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The his-rfb deletion series ofSalmonella typhimurium mutants characterized
previously by Nikaido et al. was examined for the presence ofthe enterobacter-
ial common antigen (ECA). All deletions not extending further to the left than
the genes for cytidine diphosphoabequose synthesis were ECA positive, whereas
longer deletions (extending to the genes for thymidine diphosphorhamnose
synthesis or further) were ECA negative. When these long-his-rfb deletion
strains were studied further, it became clear that they (four out of four studied)
had accumulated a second mutation, called rif, close to ilv, which prevented the
synthesis ofECA. When rff was replaced by rft", the recombinants, now having
the his-rfb deletion only, produced traces of ECA, showed reduced viability,
increased sensitivity to sodium dodecyl sulfate (SDS) and, to a lesser extent, to
other anionic detergents, and accumulated secondary "suppressor" mutations
upon storage. Such suppressor-containing mutants could be isolated by selecting
for resistance to 1% SDS. Thirty of 46 SDS-resistant mutants studied had a
second mutation, which alone prevented the synthesis of ECA, close to ilv. This
ilv-linked mutation was similar to the rff mutation of the strains studied
originally. The new rff mutation was similar to previously described rfe muta-
tions in its close linkage to ilv and association with an ECA-negative phenotype.
It differed from rfe, however, by not affecting the synthesis ofthe 0 antigens (0-
6,7) of group C,. In Salmonella group C,, all ECA genes identified thus far are
linked to ilv (rfe and/or rff) and none is linked to rib.

The molecular basis for the enterobacterial
common antigen (ECA) described by Kunin et
al. in 1962 (10) being a typical component of
enteric bacteria has been very elusive, and sev-
eral conflicting reports have dealt with it (7-9).
Its properties are most consistent with glyco-
lipid structure, and this is supported by recent
findings in the laboratory of H. Mayer (to be
published). This view is in accord with the find-
ing that genes participating in the determina-
tion of the cell wall lipopolysaccharide (LPS)
are also required for the production ofECA (14,
15).
A study of the well-known series of Salmo-

nella minnesota rough (R) mutants (11) showed
that the rfe gene(s), which is required for the
synthesis of the 0-antigenic polysaccharide
(whose structure is determined by the rib clus-
ter of genes), is also needed for ECA (15).
Therefore, rfe- mutants are rough and ECA
negative.
The same is true ofS. montevideo of0 group

Cl (O antigens 6,7): the function of rfe genes is
needed for the synthesis ofthe 0-antigenic poly-
saccharide chain and of ECA (13, 14). On the
other hand, in S. typhimurium (O group B,
with 0 antigens 4,12) rfe genes are not needed
for 0 antigen synthesis. It has been suggested
on the basis of these results that the synthesis
of the 0-antigenic polysaccharide of groups C,
and B differs in some basic way, e.g., in their
use of a lipid carrier (14). Hybrid strains be-
tween groups B and Cl showed that even in
group B there are rfe genes (designated B-rfe)
that participate in the synthesis of ECA. The
situation is apparently somewhat more compli-
cated, however: the B-rfe+ genes in combina-
tion with the rtb+ genes of group Cl could sup-
port the synthesis ofLPS with the C-rtb+-deter-
mined 0 antigens 6,7 but of only minimal
amounts ofECA. Even R strains with nonfunc-
tional (mutated) C-rfb genes or a likewise non-
functional hybrid C/B-rfib region were of this
ECAtrace (or ECAtr) phenotype, suggesting that
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TABLE 1. ECA phenotype as determined by rfe and
rfb genesa

Genetic constitution
ECA

rfe rfb
C+ Any form +
C_ Any form
B+ B+ +
B+ C+ tr
B+ C_ tr
B+ C/B tr
B- Any form

a Reference 14 and unpublished data of P. H.
Makela and H. Mayer. The origin of the rfe and rfb
genes from either group C or group B is marked with
C or B, respectively; +, functional; -, mutated
genes; tr, trace.

