterica. Sequence analysis revealed unusually low G+C
contents for all rib regions investigated, suggesting a rela-
tively recent transfer of the gene cluster to S. enterica from
a nonenterobacterial donor with a low G+C content (8, 17,
22, 48).
We have previously reported the cloning of the Y pseudo-

tuberculosis serogroup IIA rib region (19). Hybridization
studies of this abequose-producing strain (M85) had shown
that at least some of the M85 rib genes are related to DDH
pathway genes (rfbF and rCbG) of S. enterica LT2. In this
study, we present the sequence and detailed analysis of the
DDH pathway gene region of this Y pseudotuberculosis
strain. Most of its DDH pathway genes were clearly related
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FIG. 1. Biosynthetic pathways for the formation of DDH. (A)
Colitose pathway. (B) Pathway for formation of the derivatives
abequose, ascarylose, paratose, and tyvelose. The rfb genes in-
volved are indicated. They encode enzymes as follows: rfbF,
glucose-1-P cytidylyltransferase; rfbG, CDP-D-glucose oxidoreduc-
tase; rfbH, CDP-4-keto-6-deoxy-D-glucose-3-dehydrase; rjbI, CDP-
6-deoxy-A3'4 glucoseen reductase; rfbJ, CDP-abequose synthase;
rfbS, CDP-paratose synthase; rfbE, CDP-2-tyvelose epimerase (26).
The enzymes and the biochemical reaction steps involved in the
formation of ascarylose from the common intermediate CDP-4-keto-
3,6-dideoxy-D-glucose have not yet been elucidated.

to counterparts in S. enterica. G+C contents and codon
usage data for the Y. pseudotuberculosis DDH pathway
genes were found to be very similar to those for S. enterica,
while the DNA and amino acid sequences have diverged
considerably and the rfbJ gene had only low levels of
similarity with the rfbJ genes of S. enterica identified previ-
ously. Possible histories of the DDH pathway genes are
discussed. Hybridization experiments using the M85 DDH
pathway genes as probes demonstrated widespread distribu-
tion of these genes throughout Y. pseudotuberculosis.

MATERIALS AND METHODS

Bacterial strains. E. coli K-12, S. enterica, and Y. pseudo-
tuberculosis strains used are listed in Table 1. All strains
were cultivated in NB broth as described by Maniatis et al.
(27); Y. pseudotuberculosis was grown at 30'C, while all
other strains were grown at 370C.
Enzymes and chemicals. DNA polymerase I, RNase A,

Klenow polymerase, exonuclease III, S1 nuclease, restric-
tion enzymes, T4 DNA ligase, Taq polymerase, and deoxy-
and dideoxynucleotide mixes were from Pharmacia LKB
Biotechnology, Uppsala, Sweden, or Boehringer Mannheim
Biochemicals, Indianapolis, Ind.; DNase I and other chem-
icals were from Sigma Chemical Co. and Ajax Chemicals,
Sydney, Australia. Reinforced nitrocellulose membrane was
from Schleicher & Schuell. An Applied Biosystems 370A
DNA sequencer and dye-labelled M13 universal and reverse
primers were from Applied Biosystems Inc. Radiochemicals
([a-32P]dCTP) were from Bresatec Ltd., Adelaide, Australia.
Phages and plasmids. Plasmid pPR1197, containing the

complete functional rib region of Y. pseudotuberculosis M85

in the cosmid vector pPR691 (Fig. 2A) (19), was used as a
DNA source for most subcloning procedures. Fragments for
sequencing were cloned into either the plasmid vector pT7T3
19U (Pharmacia) or the phage vectors M13mpl8 and
M13mpl9 (31). Helper phage M13KO7 was obtained from
Pharmacia. DNA fragments to be used as hybridization
probes were subcloned into pUC18 (51).
DNA techniques. Plasmid DNA preparation, single-

stranded DNA preparation for clones in M13 vectors, agar-
ose gel electrophoresis, radioactive labelling of DNA, auto-
radiography, ligation, and bacterial transformation using
CaCl2 were performed as described by Maniatis et al. (27).
Transformation of E. coli-derived plasmid DNA into S.
enterica M6 could not be carried out directly because of
restriction systems in the S. enterica host. E. coli-derived
plasmid DNA was, therefore, first transformed into the
restriction-negative S. enterica P9121; the plasmid isolated
from this strain could then easily be introduced into M6.

Propagation of M13KO7 and preparation of single-
stranded DNA from pT7T3-derived deletion clones were
carried out as described by the supplier, Pharmacia, or
alternatively, by using the protocol of Blondel and Thillet
(6). Hybridization conditions were those outlined by Howley
et al. (16) for high stringency: the hybridization solution
contained 50% (vol/vol) formamide, and hybridization was
carried out at 37°C. The filter was washed three times for 5
min each time at room temperature in 2x SSC (lx SSC is
0.15 M NaCl plus 0.015 M sodium citrate)-0.1% sodium
dodecyl sulfate (SDS), then for 1 h in lx SSC-0.1% SDS at
56°C, and finally for 15 min in 0.lx SSC-0.1% SDS at 56°C.

Sequencing strategy. A 7-kb PvuII fragment covering the
DNA region thought to contain most of the Y pseudotuber-
culosis abequose pathway genes (as indicated by previous
hybridization experiments [19]) was isolated from pPR1197
and ligated into the HindII polylinker restriction site of
pT7T3 19U. Plasmids pPR1224 and pPR1225 were isolated;
they carried the desired fragment in opposite orientations
with respect to the universal priming site to allow sequencing
of both DNA strands. An overview of the subcloning and
sequencing strategy is given in Fig. 2B. By usingBamHI and
SacI as the 5' and 3' restriction enzymes, respectively,
nested sets of deletions were then created in each plasmid
with exonuclease III according to the protocol of Henikoff
(15); plasmid pT7T3 19U carries the IG (intergenic) region
from phage fl which allows derivatives to be packaged as
single-stranded DNA during superinfection with helper
phage M13KO7 (47). Gaps in the assembled sequence were
closed by subcloning suitable DNA restriction fragments
into the sequencing vector M13mpl8 or M13mpl9 to yield
the complete sequence from position 2.7 to position 9.7; the
DNA sequence from position 1.75 to position 2.7 was also
determined by subcloning into M13, while the area from 9.7
to 10.55 was sequenced by using DNA fragments subcloned
into pUC18 as double-stranded templates. E. coli NM522
was used as the cloning host in all experiments involving
pUC18- and pT7T3 19U-derived clones, while E. coli JM101
was used for all M13 clones. All DNA preparations were
sequenced by the chain termination technique of Sanger et
al. (37) by using fluorescent dye-labelled M13 universal or
reverse primers and running the reaction mixture on an
Applied Biosystems 370A sequencer.

Analysis of sequence data. Sequence data were analyzed by
using the Australian National Genomic Information Service
at Sydney University, which incorporates several sets of
programs. Sequences were assembled by using the program
SAP (40, 42); molecular weight and G+C content were
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TABLE 1. Bacterial strains

Strain Laboratory Characteristics Source or referencestock no.

Y pseudotuberculosis

H102/88

H892/87
H749/89
H376/89
H165/891
H1779
H713/86
H1091/90
H1132/90
H715/86
H717/86
H719/86
H1092/90
H450/86
H1117/90
H720/86
H1098/90
H455/86
H143/84
H130/87 S
H125/87 S
H62/87 S
H172/87 S
H302/89
H97/88
H144/86
H2/87 S
H14/87 S
H132/87 S
H207/87 S
H721/86

M85

M443

M444
M445
M446
M448
M449
M451
M452
M453
M454
M455
M456
M457
M458
M459
M460
M461
M462
M463
M464
M465
M466
M467
M468
M469
M470
M471
M472
M473
M474
M475

Serotype IIA

Serotype IA

Serotype IA
Serotype IB
Serotype IB
Serotype IIA
Serotype IIB
Serotype III
Serotype IVA
Serotype IVA
Serotype IVB
Serotype IVB
Serotype VA
Serotype VA
Serotype VB
Serotype VB
Serotype VI
Serotype VI
Serotype VII
Serotype IIA
Serotype IIA
Serotype IIB
Serotype IIC
Serotype IIC
Serotype III
Serotype III
Serotype VA
Serotype VA
Serotype VB
Serotype VB
Serotype VII
Serotype VII

D. Hughes, New South Wales Dairy
Corporation laboratory

S. Aleksic, Institute for Hygiene,
Hamburg, Germany

S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic
S. Aleksic

JM109 carrying pPR1197
lacZ trpA kdgR recAl rpsL25 hsdR trpR

A(edd-zwf)22 A(attA-rfbD)
Ahsd-5 A(lac-pro)
NM522 carrying pPR1224
NM522 carrying pPR1225

S. enterica LT2 A(his-rfl)388
S. entenca LT2 leu hsdL (r- m+) trpD2
rpsL120 ilv-452 metE551 metA22 hsdA(r- m+)
hsdB(r- m+)

S. entenca serovar dublin

51
19
3

Pharmacia
This study
This study

30
9

S. Dixon, Institute of Medical and
Veterinary Science, Adelaide,
Australia; 1983

determined by using the program NIP (41); and secondary
protein structures, hydrophobicity, and charge distribution
were calculated by the program CHOU (GCG package [10]).
The RNY (purine:N-pyrimidine) preference method of Shep-
herd (39) was used to identify ORFs. To allow DNA and
amino acid sequence alignments, the programs GAP, BEST-
FIT (GCG package [10]), and SEQA (18) were used. Param-
eters for running BESTFIT were as follows: gap weight, 5.0;
gap length weight, 0.3. Promoter search programs were
generously provided by M. C. O'Neill. ALIGNIC2 searched
for promoters on the basis of information content (33).

MOLBVHI3 used the information content Berg-von Hippel
function, and the program VONHIPIC was used to calculate
the index for each potential promoter, as described by
O'Neill (32).
Y pseudotuberculosis nucleotide sequence data available

from the GenBank and EMBL DNA sequence collections
were extracted, noncoding sequences were removed, and
the G+C contents of the three codon positions were calcu-
lated as described by Sueoka (44). All genes of the two
subspecies (Y pseudotuberculosis subsp. pseudotuberculo-
sis and Y pseudotuberculosis subsp. pestis) available at

E. coli
JM101
P4554
GB23152

NM522
P4580
P4581

S. entenica
P9029
LB5000

P2398

P3898

P4442

M6

P9121

J. BACTERIOL.
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FIG. 2. (A) Restriction map of plasmid pPR1197, which contains the complete Y pseudotuberculosis M85 rib region (19). B, BamHI; S,
Sall; Bg, BglII; E, EcoRI; H, HindIII; P, PstI; Pv, PvuII; X, XhoII. Numbers represent length in kilobases. (B) Sequencing strategy. The
fragments are aligned with panel A. Some of the restriction sites used for subcloning of the smaller fragments were deduced from the DNA
sequence and are not shown in panel A. A total of 8.8 kb (from positions 1.75 to 10.55) was sequenced. The Pvull-PvuII fragment (positions
2.7 to 9.7) was cloned into pT7T3 19U in both orientations with respect to the universal priming site; the two resulting plasmids were

designated pPR1224 and pPR1225 and sequenced by using nested sets of deletions. Fragments 1 (SalI-PvuII; positions 0 to 2.7),
2 (SalI-HindIII; positions 0 to 2.45), 3 (HindIII-EcoRI; positions 2.45 to 4.05), and 4 (HindII-HindIII; positions 1.75 to 2.45) were cloned into
M13mpl8 or M13mpl9 and sequenced by using single-stranded templates. Arrows denote the direction and the length of the sequence

obtained from a clone; sections of the clones that have not been sequenced are indicated by thinner lines. Fragments S (PvuII-EcoRI; positions
9.7 to 11.2), 6 (HindlI-EcoRI; positions 9.8 to 11.2), 7 (Nde-EcoRI; positions 10.2 to 11.2), 8 (NsiI-PvuII; positions 10.55 to 9.7),
9 (NdeI-PvuII; positions 10.2 to 9.7), and 10 (HindII-PvuII; positions 9.8 to 9.7) were cloned into pUC18 and sequenced by using
double-stranded templates to give the DNA sequence of the region from 9.7 to 10.55 kb. (C) Y pseudotuberculosis M85 (serogroup IIA) DDH
pathway genes. Areas related to the S. enterica LT2 rib region are stippled. Areas related to S. enterica Ty2 only are hatched. DNA regions
outside rib are indicated in black. Previous mutagenesis data indicated that the left-hand end of the M85 rib region was approximately between
kilobase positions 35 and 37 of the original cosmid clone pPR981 (19), which corresponds to kilobase positions 0 to 2 in the DNA sequence.

Sequence analysis showed extensive noncoding DNA sequences upstream of orf0.8, indicating that the M85 rib cluster, in fact, begins with
orfO.8. The scale (in kilobases) used in this figure is based on DNA sequence data, which do not include the DNA region from position 0 to
position 1.75 of the plasmid map in panel A. (D) DNA fragments used as probes. All fragments were subcloned into pUC18, in most cases

by using restriction sites identified from the DNA sequence. The plasmids are pPR1366 (PvuII-ScaI; 0.7 kb), pPR1367 (StyI-StyI; 0.7 kb),
pPR1368 (DraI-DraI; 1 kb), pPR1369 (HindII-BalI; 1.3 kb), pPR1370 (NsiI-BalI; 0.9 kb), pPR1385 (HindII-ScaI; 0.8 kb), and pPR1386
(KpnI-PvuII; 0.6 kb). (E) The rib region of S. entenca LT2 (group B). Areas related to the Y pseudotuberculosis M85 rib region are stippled.
(F) The rib region of S. entenca Ty2 (group D). Only areas differing from S. enterica LT2 rfb are shown; the ribE gene homologous to the
M85 orf6.3 is hatched.

the time of data preparation were used (kim-S, lcrD, icrE,
icrF, lcrG, lcrH, lcrV, ompH, psaA, rplC, rpID, rplW, rplB,
rpsS, yopA, yopE, yopH, and four unidentified ORFs).
Accession codes of the DNA sequences are YEPKIM5A,
YEPLCRD, YEPLCRGVHP, YEPOMPH, YEPORF,
YEPPSAA, YEPRPLDWB, YEPTPA, YEPVPIB1, YEPY-
OPA, YEPYOP5, YEPYOPH, and PD1THRMRP.

Construction of gene-specific DNA probes. Suitable restric-
tion enzyme sites identified by DNA sequencing were used
to subclone part of each of the M85 DDH pathway genes into
pUC18 to yield plasmids pPR1366 to -1370, pPR1385, and
pPR1386 (Fig. 2D).

Immunological techniques. The presence of an antigenic
epitope cross-reacting with 04 antiserum was determined by
slide agglutination as described by Leinonen (23). 04-spe-
cific antiserum was supplied by Wellcome Diagnostics,
Dartford, England.

Staining of 6-phosphogluconate dehydrogenase. Plasmids to
be tested for the presence of the gnd gene were transformed
into E. coli GB23152. Extracts of the transformants were

prepared as described by Selander et al. (38); 15 RA of each
extract was spotted on Whatman 3MM filter and stained with
3 ml of staining solution (composition as suggested by the
same authors). A red dye was formed on spots containing a

functional 6-phosphogluconate dehydrogenase.
Nucleotide sequence accession number. The DNA sequence

reported here has been assigned the GenBank accession
number L01777.