the rfb region of group B somehow participates
in the production of ECA. A summary of these
findings is presented in Table 1.
This hypothesis could be tested further since

a large series of deletion mutants involving the
rib region of group B was available (16). In
these strains the deletion extends from the his
genes clockwise into the rfb region (also cover-
ing the non-essential genes in between); the
extent of the rib region deleted was deduced
from the missing function of its product en-
zymes. These enzymes are those participating
in the synthesis of the nucleotides of the sugars
abequose, mannose, rhamnose, and galactose,
which are part of the 0-antigenic polysaccha-
ride chain of group B and are determined by B-
rib genes (17). In addition, the B-rfb region
very probably contains genes determining the
transferases required to put together the 0-
specific repeating units (17). Many of these
transferases have not been assayed, and the
position of their genes is therefore unknown,
although a gene, rtbP, required for the produc-
tion of functional uridine 5'-diphosphate galac-
tose:undecaprenol phosphate galactose 1-phos-
phate transferase has been mapped (M. Levin-
thal and H. Nikaido, unpublished data). The
presence of still other types of genes in the rtb
region is probable; e.g., "X" and "Y" were
"identified" on the basis oftheir effects on levels
of certain enzymes (16).

MATERIALS AND METHODS

Bacteria. Most strains are derivatives ofS. typhi-
murium LT2; all strains are described in Table 2.
Genetic material derived from Salmonella group C,
is marked with the prefix C; otherwise the strains
are of group B origin. For clarity, functional genes
may be marked with a superscript +: e.g., C-rfb+ =
functional (nonmutated, wild-type) rfb gene cluster
from group C. Several strains were received from B.

A. D. Stocker, Stanford University, Stanford, Calif.,
and from K. E. Sanderson, Salmonella Genetic
Stock Center, University of Calgary, Alberta, Can-
ada.

Culture methods. As a rule, the stock cultures
were kept in tubes of nutrient agar (only 0.6% agar)
at room temperature. Genetic donor strains were
preserved by subculturing at ca. 2-month intervals,
at which times they were tested to make certain that
they had retained their original properties (this was
necessary because of the relative instability of Sal-
monella donor strains [20]). The unstable deriva-
tives prepared in the course of this work were tested
within a few months after isolation, and their prop-
erties were confirmed each time.
The sensitivity of the bacteria to various antimi-

crobial agents was tested on nutrient agar plates
(20) containing either no addition or sodium do-
decyl sulfate (SDS), sodium cholate, deoxycholate,
polymyxin E sulfate, erythromycin, or gentian vi-
olet at the concentrations indicated in Table 4. A
suspension was made from one colony on nutrient
agar in 1 ml of sterile water; a glass rod was dipped
into this suspension and used to inoculate one sec-
tion of a testing plate at a time. Growth was re-
corded by comparing the number and size of colonies
with those of colonies on plain nutrient agar. As a
supplement, we used the disk sensitivity test (4) on
Mueller-Hinton agar with impregnated paper disks
from AB Biodisk (11458; Stockholm, Sweden).
LPS characteristics. LPS characteristics of the

bacteria were tested by slide agglutination from
growth on nutrient agar in 4% saline and in suitable
dilutions of 0-4,12 and 0-6,7 rabbit antisera as de-
scribed previously (12). In most cases, these results
were confirmed by testing the sensitivity of the bac-
teria to a set of phages selected to characterize var-
ious smooth (S) and rough (R) forms (26).
ECA. ECA was determined by the ability of sa-

line extracts (1 h at 100°C) of the bacteria to sensi-
tize sheep or human erythrocytes to agglutination
by anti-ECA sera as described previously (15). The
anti-ECA sera used were from rabbits immunized
with a Shigella boydii R mutant (type 3-, strain
3140) or with Escherichia coli 014. All sera gave
similar results; most of the strains were tested in
two or three of the laboratories with identical re-
sults. Usually the results were clearly positive or
negative, but with some strains "trace" reactions
were seen (14, 15) (designated ECAtr). Both the neg-
ative and trace reactions were confirmed by testing
the ability of the same extracts to inhibit the he-
magglutination between these antisera and cells
sensitized by extracts of the ECA-positive S. typhi-
murium.

Genetic methods. Mutants were selected after
treatment of the parent culture with diethyl sulfate
(13). Bacterial conjugation (20) was the standard
method of genetic analysis. All mutants and recom-
binants were used only after single-colony isolation
on nutrient agar.