RESULTS AND DISCUSSION

Sequence of the Y. pseudotuberculosis M85 abequose path-
way region and identification of ORFs. Both strands of the
M85 rfb region from position 1.75 (HindII) to position 10.55

A H

E X
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C

D

JBg

20 22

7.4

9

E
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hemn
T P Y T D E T L E S L P S Q G V K H I Q L I C P G F S A D C L E T L E E I K E Q

GACACCTTATACCGATGAAACCCTAAAAAGTTTACCTTCTCAAGGCGTTAAGCATATTCAGCTTATTTGCCCAGGTTTCTCTGCCGATTGTCTGGAAACTCTGGAAGAAATAAAAGAGCA

N R E F F L H A G G E K F E Y I P A L N D D E G H I A L L E Q L I R H N I
AAATCGAGAGTTTTTCTTGCATGCGGGCGGAGAGAAGTTTGAATACATCCCAGCATTGAATGACGACGAGGGGCATATTGCCCTGTTAGAACAGTTAATTC GACATAATATATAATCGCT

GCTAAACATTACATCTTTTGGTAGTTTATCACACTCAAAAATTTCACATTTTCAATCCAATGAAGAGTCAGTAAAAAATATAAATAGTGGGTAAAATGTTGTCGTGGTTAGTATTTGTTC
-35 -10

ATTTTGATCTGATCTCTTTATCAAATAGAACATGATGTACATCACATCTCTCTTGTAATATAGGGATATAAGTACGATTATTAGCACGAAATTTTGGGTTTTTATGTCATAGGGTGCTTA

ACTTAACTTACATCTGTAATTTCGGAATGCTCCGACACCTGTTTTAGGTAAAAGCGCGTACCTTCAAGGCCCTGTTATGGTTGTAGACCTAAAGCTTCATATCACCAGTGCATTGGTAGC

TGTAAGCCAAGGGCGGTAGCGTGGGGGGGATAGAACCCCAATAGTTGCCTTTTACTCTGGAACCGGCAGGAAGAAGACC TTCTACAATTTTTTACTTTAGTGATTTTTAACCGTACTTCT
start oxfO.8

-35 -10 M S L
TTATCAAAAATTATTTGCTTTTTTGTTTCTATTTTAGTCACTGAATTTTTTTGACTTAkAGTTTGTATTGAGTACGTCTAATAAACCTTACATAATATATTTOGzACTs!ATTTTATGTCATT

N V K L H P S G I I F T S D G T S T I L D A A L D S N I H I E Y S C K D G T C G
AAATGTTAAGCTGCATCCATCAGGTATTATTTTTACTTCCGATGGAACATCTACAATATTAGATGCGGCTCTGGATAGTAATATACATATTGAATACAG CTGCAAAGATGGAACCTGTGG

S C K A I L I S G E V D S A E N T F L T E E D V A K G A I L T C C S K A K S D I
TTCTTGTAAGGCAATATTGATTTCTGGTGAAGTAGACAGTGCGGAAAATACC TTTTTAACTGAGGAAGATGTTGCTAAAGGTGCAATCCTCACTTGTTGC TCTAAGGCTAAATCTGATAT

E L D V N Y Y P E L S H I Q K K T Y P C K L D S I E F I G E D I A I L S L R L P
TGAGTTAGATGTTAATTATTATCCAGAGTTAAGTCATATACAAAAAACTTATCCATGTAAATTAGATAGCATTGAATTTATTGGTGAAGATATTGCCATTCTCTCCTTACGTTTGCC

P T A K I Q Y L A G Q Y I D L I I N G ER R S Y S I A N A P G G N G N I E L H V
ACCAACGGCCAAAATACAGTATC TGGCGGGCCAATACATTGATTTAATTATTAATGGACAGCGCCGTAGTTACTCTATTGCTAATGCTCCAGGTGGTAATGGCAATATCGAATTACACGT

R K V V N G V F S N I I F N E L K L Q Q L L R I E G P Q G T F F V R E D N L P I
ACGTAAAGTTGTTAATGGTGTATTCAGCAACATCATTTTTAATGAGTTAAAATTACAGCAACTTTTACGAATTGAAGGTCCTCAAGGGACCTTTTTCGTTCGTGMAGATAATCTCCCTAT

V F L A G G T G F A P V K S M V E A L I N E N D Q R Q V H I Y N G M P A G H N F
TGTTTTTCTTGCTGGTGGAACAGGTTTTGCACCAGTGAAATCAATGGTTGAGGCGTTGATCAATAAAAATGACCAACGGCAGGTTCATATCTATTGGGGAATGCCAGCAGGGCATAATTT

Y S D I A N E W A I K H P N I H Y V P V V S G D D S T W T G A T G F V H Q A V L
CTATTCTGACATTGCCAATGAGTGGGCTATAAAACACCCTAACATTCATTATGTGCCTGTTGTATCAGGCGATGATAGTACTTGGACCGGAGCCACTGGTTTTGTACATCMAGCGGTGCT

E D I P D L S L F N V Y A C G S L A M I T A A R N D F I N H G L A E N K FF S D
TGAAGATATACCCGATCTCAGCTTATTTAATGTTTATGCCTGTGGTTCATTAGCGATGATTACTGCTGCTCGTAATGATTTCATCAATCATGGATTAGCTGAAAATAAATTTTTCTCTGA

A F V P S K sttrt:
M E I Q V K A V I L A G G L G T R L S E E T V V

TGCCTTTGTGCCATCAAAATAACTTTGAAhTCAAAGTAATACGTA&MrGAGATTCAAGTGAAAGCAGTCATTTTGGCCGGAGGCCTTGGAACCCGTCTTAGTGAAGAGACCGTAGTAA

K P K P M V E I G G R P I L W H I M K L Y S S Y G I N D F V I CC G Y K G Y V I
AACCAAAACCAATGGTAGAGATTGGTGGGAAGCCTATTCTCTGGCATATTATGAAACTTTACTCTTCTTATGGCATCAATGATTTCGTTATTTGCTGTGGTTATAAAGGCTATGTCATTA

K E Y F A N Y F M H M S D I T F C M R D N E M I V H Q K R V E P W N V T L V D T
AAGAATATTTTGCGAATTACTTTATGCACATGTCGGATATTACCTTCTGCATGCGTGATAATGAAATGATAGTACACCAAAAGCGAGTCGAACCCTGGAATGTCACGTTAGTAGACACCG

G E D S M T G G R L R R V K D Y V K D D E A F C F T Y G D G V S D V N I A E L I
GCGAAGATTCTATGACCGGTGGCCGACTGAGGCGTGTAAAAGATTACGTCAAAGACGATGAGGCTTTCTGTTTCACCTATGGTGATGGTGTGAGTGACGTCAATATTGCTGAATTAATTG

E F HI G K Q A T L T A T Y P P G R F G A L D I K D K Q V R S F K E K P K G
AATTCCATAAGAGCCACGGCAAGCAAGCCACATTAACGGCAACCTATCCCCCAGGCCGTTTTGGTGCGCTGGATATTAAAGATAAACAAGTACGTAGTTTTAAAGAAAAACCAAAAGGCG

D G A L I N G G Y F V L S P K V I D L I D G D K S T E E Q E P L M T L A A DG E
ATGGCGCATTGATCAACGGCGGTTATTTTGTTTTGTCGCCTAAAGTTATCGATCTGATCGATGGTGATAAATCTACTTGGGAGCAGGAACCTTTAATGACATTAGCTGCGCAGGGGGAGT

start rfb
H

L M A F e H A G F WQ P H D T L R D K I Y L H E L W E E G R A PeW K V E
TGATGGCGTTTGAACATGCCGGTTTCTGGCAGCCAATGGATACGTTGCGTGACAAGATTTATCTGCATGAACTATGGGAAGAAGGCAGGGCACCTTGGAAGGTATGAGTAACAAAAMr