RESULTS
rtb region. ECA determination of his-rlb

deletion mutants suggested a pattern (Fig. 1):
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ECA IN S. TYPHIMURIUM rqb DELETION MUTANTS 1143

TABLE 2. Salmonella strains useda

Strain no. Relevant genotype Derivation, reference, and/or remarks

Extended deletions in
the his-rfb region
and their deriva-
tives

his-386, his-399,
his-658, his-809,
and others shown
in Fig. 1

SH5148
SH5149
SH5150
SH4480
SH5185 and others
SH5187 and others
SH5177 and others
SH4499 and others
SH5838 and others
SH5840 and others
SH5283
SH5284 and others
SH5279 and others
SH5273
SH5274 and others

Reference strains
SL1715
SL1761
SH4420
SH5357
SL1102
TV119, TV149,
TV157, TV205,
TV208 J

Donor strains
SL696 (F+)
SH344 (FS59)
SA841 (FS400)

SU418 HfrB2
SA464 HfrKl-2
SA722 HfrKlO
SH3357 HfrHl

SW1403 HfrH2
SH5152 HfrH2

SH471 HfrH14

(16)

his-386 rff-4272 ilv-1188
his-399 rff-4271 ilv-1189
his-809 rff-4270 ilv-1190
his-658 rff-4273 ilv-1180
his-386 + +
his-399 + +
his-809 + +
his-658 + +

+ rff-4271 ilv-1189
+ rff-4270 ilv-1190

his-386 rff-4135
his-386 rff-4136 etc.1
his-399 rff-4131 etc.
his-809 rff-4125
his-809 rff-4126 etc.}

act-201 rfa-942
act-201
pmrA5
pmrA8 rfa-4041!
rfaE543

rib point mutants

metA22 trpB2 strA1201F
proAB47 purE66/F pyrB+
metE338 ilvA401 his-5406

strIF rfb+ gnd+ his+
proA26
serA13 rfa-3058
serA15 pur-268
purE66 aro-851 met-1151

str-501
aro-851 met-1151 str-501
C-rfb+ aro-851 met-1151

str-501
pur-258

ilv mutant selected from his-386
ilv mutant selected from his-399
ilv mutant selected from his-809
ilv mutant selected from his-658
ilv+ rff+ recombinants from cross HfrKl-2 x SH5148
ilv+ rff+ recombinants from cross HfrK1-2 x SH5149
ilv+ rff+ recombinants from cross HfrKl-2 x SH5150
ilv+ rff+ recombinants from cross SH3361 x SH4480
his+ recombinants from cross SW1403 x SH5159
his+ recombinants from cross SW1403 x SH5150
SDS-resistant mutants of SH5185 and others

SDS-resistant mutants of SH5187 and others
SDS-resistant mutants of SH5177 and others

B. A. D. Stocker, personal communication

Line SD14 (26; P. H. Makela et al., manuscript in
preparation

Line SD14 (26)

Line SD14 (25)

(20, 26)
(3, 20)
(20)

CW, 0-53-57 (20)
CW, 0-117 (20)
CCW, 0-123 (20)
S. abony (20)

S. abony (20)
his+ rfb+ recombinant from cross between HfrH14 and

a his derivative of SW1403
S. montevideo mutant of SH672 (12)

a Standard genetic symbols except as follows: act, actinomycin D resistance; pmr, polymyxin resistance;
and rff, gene for synthesis of enterobacterial common antigen as described in this paper. For Hfr strains, the
point of origin is shown in minutes as 0- and the direction of chromosome transfer is shown as CW
(clockwise) or CCW (counterclockwise).

the strains with a short deletion were ECA
positive; those with a long deletion were ECA
negative. Mutant his-520 (not shown in Fig. 1)
appeared to be an exception; it extended to
the area of the "long" deletions but was ECA+.
Upon further analysis, however, it turned

out that this strain had, in fact, two inde-
pendent mutations near the two ends of the rib
cluster (M. Levinthal, personal communica-
tion).
The division point between ECA-positive and

ECA-negative mutants is between his-801 and
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his-399. his-801,
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nose synthesis bL
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FIG. 1. Partial s
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deletions into rfb of
(16). Bottom line:
ECA in these mutar
enzymes determinec
phomannomutase; A
phorylase; ABE-3
ABE-2, CDP-gluco
glucose pyrophosph
synthetase"; RHA-J
ase; RHA-2, TDP-
PPase, UDP-glucos
tified function [del4
levels of the produc

the last ECA-positive mu- the functional his+-rlb+ genes of smooth donor
e enzymes required for rham- strains. Many different donors of S. typhimu-
Lit lacks enzymes of cytidine rium (SL696 [F], SH344 [FS59], SA841 [FS400],
3e (CDP-abequose) and guan- and SA722), S. abony (SH3357, SW1403, and
iannose (GDP-mannose) syn- SH5152), and S. montevideo (SH471) were used
)oint mutants were also tested with the deletion mutants his-399, his-809,
ere all ECA negative, includ- and his-658 as recipients. All his+ recombi-
h lacks the enzyme RHA-3 nants selected were smooth (0-4,12 or 0-6,7,
osphorhamnose [TDP-rham- depending on the donor), indicating that the
16]). These findings indicated entire deleted his-rib area had been replaced by
n "ECA gene" near the rnbA genetic material from the donor. To our sur-

mines TDP-glucose pyrophos- prise, all of these recombinants were still ECA
[irm this, genetic crosses were negative.
he deleted his-rib region with An rfe mutation? The inevitable conclusion

from these results was that a mutation, which
hls was located not very close to his, was responsi-

ble for the ECA-negative phenotype of the
strains containing long his-rtb deletions. Since

the rfe genes had already been implicated in
ECA synthesis, the next step was obvious: to

his-95 A- look for a possible rfe mutation in these strains.
hi6C---- Operationally, rfe mutation would be close to

hi&515 ---- ilv at min 122 (13). We therefore isolated ilv

IS9hisf801 ---- mutants from four ECA-negative deletion
os-aw ---- strains and used them as recipients in crosses

+ + + ;-- with ilv+ ECA+ donors (HfrK-10, HfrK1-2, and
HfrH1) (first class of recombinants in Table 3).

chematic map of the rib region of
No ECA-positive recombinants were found in

a chromosome and the extent Of the ilv+ class. Upon closer examination, most of
f the his deletion mutants shown these recombinants differed, however, from
Presence (+) or absence (-) of their female parent by having trace amounts of
its. MAN-2, MAN-3, etc. refer to ECA. It was considered possible that these ilv+
I by the rfb genes (MAN-2, phos- recombinants had received donor rfe+ alleles,
MIAN-3, GDP-mannosepyrophos- which changed the ECA phenotype of the his-
',"CDP-abequose synthetase"; deletion strains from ECA to ECALr. This sug-

se oxidoreductase ABE-h, CDP- gested that the original ECA-negative deletion
orylase; RHA-3, strains contained two mutations: the rib dele-
1, TDP-glucose pyropdospaoryl- tion, which reduced ECA production to a trace
,e pyrophosphorylase; Y, uniden- level, and an rfe-like mutation, which com-
etion of Y results in derepressed pletely abolished the production of ECA.
t of ribLi). Whether the "rfe-like" mutation of these

TABLE 3. Behavior ofLPS and ECA in crosses between ECA-negative ilv- mutants offour long-his-rfi
deletion strains as recipients and ECA-positive donors of Salmonella group Ba

Recipient Recombinant class

his- ilv+ his' ilv- his+ ilv+b

Genotype LPS ECA Fre-
LPS ECA quencr LPS ECA quency LPS ECA Fre-

his-386 ilv-1188 R - R tr 25/28 NO NO NO S + 26/26
his-399 ilv-1189 R - R tr 23/26 S - 10/10 S + 30/30
his-809 ilv-1190 R - R tr 13/14 S - 38/38 S + 14/14
his-658 ilv-1180d R - R tr 4/12 S - 38/38 S + 14/14

a R, Rough; S, smooth (0-4,12); tr, trace; NO, none obtained.
b This class was obtained by isolating his+ recombinants from crosses in which the first class of recombi-