I N N S F E Q G K R V F V T G H T G F K G G W L S L W L Q T M G A T V K G Y S L
ATTAATAATAGTTTCTGGCAAGGTAAACGGGTTTTTGTAACAGGCCATACTGGGTTTAAAGGTGGCTGGTTGAGTTTATGGTTGCAAACCATGGGGGCAACGGTAAAAGGTTACTCTTTG

A P P T V P S L F E T A R V A D G M Q S E I G D I R D Q N K L L E A I R E F Q P
GCCCCCCCCACGGTGCCTAGCCTATTTGAGACCGCACGAGTTGCCGACGGGATGCAATCGGAAATCGGTGATATTCGTGATCAAAACAAATTATTAGAAGCAATCCGCGAATTCCAACCA

E I V F H M A A Q P L V R L S Y S E P V E T Y S T N V M G T V Y L L E A I R H V
GAAATTGTTTTCCACATGGCTGCTCAGCCACTGGTCCGTCTATCCTATTCCGAACCCGTTGAAACCTACTCGACGAATGTTATGGGTACCGTTTATTTACTGGAAGCTATTCGCCATGTT

G G V K A V V N I T S D K C Y D N K E W I E G Y R E N E A M G G Y D P Y S N S K
GGTGGCGTCAAAGCGGTGGTCAATATCACCAGTGATAAATGCTACGATAATAAAGAGTGGATCTGGGGCTATCGCGAAAATGAAGCGATGGGGGGGTATGATCCTTACTCCAACAGTAAA

G C A E L V T S S Y R N S F F N P A N Y G Q H G T A V A T V R A G N V I G G G D
GGTTGTGCGGAATTAGTGACGTCATCCTACCGTAATTCGTTCTTCAATCCAGCGAACTATGGCCAGCATGGCACTGCCGTAGCGACAGTGCGTGCGGGTAATGTCATCGGTGGTGGCGAT

W A L D R I V P D I L R A F E Q S Q P V I I R N P H A I R P E Q H V L E P L S G
TGGGCATTGGATCGCATCGTTCCAGATATTCTTCGGGCGTTTGAACAGTCCCAACCAGTGATTATTCGCAACCCACATGCCATTCGCCCATGGCAGCATGTGTTGGAGCCTTTGTCGGGT

Y L L L A Q K L Y T D G A E Y A E G W N F G P N D A D A T P V K N I V E Q M V K
TATTTGCTGTTGGCACAGAAGTTATATACTGACGGTGCTGAATATGCCGAAGGTTGGAACTTTGGTCCTAACGATGC TGATGCTACTCCAGTAAAAAACATTGTTGAACAAATGGTGAAA

YT G E G A S W Q L D G N A H P H E A H Y L K L D C S K A K M Q L G N H P R N T
TATTGGGGAGAGGGTGCAAGCTGGCAATTAGATGGCAATGCTCACCCTCATGAAGCTCATTATCTGAAACTGGATTGTTCAAAAGCTAAAATGCAACTTGGCTGGCATCCTCGCTGGACC

L N T T L E Y I V G W H K N W L S G T D M H E Y S I T E I N N Y M N T K *

TTGAATACTACGCTCGAATATATTGTGGGCTGGCACAAGAACTGGTTATCAGGCACAGATATGCATGAATACAGTATTACTGAAATTAATAATTACATGAACACTAAATGATTThgC
start :frE
M S Q EEL R I A E L V A Q Y A E T A M A P K P F E A G K S V V P P S

ATAGATAkA=rAGTCAAGAAGAATTACGTCAACAGATTGCTGAGCTGGTTGCTCAGTACGCTGAAACGGCTATGGCcCCTAAGCCATTTGAAGCAGGTAAGAGTGTCGTTCCACCTTCAG

G1 V I G T K E L Q L M V E A S L D GD L T T G R F N D A F E K K L G E Y L G V
GTAAAGTTATTGGTACCAAAGAACTCCAGTTAATGGTTGAAGCTTCTTTAGACGGTTGGCTAACAACGGGCCGTTTTAATGACGCTTTTGAGAAAAAACTAGGCGAGTATTTGGGCGTTC

P Y V L T T T S G S S A N L L A L T A L T S P K L G V R A L K P G D E V I T V A
CTTATGTTCTGACTACAACTTCTGGCTCTTCAGCTAACTTATTGGCTTTGACCGCGCTGACCTCACCTAAATTAGGGGTACGGGCGTTGAAGCCAGGTGACGAAGTTATTACTGTTGCCG
A G F P T T V N P T I Q N G L I P V F V D V D I P T Y N V N A S L I E A A V S D
CAGGTTTTCCAACCACAGTAAACCCAACTATTCAGAATGGGTTAATTCCTGTC TTTGTTGATGTTGATATTCCAACTTACAATGTAAATGCTAGCCTGATTGAAGCGGCGGTTAGTGATA

K T K A I M I A H T L G N L F D L A E V R R V A D K Y N L W L I E D C C D A L G
AAACCAAAGCTATTATGATTGCCCATACATTAGGTAATCTATTCGATCTAGCTGAAGTTCGCCGAGTAGCTGATAAATATAACCTGTGGTTAATTGAAGACTGCTGCGATGCGTTGGGTT

J. BACTERIOL.
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FIG. 3. DNA and deduced amino acid sequences of the Y pseudotuberculosis M85 rfb section from map position 1.75 to map position
10.55. Presumptive start codons are underlined, and putative SD sequences are shown in boldface letters.
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K S I I E S F R D H G R D C Y C A P G C D N T C K K R F G QO L G S L P F G Y D
AGAGTATCATCGAATCTTTCCGTGATTGGGGTCGTGATTGTTATTGTGC TCCAGGCTGTGACAACACATGTAAAAAGCGTTTCGGCCAGCAACTTGGCT CTTTACCATTCGGTTATGATC

H K Y T Y S H L G Y N L K I T D H Q A A C G L A Q L E R I E E F V E K R K A N F
ATAAATATACTTATTCCCATTTAGGCTATAACCTAAAAATCACAGATATGCAGGCTGCCTGTGGTTTGGCGCAACTAGAGCGCATAGAAGAGTTTGTTGAAAAACGTAAAGCTAAC TTTA

K Y L K D A L Q S C A D F L E L P E A T E N S D P S W F G F P I T L K E D S G V
AATACCTSAAAGACGCACTCCAATCTTGCGCTGACTTTCTTGAGTTACCAGAAGCGACTGAAAATTCAGATCCATCATGGTTTGGTTTCCCTATCACTCTGAAAGAAGATAGCGGAGTTA

S R I D L V R F L D E A K V G T R L L F A G N L T R Q P Y F H D V K Y R V V G E
GCCCCATTGATCTGGTTAAATTCCTTGATGAAGCTAAAGTGGGAACTCGCCTACTATTTGCCGGTAATTTAACTCGCCAGCCGTATTTCCATGATGTGAAATACCGTGTTGTTGGTGAAT

L T N T D R I M N Q T FP I G I Y P G L T H D H L D Y V V S K F E E F F G L N F
TGACAAACACCGATAGAATTATGAATCAAACTTTCTGGATTGGTATTTACCCAGGCCTGACACATGATCATTTGGATTATGTTGTGAGTAAGTTTGAAGAGTTCTTTGGTTTGAATTTTT

possible start sites of rt
I L A N N K M R I V L T G G S G Y I G S S L T P V L I K K Y G R

AATCTAACATOOSGGCCAOrAA MGCTAATAATAAAArAGAATAGTTCTGACTGGAGGAAGCGGCTATATCGGTAGCTCCCTCACACCTGTATTAATAAAAAAATATGGTCGAG

V Y N I G R N T I S E V S I N G S K E Y C E F T Y E S L F D S L V E L S P D L V
TATATAATATTGGCAGAAATACCATAAGTGAAGTATCAATTAATGGTAGTAAGGAATATTGTGAATTCACGTATGAATCATTGTTTGACTCTTTAGTTGAACTATCACCTGACCTAGTTA