nant (ilv+ ECAtr) was used as recipients.
c Number of recombinants with this LPS and ECA type/number of recombinants of this class tested.
d This ilv mutation is very revertable and most ilv+ "recombinants" isolated were probably ilv+ reversions

instead.
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strains is identical to rfe or not is discussed
below. When an ECAtr ilv+ recombinant was
crossed again as recipient with a smooth S.
typhimurium donor strain, the his+ recombi-
nants isolated were smooth and ECA positive,
confirming this hypothesis (last class of recom-
binants in Table 3). The second class of recom-
binants in Table 3 shows, for comparison, the
phenotype of his+ recombinants isolated from
similar crosses with the original ECA- deletion
strains: they are all smooth but ECA negative.
Why should this be so? Why do so many

(probably all) long-his-rth deletion strains have
a second rfe-like mutation? The possibility was
first considered that, by chance, the long dele-
tions were isolated from a common parent that
happened to be ECA negative. This was not
true, however. The parental strain for some
ECA-positive and ECA-negative his-rtb dele-
tion mutants was one strain, and the parent of
other ECA+ and ECA- strains was another LT2
derivative. A second possibility would be selec-
tion ofa rfe-like mutation, e.g., during storage.
This would be more likely if the phenotype of
the long his-rti deletions could be shown to
favor such a selection. Some proof for this was
obtained in the following way.

Strains containing only the his-rth dele-
tions. From the crosses shown in Table 3, we
could pick ilv+ ECAtr recombinants that had
only the original his-rib deletion mutation.
When such recombinants were examined, they
were rough by agglutination and phage sensi-
tivity, as expected from their rib genotype, but
looked "sick." Their colonies were smaller and

there was more variation in their size and
shape on nutrient agar, when compared with
wild-type strains.
When tested on detergent-containing media,

they appeared to be much more sensitive than
wild-type strains or rib point mutants (compare
strains of type 2 with types 4, 8, and 9 in Table
4). Their doubly mutant parents (strain type 1)
were much closer to normal, although even
they were slightly sensitive to sodium cholate
and deoxycholate. Of other detergent-sensitive
mutants known, the polymyxin-resistantpmrA
mutants (Makela et al., manuscript in prepara-
tion) and the actinomycin D-sensitive act mu-
tants (B. A. D. Stocker, personal communica-
tion) (types 5 and 6 in Table 4) were not sensi-
tive to SDS. In fact, only the "heptoseless,"
deep R mutants, which are known to be very
sensitive to many toxic agents (19, 21, 22) and
have extensive disorganization of their outer
membrane structure (1, 23), showed sensitivity
to SDS (strain type 7 of Table 4).

In addition, these deletion mutants were
slightly more sensitive to polymyxin than most
other strains. Their sensitivity to gentian violet
and erythromycin was not changed measurably
(Table 4), and in this they differed drastically
from the very sensitive deep R mutants. No
change was observed in their sensitivity to am-
picillin, penicillin G, cephalosporins, neomy-
cin, kanamycin, gentamicin, chloramphenicol,
tetracycline, trimethoprim, or sulfonamides
when tested by the less-accurate paper disk
method.

SDS-resistant double mutants. The appar-

TABLE 4. ECA and growtha of various strain types on nutrient agar containing sodium dodecyl sulfate
(SDS), sodium cholate (SC), deoxycholate (DOC), polymyxin (PM), gentian violet (GV), or erythromycin (Er)

Growth on medium containing:

Strain Relevant Derivation LPS ECA PM, GV, Er'
type genotype SDS, SDS, SDS, SC, DOC, PM, 1 0.3 10 4.