I N L A A G YY N D S G A P D L N V I D G N L K I P F I I L E Y F K S C N Y G R
TTAATTTGGCTGCTGGATATTATAATGATAGTGGTGCTCCAGACTTAAATGTGATTGATGGGAATTTAAAAATACCTTTTATTATATTGGAATATTTTAAAAGTTGTAATTATGGGCGAT

F I N I G S Y W E F S C S G R G V K G V N P Y G I I K S T V R R L L D Y Y S K Y
TCATTMACATTGGTAGTTACTGGGAGTTTAGCTGTTCTGGCAGAGGCGTTAAAGGTGTAAATCCTTATGGAATAATAAAATCGACAGTTAGAAGGCTGTTAGATTATTATTCAAAATATA

N V I Y T N L I L Y G S Y G D N D H R G K I V D C I I D A V N S N E T L K L S P
ATGTGATATACACAAATTTAATATTATATGGTTCATATGGTGATAATGATCATCGAGGTAAAATAGTTGACTGCATTATAGATGCAGTTAACTCCAAkTGAAACTCTAAAGTTATCACCAG

G E Q K L N L V Y I D D I I E A I L Y I V S S D N G Q Y D N E T L S I Y T P T E
GTGAGCAAAAACTAAATCTAGTTTACATTGATGATATAATTGAGGCGATTTTATACATAGTATCATCTGAkCAATGGACAATATGATAATGAAACATTATCAATTTACACTCCCACTGAAC

H T V K E I V C F I N E I X D N N L S L G G G R Y R N D E V M A P D Y K Y R N I
ATACAGSAAAAGAGATTGTTTGTTTTATAAATGAAATCAAAGATAACAATCTATCATTAGGAGGTGGAAGGTATAGAAATGATGAGGTAATGGCTCCTGATTATAAATATAGAAATATTT

F H A K D R L K E Y I T S K I K K *

TTCATGCTAAACATAAATTGAAAGAATATATCACCTCTAAAATAAAAAAATAATATATTTTTTTGTGTTGAATTTTTTTGTTATTTAAATATATTCTTGATGCATTTTACCCCAATGCCT

AAGTATATAATAGGTGCAACCAGCACATGGGAATTAGCTGTTCAGTAGTTACCACAACGAACGGTAGCTAAGGTTTCTGGCTATGATCTCAGGCAGCTCCTCCTATAACCGTTCAATATG

GTTGACCTATGGCGAGSAAGTTATTTGATAAATAAAAATAAATACAGGGTTACCCCTTAATCAGGGATGCTCTCCACAACTTTTATGGATAATGTAGTTATCAACAATAAATGTTATGGT

TCTTGCACACCGATATGTATTCTTAAGATGCTGCAATGTATTGATAAATAAAGCTGAGTTTTTGCTGTTTCCGCCAACGTAATAATCTGGTGTACTAGTGATGAATATGCACAAAAGAGA
tpothetim Xstart of arfl.3

GTT M CTCGTTGACTGTGTCACCTGGTGAAGCACCAGATGGTGGTGAGTCTGTAGGTATGGTTCTGGTCGCGAGATAGTTTAAATGATCGTTTCTGATGATTTTTCTCACTATGAGATA

ACCTAAAGTTATTACAATTATTCGGAGACTTTTTCCATGTACATTATGATATTTTAAATAGAAATGATGTTACTAGACTAATTCGGGAATTTAAGTCCGATGACCTTTTCCATCTCACTA

GTTAAGTTGCAATGACGACATCTATTGATAATCCATCAAGTGGATTTCAACGTTAATGTCAGTGGGGAATTTAATCTTCTCGAAGTAATACATGTATTTAATCTTGAATGTAGCTTTATT
staxt of orfe.8
Q F P H R E T E R R Y E C I E M P D G F D E S T Q L T F H

TTTCTTCATAAATTAGGTATATCAGGATTTATAAt]GTTCCCACATCGAGAAACCGAGAGGCGCTATGAGTGTATCGAAATGCCAGATGGATTTGATGAGAGCACGCAGCTAACTTTCCA

S P Y G C S K G A A D Q Y M L D Y A R I Y G L K T V V F R H S S M Y G G R Q F S
TTCTCCTTATGGTTGCTCTAAAGGTGCTGCGGATCAGTATATGCTAGATTATGCACGTATATATGGGCTCAAAACTGTTGTTTTTCGTCATTCCTCAATGTATGGCGGTCGTCAATTTTC

T Y D Q G W V G W F C Q R A I E A S R G V N S P F T I S G N G K Q V R D V L H A
GACATATCATCAAGGCTGGGTTGGGTGGTTTTGTCAGAAAGCTATAGAAGCGAGTCGAGGTGTTAATAGCCCATTCACTATTTCGGGTAATGGGAAGCAAGTTCGAGATGTTTTACATGC

E D I I S L Y F S T L S N L E R V R G N A F N I G G T I E H S L S L L E L F S L
GGAAGACATCATCTCACTTTATTTCTCAACGCTATCTAACTTAGAACGTGTTAAAGGTAATGCATTTAATATTGGTGGTACAATTGAGCATAGCCTATCTTTACTTGAGTTATTCTCTTT

L E R Y T E T E L R Y T R I P V R E S D Q X V F V A N I N K I S E S T GD I P K
ACTAGAAAAATATACAGAAACAGAGTTAAAATATACGAGAATACCAGTAAGGGAAAGTGACCAGAAAGTATTTGTGGCAAATATAAATAAAATATCAGAGAGTACTGGTTGGATTCCAAA

V s s e s G I K I M L D W V E T V*tert ofo7.4
L R V P T H I I V A A

AGTGTCATCTGAAAGTGGCATAAAAATTATGCTTGATTGGGTTGAAACTGTTTAAAATATAGTTCTTTAGTOITSTJIAAATTAASGCGGGTACCTACACATATAATAGTTGCAGCAA

S A V G S R L V S I F I Q F Y S I K I L L D L L G T E G Y A V F T V I G S L V G
GTGCATGGGGGAGTCGGTTAGTATCTATATTTATCCAATTTTATAGTATTAAAATTTTATTGGATCTATTGGGTACGGAAGGATATGCTGTTTTTACCGTTATTGGTAGCCTAGTTGGTT

PF L L A D F G L G N S L Q N Q I S Y R R A N H Q E Y Q D L V L S A V I A I I P
GGTTCCTGCTTGCGGATTTTGGTCTCGGTAATAGCCTTCAGAATCAAATATCATATAGGAGAGCAAATCATCAAGAATATCAAGATTTAGTTTTATCTGCAGTAATAGCTATAATACCTA

I F I L F I I L I L T L S P Y I S E F L L G G F D F L N N N Q R S N I F K V A S
TTTTTATTTTATTCATAATTTTAATATTAACACTGTCACCTTATATATCTGAGTTCCTCCTTGGTGGATTTGATTTTTTAAACAACAATCAGAGAAGCAATATATTTAAAGTGGCATCTT

F I F L T T S I G N L A Y K I W F S E H K G W V S N I I P A L S S I V G L V F L
TTATTTTCTTAACTACATCCATTGGTMATTTAGCATATAAAATATGGTTTTCAGAGCATAAAGGATGGGTTTCTAATATAATCCCCGCATTATCATCTATTGTTGGACTCGTTTTTTTGA

M R L P S D G S N I S E D I I F S I Y C F Y I P A A F F G V I S T L F K V I P Y
TGAGACTACCATCTGATGGAAGCAATATTAGTGAAGATATTATTTTTTCTATTTATTGTTTTTATATTCCAGCTGCATTTTTTGGTGTAATATCTACTTTATTTAAAGTCATACCTTATT