1.0% 0.3% 0.1% 3.0% 0.3% IUmll/IUml lAgl I lA 1
ml~/lml

1 his- ilv- his-386, his-399, R - + ++ ++ - + ++ ++ ++
his-809

2 his- ilv+ ilv+ recombinants R tr b _b _b _ _ _ ++ ++ ++
of 1

3 his+ ilv- his+ recombinants S - + ++ ++ ++ ++ ++ ++ ++ ++
of 1

4 his+ ilv+ his+ recombinants S + ++ ++ ++ ++ ++ ++ ++ ++ ++
of 2

For compari-
ison

5 act SL1715, SL1767 R or S + + + + + + + + - - ++ _
6 pmrA SH4420, SH5357 R or S + + + + + + + + - + + + + + + + 4-
7 rfaE SL1102 Re + - _ _ _ _ - + - -

8 rtb Point mutants R + + + + + + + + + + + + + + + + + +
9 Wild type S + + ++ ++ ++

i
++ ++ ++ ++ ++

aGraded as follows: ++, normal growth; -, no growth; + small colonies; + -, some strains +, some -.
bMany resistant colonies.
I "Deep rough," chemotype Re (11, 26).
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ent permeability defects of the single his-rib
deletion mutants possibly accounted for the fre-
quent accumulation of secondary mutations in
these strains. Ifthe double mutants grew better
and were less sensitive to toxic agents, this
would provide a very efficient selection in their
favor.
We used the sensitivity to 1% SDS of the

single his-rib deletion strains as a method for
selecting secondary mutants. Since we hoped
that many such secondary mutations would
represent the rfe-like type described above and
therefore be ilv-linked, we had to select new ilv
mutants of the just-isolated his-rib deletion
strains (= the ilv+ recombinants of Table 3 and
type 2 of Table 4). These were then spread on

nutrient agar plates containing 1% SDS; a

large number of colonies grew on these plates.
After single-colony isolation on nutrient agar,
such SDS-resistant mutants (all independent
isolates) were tested. They all were SDS resist-
ant but varied in their sensitivity to deoxycho-
late and sodium cholate. In fact, this behavior
was very similar to that of the deletion mutants
(double mutants) tested originally (strain type
1, Table 4).
To identify the new mutations, we made the

following crosses. First, the SDS-resistant mu-
tants were used as recipients in crosses in
which his+ (also rfb+) recombinants were se-
lected. If these recombinants remained ECA
negative, the second mutation selected in the
SDS resistance selection might be the cause of
it, as was the case with the his+ recombinants
listed in Table 3. These recombinants were
then used as recipients in other crosses, select-
ing ilv+ recombinants. If the SDS resistance
mutation had occurred near ilv and were rfe-
like, many of the ilv+ recombinants should
have become ECA positive. Table 5 shows the
results of such crosses involving 46 SDS-resist-
ant mutants derived from three separate his-
rib deletion strains.

All crosses between these mutants as recipi-
ents and HfrB as donor produced his+ recombi-
nants (Table 5, part I), which were smooth (0-
4,12), as they should be when the recipient's
deleted his-rib region is, as a whole, replaced
by the donor's his+-rib+ region. Thirty of the
SDS-resistant mutants gave rise to ECA-nega-
tive his+ recombinants only: these SDS-resist-
ant mutants had apparently acquired another
mutation, not close to his, affecting the produc-
tion of ECA. Seven of the ECA-negative his+
recombinants (derived from seven separate
SDS-resistant mutants) were used as recipients
in second crosses with HfrK1-2 as the donor,
with selection for recombinants that received
the donor ilv+ genes (Table 5, part II). In all

seven, the mutation responsible for the ECA-
negative phenotype turned out to be close to ilv.
The ECA-negative phenotype of the his+ re-

combinants also demonstrated that the ilv-
linked, rfe-like mutation alone, without the rib
deletion, was sufficient to block the synthesis of
ECA.

In the remaining 16 SDS-resistant mutants
(whose his+ recombinants were ECA+), the mu-
tation leading to SDS resistance was appar-
ently of a different nature. It either did not
affect the synthesis ofECA or was in the his-rtb
region so that it was replaced by its wild-type
allele in the his+ recombinants. These muta-
tions were not studied further.

In several cases, we also happened to see the
"natural" selection of double mutants from sin-
gle his-rfb deletion strains taking place during
storage in agar stabs. On retesting after 6 to 18
months, usually SDS-resistant colonies only
were found. On four occasions these were tested
by crosses with Hfr donors: the his+ recombi-
nants were still ECA negative, confirming the
presence of a second mutation.