L K C R N F L N K L T L Y T L I K N G G G F F L F S V L S A L V L Q V D Y I V M
TAAAATGTAAAAATTTTTTAAATAAGTTGACACTTTATACTCTAATAAAAAATGGAGGCGGTTTTTTCCTATTTAGTGTACTATCGGCACTTGTACTTCAAGTTGACTACATTGTTATGT

S Q T L V E R D L V T Y N I M S K T F G L I N F I Y A A L L Q S L W P V C A E A
CACAGACGTTAGTAGAAAGAGATTTAGTAACGTATAACATAATGAGTAAAACTTTTGGTTTAATTAACTTCATATATGCGGCTTTATTGCAATCACTTTGGCCTGTATGTGCAGAGGCAA

S S K L R F D N F Y R I E R K Y I S F G F I I V I A S S F V I F L L R D F I V N
GTTCAAAACTAAGGTTTGATAATTTTTATAAAATACAAAAATATATATCGTTTGGTTTTATTATTGTTATTGCAAGTTCATTTGTTATTTTTTTATTAAAAGACTTTATTGTAAATA

I L A P G K D F Y F P I S L I I L F S F Y Q V V R V W T D T Y A M F L M S I GD
TACTCGCACCTGGAAAAGACTTCTATTTCCCTATTAGTTTGATTATATTGTTTTCCTTTTATCAAGTGGTAAGGCTGTGGACTGATACATATGCTATGTTTCTCATGAGTATTGGTAAAT

L K P L N I S V P F Q A V L S G S L Q W V G A V N Y G L V G L L C G L I A S F L
TAAAACCACTCTGGATTAGTGTTCCCTTTCAAGCTGTATTAAGTGGTTCACTTCAATGGGTTGGTGCAGTAAATTATGGTTTGGTAGGATTACTTTGTGGATTAATAGCATCCTTCTTAA

I T V S V N L P F S F R S T V D R I V K D K R L D E *

TTACCGTTTCATGGTGGTTGCCTTTCAGTTTTCGATCTACAGTAGATAGAATAGTTAAGGACAAACGTTTAGATGAGTAATATTAAAATATCATTTTGTATTCCTACGTATAATCGTTCT

GAGTTATTATCAGAACTAATTGAAAGTATTGTTTCACAATGTAAAAATAGAAATGATATTGAAATATGTATTTCAGATAATGCAT

FIG. 3-Continued.
8845

(NsiI) relative to the pPR1197 restriction map (Fig. 2A) were
sequenced. The complete DNA sequence obtained is shown
in Fig. 3. Seven ORFs were found within this region; they
were provisionally named orfO.8, orfl.8, orf2.6, orf3.7,
orf5.1, orf6.8, and orf7.4 according to the position of the

respective start codon within the DNA segment sequenced.
Further DNA sequence analysis showed that orf6.8 is part of
a longer former ORF starting approximately at position 6.3
that has undergone frameshift mutations such that only part
of it is now recognizable as an ORF (see "Identification of
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the Y pseudotuberculosis M85 DDH pathway genes" be-
low); it was, therefore, renamed orf6.3 and, as it is probably
not functional, is not included in the following general
discussion of ORFs. All ORFs found were transcribed in the
same direction, from orfO.8 towards orf7.4. Presumptive
ATG start codons were found for most ORFs, but the far less
frequent initiation codon TTG was also observed (orf7.4).
orf3.7 and orf7.4 were preceded by Shine-Dalgarno se-
quences (SD) located within reasonable distances (9 and 11
bp, respectively) from the respective presumptive start sites
(Fig. 3). The DNA sequences preceding orfO.8, orfl.8,
orf2.6, and orf5.1 showed only limited complementarity to
the 3' end of the E. coli 16S rRNA; however, such sequences
have been shown to be functional in some cases (43). The
exact initiation site of orf5.1 was not obvious: the only
nucleotide sequence resembling an SD-like signal upstream
of the first ATG start codon (located at position 5082 of the
DNA sequence [Fig. 3]) was too far away (19 bp) to be likely
to function, and the large distance (17 bp) of this sequence
from the preceding stop codon would probably not allow
reinitiation of ribosomal translation. Alternatively, codons
ATA and CTG, located further upstream (positions 5064 and
5067, respectively), could be possible, although unlikely,
sites for initiation of translation, as these codons have been
shown to be functional in some rare cases (12). Both codons
are preceded by the same potential SD with optimal or near
optimal spacing (9 and 12 bp, respectively [Fig. 3]). This
putative SD also seems close enough (8 bp) to the stop codon
of the preceding gene to allow ribosomal reinitiation. To
facilitate gene and protein comparisons in this study, CTG
was used arbitrarily as the initiation codon for orf5.1.

Apart from orf3.7, which terminates with a TGA codon,
all complete ORFs were found to end with a TAA stop
codon. There are extensive noncoding sequences preceding
orfO.8 (597 bp) and orf6.3 (430 bp), possibly indicating
regulatory independence of the two gene blocks thus sepa-
rated (see also "Promoters" below). Shorter noncoding
segments were found between all other genes (26 bp between
orfO.8 and orfl.8, 4 bp between orfl.8 and orf2.6, 16 bp
between orf2.6 and orf3.7, 24 bp between orf3.7 and orf5.1
[if CTG is the initiation codon]), and 31 bp between orf6.3
and orf7.4. Within the region comprising orfO.8 to orf5.1, SD
signals and initiation codons are close enough to the preced-
ing stop codons to allow ribosomal reinitiation; the 31-bp gap
between orf6.3 and orf7.4, however, appears to be too large
to permit this.

Identification of the Y. pseudotuberculosis M85 DDH path-
way genes. The DNA sequences of several DDH pathway
genes of S. entenca are known. These genes include rfbE
(coding for CDP-glucose-l-phosphate cytidylyltransferase),
rfbG (coding for CDP-glucose-4,6-dehydratase), rfbJ (encod-
ing CDP-abequose synthase), rfE (encoding CDP-tyvelose
epimerase), and rfbS (coding for CDP-paratose synthase [17,
50]). These genes were found clustered in the central section
of the S. enterica rfb region, together with two additional
genes, orf7.6 and orflO.4, with so far unidentified functions
(Fig. 2E and F). The presence of orf7.6 and orflO.4 exclu-
sively in DDH-forming strains (8, 17, 22, 24, 48) strongly
suggests their involvement in DDH formation, and they are,
therefore, assumed to represent the so far unidentified genes
rfbI (coding for CDP-6-deoxy-A3'4-glucoseen reductase) and
rfbH (coding for CDP-4-keto-6-deoxy-D-glucose-3-dehy-
drase).
Comparison of the nucleotide sequences of the seven M85

ORFs with the S. enterica LT2 rfb gene cluster showed that
the first block of five M85 ORFs, orfO.8, orfl.8, orf2.6,

TABLE 2. DNA and amino acid similarities between S. enterica
and Y pseudotuberculosis M85 DDH pathway genes

Y. pseudo- S. enterica
tubercu- genea DNA Amino acid Amino acid
losis gene (serogroup) sequence sequence sequence

identity similarity identity

orfO.8 orf7.6 (B) 58.9 68.8 51.2
rfbF rfbF (B) 73.5 89.9 80.5
rfbG rfbG (B) 70.3 82.6 72.5
rObH orfl0.4 (B) 74.3 92.9 87.4
rvbJ rfib (B) 46.1 48.4 22.8
rfb rfib (C2) 42.5 50.2 25.6
robi rflS (D) 45.1 50.9 24.2
orf6.3b rWiE (D) 63.0 77.9 64.2
orf7.4 orfl2.8 (B) 51.5 62.3 36.8

a rfibS and rflE were from S. enterica Ty2 (serogroup D); other genes were
from S. entenca LT2 (serogroup B) and S. enterica muenchen (serogroup C2).

b For orf6.3 DNA sequence alignments, the DNA sequence between
positions 6364 and 7403 was used; for protein sequence comparison, the
translation of the rudimentary ORF between positions 6755 and 7373 was
used.

orf3.7, and orf5.1, possessed significant similarity to the
CDP-abequose pathway genes orf7.6, rfbF, rfbG, orfl0.4,
and rfbiJ, respectively (Fig. 2E) (17); also, orf7.4 of M85 and
orfl2.8 of LT2 were related on the DNA sequence level.
Only orf6.3 did not have a related equivalent within the LT2
rfb region; however, it was found to be similar to the rfbE
gene of S. enterica Ty2 (DNA sequence identity values are
given in Table 2). Because of the presence of this rfbE-like
orf6.3 situated between orf5.1 and orf7.4, the overall ar-
rangement of the sequenced M85 rfb genes resembles the
situation observed with the tyvelose-forming S. enterica Ty2
more closely than that with the abequose-forming strain LT2
(Fig. 2C and F). Alignment of the deduced amino acid
sequences of the Y pseudotuberculosis M85 and S. enterica
rfb genes showed similar or even stronger sequence conser-
vation at the protein level than at the DNA level for orf0.8,
orfl.8 (rflF), orf2.6 (rflG), orf3.7, and orf6.3; for orf5.1 and
orf7.4, amino acid sequence identities to the respective S.
enterica counterparts were considerably below the DNA
sequence similarity levels (Table 2). For Y pseudotubercu-
losis genes with clear structural or functional similarities to
previously identified rfb genes of S. enterica, the terminol-
ogy used for the S. entenca rfb cluster was adopted (Fig.
2C).
The possibility that the protein encoded by orf5.1 is an

abequose synthase was supported by the identification of a
motif within the amino acid sequence resembling an NAD-
binding domain typical for abequose synthases (8, 50) and
other NAD-linked dehydrogenases (34), which consists of a
P-barrel of six P-sheets connecting a-helices. A functional
test confirmed that the orf5.1 gene product exhibits abe-
quose synthase activity: transformation of orf5.1 (as
pPR1370 [Fig. 2D]) into a paratose-forming S. enterica
serovar dublin strain (M6) resulted in the expression of the
abequose-specific 04 antigen by the transformant, confirm-
ing that orf5.1 is the rfb! gene of strain M85.
The N-terminal amino acid sequence of the rfbH gene

product, CDP-4-keto-6-deoxy-D-glucose-3-dehydrase, from
a Y pseudotuberculosis serogroup VA strain (49) was com-
pared with the deduced polypeptide sequences of the M85
ORFs. It was found to be identical to the N-terminal portion
of the orf3.7 gene product, indicating that orf3.7 is the rfbH
gene of strain M85. We can, therefore, conclude that orfl0.4
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TABLE 3. G+C contents and P1, P2, and P3 values of the rfb
genes sequenced

Content'
Gene G+C P1 P2 P3

(0.465) (0.579) (0.401) (0.391)

orf0.8 0.376 0.497 0.373 0.259
LT2 orf7.6 0.405 0.525 0.380 0.304

rfbF 0.436 0.564 0.354 0.394
LT2 rfbF 0.473 0.592 0.373 0.322

rfbG 0.460 0.565 0.402 0.403
LT2 rfbG 0.437 0.579 0.382 0.338

rfbH 0.425 0.552 0.399 0.325
LT2 orfl0.4 0.446 0.550 0.404 0.379

vfbJ 0.302 0.386 0.323 0.206
LT2 rfbJ 0.320 0.434 0.302 0.216

orf6.3b 0.375 0.489 0.391 0.308
Ty2 rfbE 0.355 0.437 0.368 0.268

orf7.4 0.308 0.391 0.325 0.242
LT2 orfl2.8 0.31 0.382 0.324 0.221

a Averages for Y. pseudotuberculosis are given in parentheses. Average
codon frequencies were calculated as described by Sueoka et al. (44). G+C,
overall GC content for the gene(s) analyzed; P1, P2, and P3, corrected GC
contents for individual codon positions.

b Codon preferences for orf6.3 were calculated by using the rudimentary
ORF between sequence positions 6755 and 7373 as a basis.

of S. enterica LT2 is also an rflH gene, given its high
similarity to orf3.7 (Table 3).
The N-terminal amino acid sequence of the ribI gene

product CDP-6-deoxy-A34-glucoseen reductase from the
same Y pseudotuberculosis group VA strain (14) was com-
pared in a similar manner with the M85 ORFs and S. enterica
LT2 rib genes; however, no match within either of the
regions could be found. Only about 50% of the M85 rfb
region has been analyzed in this study, and it is therefore
possible that the M85 rfbI gene is located outside the DNA
segment investigated. However, almost all ORFs of the S.
enterica LT2 rfb region have been identified and allocated a
function, and orf7.6 remains the only likely candidate for
rfbI in this strain. The M85 orfO.8 is homologous to orf7.6 of
LT2 and is, therefore, still the best candidate for rHbI in M85.
A feature common to all rfb gene clusters of S. enterica

studied so far is the presence of a gene that encodes a highly
hydrophobic polypeptide with 12 predicted membrane-span-
ning segments (orfl2.8 in strain LT2) (8, 17, 22, 24, 48). The
function of this protein is unknown; it may assist in the
export of the 0 antigen to the cell periphery. The polypep-
tide encoded by orf7.4 in Y pseudotuberculosis M85 was
also predicted to have 12 transmembrane segments, indicat-
ing similar physiological roles for the orfl2.8 and orf7.4
proteins.
The initially identified orf6.8 (extending from sequence

position 6755 to position 7372) was found to have significant
similarity with the central part of the tyvelose epimerase
gene rfbE of S. enterica Ty2 (serogroup D) (46). However,
when upstream and downstream sequences were included in
the DNA alignment, homologies to the rfbE gene were
obvious up to position 6476 and down to position 7360 (of the
884 bases that could be aligned, 67.8% were identical). The
rfbE start codon was aligned with position 6364 of the M85

sequence, and with reference to this hypothetical former
start position at 6364, orf6.8 was renamed orf6.3. Several
mutational events such as base deletions, insertions, and
single base changes obviously have led to the destruction of
the original M85 ORF down to position 6754 and, again, from
position 7372 onward; given the nature and the significant
number of the changes observed, it seems unlikely that the
orf6.3 gene of strain M85 is still functional.

Relative position of the Y. pseudotuberculosis M85 rjb region
on the chromosome. In E. coli and S. enterica, the rfb region
has been shown to be closely linked to the gnd gene on the
bacterial chromosome, which is immediately downstream of
rib (4, 7, 17, 21, 48), at approximately 44 min on the
chromosome map of E. coli K-12 (2) and 42 min on the S.
enterica LT2 map (36). To test whether this position is
conserved for the Y pseudotuberculosis M85 rfb region, the
original cosmid pPR981, which contains the M85 rfb region
plus about 25 kb of DNA downstream and 2.4 kb of DNA
upstream (19), was transformed into E. coli GB23152 with a
deleted gnd. Enzyme extracts of the transformants failed to
exhibit 6-phosphogluconate dehydrogenase activity, while
the wild-type M85 gnd gene was clearly functional, suggest-
ing that the M85 gnd gene is not located immediately
downstream of rib.
A translation of a partially sequenced ORF preceding the

M85 rfb region on clone pPR1197 (positions 1 to 331 of the
DNA sequence) was compared with the GenBank and
EMBL amino acid sequence collections and was found to be
68.1% identical to the E. coli hemH gene product ferroche-
latase (29). In E. coli, this gene is located at approximately
11 min on the chromosome (2), at a considerable distance
from the rfb region. Apparently, the relative position of the
Y pseudotuberculosis M85 rfb region on the chromosome is
not conserved in comparison with S. enterica and E. coli.