Further characterization of the rfe-like mu-
tation (rft?). The rfe-like mutation described
here has two of the characteristics of a muta-
tion in a rfe gene: the gene is close to ilv and the
mutation affects the synthesis of ECA. A third
property of rfe mutations is the one by which
they were discovered: they prevent the synthe-
sis of the 0 antigen ofSalmonella group C1 (0-
6,7). We therefore tested the rfe-like mutations
in this respect. Table 6 shows the outcome of
crosses in which the his-rfb deletion was re-
placed by the intact his-rib region originating

TABLE 5. Behavior ofECA in crosses between ECA-
positive donor strains and 46 independent SDS-

resistant mutant derivatives of three his-rib deletion
strains

(D) (II)
Cross: HfrB x SDS-re- Cross: HfrKl-2 x his'

SDS-re- sistant mutants recombinants from I
sistant
mutants Mutants his+ recombi- his' ilv+ recombi-
derived tested nantsa strains nansc
from: (ECA testedb

or
tr) ECA+ ECA- (ECA-) ECA+ ECA-ECAtr

his-386 21 11 10 3 3 0
his-399 17 5 12 4 4 0
his-809 8 0 8 0

a In each cross, 10 his+ recombinants were tested
and behaved identically; the data given are numbers
of crosses giving this type of his+ recombinant.

b Each derived from a separate cross of type I with
separate SDS-resistant mutants.

e In each cross, 10 ilv+ recombinants were tested; 4
to 10 of them were ECA+ in each cross.
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TABLz 6. LPS and ECA characteristics of his+ ilv- and his- ilv+ recombinants isolated in crosses
between the long-his-rtb deletion strains (as found in collection or as new SDS-resistant derivatives) as
recipients and 0-6,7 donor strains HfrH14 (group C) or SH5152 (C-rfb+ derivative ofHfrH2 ofgroup B)

Recipient Recombinants isolated in crosses with donor

SH5152 his+ ilv- HfrH14 his- ilv+
Genotype Derivation

LPS ECA Frequen- LPS ECA Frequen

his-386 rff-4272 ilv-1188 Collection 6,7 - 30/30 R + 36/38
his-399 rff-4271 ilv-1189 Collection 6,7' - 30/30 R + 15/18
his-809 rff-4270 ilv-1190 Collection 6,7 - 50/50 ND' ND ND
his-658 rff-4273 ilv-1180 Collection 6,7 - 10/10 ND ND ND
his-386 rff-4135 SDS-resistant mutant 6,7 - 10/10 ND ND ND
his-386 rff-4136 SDS-resistant mutant 6,7 - 10/10 ND ND ND
his-399 rff-4131 SDS-resistant mutant 6,7 - 10/10 ND ND ND
his-399 rff-4132 SDS-resistant mutant 6,7 - 10/10 ND ND ND
his-809 rff-4125 SDS-resistant mutant 6,7 - 10/10 ND ND . ND
his-809 rff-4126 SDS-resistant mutant 6,7 - 10/10 ND ND ND
a Number of recombinants with this LPS and ECA type/number of recombinants of this class tested.
b ND, Not done.

in S. montevideo ofgroup C1. For all of the four
his-rfb deletion strains and the six SDS-resist-
ant mutants derived from them, all of the his+
recombinants were smooth (0-6,7).

It is clear that the rfe-like mutation did not
prevent the 0-6,7 polysaccharide synthesis. It
is doubtful, therefore, whether the gene(s) de-
fined by these mutations should be called rfe or
even rf. (which refers to the impaired LPS syn-
thesis of rough mutants [241) at all. However,
until we know more about the function of these
genes and that of rfe, we would like to propose
the mnemonic rff for the rfe-like mutation here
described. If proven to be functionally closely
related to rfe, rff could be changed to rfe with-
out much inconvenience. In Tables 2 and 6 we
have used the gene designation rif with the
mutant numbers assigned to each independent
mutation.
From Table 6 (his- ilv+ recombinants) it can

be seen that the rfe+ genes of group C, were
sufficient to support the synthesis ofECA even
in strains harboring the his-rfb deletion. This is
different from the behavior of corresponding
his- ilv+ recombinants listed in Table 3, in
which the rff+ (and rfe+) genes came from group
B. This kind of difference between rfe-rff genes
of groups B and C has been described before in
slightly different experiments (14). As a new
feature, however, it should be noted that the C-
rff recombinants still harboring the his-rib
deletion were detergent resistant in contrast to
the SDS-sensitive B-rfr recombinants.