Promoters. Computer searches using the programs pro-
vided by M. C. O'Neill (see Materials and Methods) re-
vealed a large number of potential promoters, all with a
Berg-von Hippel index too high to be likely to function
unless under positive control. The intergenic gaps preceding
orf0.8 and orf6.3 are the most likely positions for such
regulatory regions. Three potential promoters were found in
front of orfO.8. The -10 region of the top-ranked (Berg-von
Hippel index, 3.4) promoter is located at 416 bp of the DNA
sequence; a second promoter is located very close to the
start of orfO.8, with a -10 region positioned at 809 bp
(Berg-von Hippel index, 5.4). Within the large intergenic gap
preceding orf6.3, one potential promoter at position 6264
(Berg-von Hippel index, 3.4) was found, with a spacing of 85
bp between the transcriptional start site and the CTA codon
at the position equivalent to that of the S. enterica rfbE ATG
codon. Therefore, it seems possible that the M85 rfb region
is divided into at least two separately regulated segments,
contrary to the situation observed with S. enterica: the data
for all of the rib regions in S. enterica investigated suggested
transcription of the cluster as a single operon.
G+C content and codon usage. The overall G+C content

of an organism is thought to be the result of a long-term bias
in the mutation rates from G. C to A. T and A. T to G. C
(44); any genes that have been introduced into a given
organism would be expected to adapt to the species-specific
level over time. We have previously reported that the G+C
contents of genes within the rib clusters of many S. enterica
strains are much lower than the species average of 0.51; we
also found their P1, P2, and P3 values, which are the
corrected average G+C contents for bases 1, 2, and 3 of the
codons used (44), to be characteristic of those observed for
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TABLE 4. Distribution of DDH pathway genes among
Y pseudotuberculosis serogroups

Sero- DDH Hybridization with probeb:
groupa derivative orfO.8 rfbF rfbG rflH rflJ orf6.3 orf7.4

IA Paratose + + + + - - -
IB Paratose + + + + - - -
IIA Abequose + + + + + + +
IIB Abequose + + + + + + +
IIC Abequose + + + + + + +
III Paratose + + + + - - -
IVA Tyvelose + + + + - + +
IVB Tyvelose + + + + - + +
VA Ascarylose + + + + -

VB Nonec + +
VI Colitosed + + + +
VII Colitose

a All Y. pseudotuberculosis strains listed in Table 1 were included.
b + and -, hybridization and no hybridization, respectively.
c Serogroup VB strains do not possess any DDH but contain 6-deoxy-L-

altrose.
d Serogroup VI strains contain the octose yersiniose in addition to colitose.

low-G+C content species. These data led to the conclusion
that these rfb gene clusters evolved in a low-G+C content
species before being transferred to S. enterica in a compar-
atively recent event (8, 17, 22, 46, 48). Genes of the M85 rfb
region analyzed in this study have G+C contents ranging
from 0.30 to 0.46, closely resembling the values obtained for
the respective rfb genes of S. enterica LT2; codon frequen-
cies of the M85 genes are also very similar to the S. enterica
values (Table 3). The range of the G+C contents as well as
the codon frequency values overlaps the average values for
Y pseudotuberculosis, which possesses a G+C content of
0.465 (5), while they are clearly set apart from the S. enterica
average, which is 0.51. Therefore, the possibility that genes
rflF, rfbG, and rfbH and, perhaps also, orf6.3 and orfO.8
have originated in Y pseudotuberculosis itself (or its ances-
tor) clearly has to be considered.

Relationships of the Y. pseudotuberculosis M85 and S.
enterica DDH pathway gene clusters. The DDH pathway
genes of S. enterica LT2 and Y pseudotuberculosis M85 are
clearly homologous gene clusters: the genes themselves are
homologous, and the order of the genes is conserved in the
two species, indicating descent of the two clusters from a
common ancestor. The large number of changes (25 to 54%
of the nucleotide residues and 23 to 77% of the amino acid
residues) observed indicates that the separation itself is an
ancient one, and the presence of genes with different G+C
contents suggests that this ancestral gene cluster was itself
assembled from more than one source. Particularly, the P3
values for the genes with a G+C content of 0.3 suggest that
the recent history of both clusters has been in low-G+C
content species and that they were transferred indepen-
dently to yersinias and salmonellas. We also draw attention
to the facts that rfb shows the most divergence from its
homolog in S. enterica and that there are two highly diver-
gent forms of rflx within S. enterica. We have no simple
explanation for the very high variation of rJ.

Distribution of DDH pathway genes within Y. pseudotuber-
culosis. A set of probes (pPR1366 to -1370, pPR1385, and
pPR1386 [Fig. 2D]) specific for the M85 DDH pathway genes
was used to test chromosomal DNA preparations of strains
representative of the serogroups of Y pseudotuberculosis;
the results are given in Table 4. All strains, except those of

serogroups VB and VII, were found to contain the complete
set of genes for the common part of the DDH biosynthesis
pathway (rflF, rflG, rfbH, and orfO.8, which is likely to be
rfbI). Strains of serogroup VII produce colitose; the colitose
pathway is not closely related to the abequose pathway, and,
as expected, the group VII strains do not hybridize to the
four genes of the common pathway. Strains of serogroup VI
contain two 3,6-dideoxysugar derivatives in their 0 antigen,
the hexose colitose and the octose yersiniose, a 3,6-dideoxy-
4C-(l-hydroxyethyl)-D-Xylo-hexose (13). It seems probable
that the serogroup VI genes hybridizing to the M85 probes
are involved in the formation of yersiniose; this would imply
that yersiniose is formed via the same pathway as abequose,
tyvelose, paratose, and ascarylose up to the common inter-
mediate CDP-4-keto-3,6-dideoxy-D-glucose, from which the
final product yersiniose could be made easily, e.g., by
addition of pyruvate under decarboxylation.
Serogroup VB strains contained only orf0.8 and rfbF-like

genes; these strains possess 6-deoxy-L-altrose as an immu-
nodominant sugar but no DDH. It is not known how
6-deoxy-L-altrose is formed in vivo; the roles of the two
genes orfO.8 and rfbF, if any, in the biosynthesis of this sugar
therefore remain unknown.

orf6.3 equivalents, the like of the S. enterica Ty2 gene
rffbE, were found within all other serogroup II strains (sub-
groups IIA, IIB, and IIC) tested as well as all tyvelose-
producing strains (serogroup IV), which necessarily possess
a tyvelose epimerase gene, rfbE. The significant homology of
orf6.3 to group IV genes supports the idea that the nonfunc-
tional orf6.3 once encoded an epimerase; however, a
tyvelose epimerase would be redundant in an abequose-
producing strain. It remains speculative whether the inactive
orf6.3 gene in abequose-forming Y pseudotuberculosis
strains is a leftover of a tyvelose epimerase gene from times
when DDH gene regions were assembled from various
precursors and has since become superfluous in an abequose
context or whether its functional ancestor was able to use
CDP-abequose as a substrate to form a so far unreported
sixth DDH derivative by epimerization at carbon 2.
No rfbE gene was found within any of the paratose-

forming strains of Y pseudotuberculosis, indicating that the
formation of paratose in these strains is an original trait, not
a secondary effect of mutational inactivation of the rfbE
gene, as shown for paratose-forming strains of S. enterica
(46). As in S. enterica, the final specificity for a particular
DDH derivative appears to be based on the alternative
presence of the respective synthase genes: only abequose-
forming strains were found to possess the rhfb gene.

Overall, the genes of the common part of the DDH
pathway were found to be almost ubiquitous within Y
pseudotuberculosis. This widespread distribution supports
the idea that the ability to form DDH is not a recently
acquired trait for Y pseudotuberculosis but has been present
in the species from an early point onward in its evolution.
Further weight to this argument is added by the fact that Y
pseudotuberculosis contains a variety of these rather un-
usual and rare sugars that is unsurpassed by that of any other
organism.
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