rfb deletions of group C1. Even if the data
accumulated thus far (above and reference 14)
have indicated that the rfe region (comprised of
rfe and rff) of group C1 is sufficient for the
production ofECA, without requiring the func-

tion of any rib genes, we thought it prudent to
check this with a series of rib deletion mutants
ofS. montevideo group C. These deletions had
been selected (P. H. Makela) in the same way
as the S. typhimurium his deletions (16). Nine
independent isolates had been tested for rib-
determined enzymes, and all were found (H.
Nikaido, personal communication) to be lack-
ing the enzymes MAN-2 and MAN-3 (phos-
phomannomutase and GDP-mannose pyrophos-
phorylase) ofthe GDP-mannose pathway and to
have at least nearly normal levels of the en-
zymes for N-acetylglucosamine synthesis (the
0 polysaccharide of group Cl contains only
mannose, glucose, and N-acetylglucosamine
[61). These strains were tested for their ECA
content and all were found to be ECA positive.
Although we have no proof (because of lack of
suitable "marker" enzymes) that any of the
deletions comprised a large fraction of the rib
region of group Cl, this result tends to support
the contention that the rfb region of group C,
does not contain genes participating in the pro-
duction of ECA.

DISCUSSION
The data presented here lead to the following

conclusions. (i) The rib region ofgroup B salmo-
nellae is somehow connected with the produc-
tion of ECA. This function is localized toward
the left end of the rti region, the cut-off point
being between the genes for CDP-abequose syn-
thesis (not required for ECA) and those for
TDP-rhamnose synthesis (deletion resulting in
absence of ECA). This does not necessarily im-
ply, however, that any of the enzymes of the
TDP-rhamnose pathway are necessary for the
synthesis ofECA. It is quite possible that there
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are unidentified genes in this area that might
be the ones implicated in ECA synthesis.

It is slightly disconcerting that no rtb point
mutants have been found which are impaird
in the production ofECA. This could, ofcourse,
be due to chance, but it is also possible that
such a mutant would not be rough (R) at all
and would not have been found during the
search for rti mutants.
Trace amounts ofECA are regularly found in

strains missing large parts of the rti region of
group B salmonellae: both deletion mutants, as
described here, and hybrids between groups B
and C, (14). This observation may provide a
clue to the function of the rib gene(s) with
regard to ECA. However, it will be necessary,
as a first step, to be sure of the cause of the
trace reaction: above all, whether it is caused
by small amounts ofthe same molecular species
as is ECA+ in other strains.

(ii) The his-rib deletion causing an ECAM
phenotype seems to impair the viability of the
bacteria, as evidenced by the very marked
tendency for accumulation of second ("suppres-
sor") mutations. Whether or not the small
amount of ECA is involved directly is hard to
say. At any rate, completely ECA-negative
double mutants or single rfe or rif mutants
have better viability (Table 4). Reduced viabil-
ity is connected with increased sensitivity (=
increased permeability?) especially to SDS but
also to other anionic detergents; permeability
to many other agents is affected much less or
not at all. The detergent sensitivity suggests
disturbance of membrane integrity, which
would not be too surprising-after all, ECA is
most likely a component ofthe outer membrane
of the bacteria (2).
At any rate, the detergent sensitivity (and

reduced viability) can be alleviated by a second
mutation, which itself prevents the synthesis of
ECA (not even trace amounts ofECA detected).
This sort of suppression of some effects of the
rib deletion mutation suggests that the reduced
viability may have been caused, for example,
through accumulation of a toxic or otherwise
deleterious intermediate. An example of this
kind of effect would be the galE mutation,
which prevents the interconversion of UDP-
galactose and UDP-glucose and results, under
certain conditions, in the accumulation of toxic
amounts of some metabolite of galactose (5).
That the ECA pathway is rather intimately
involved is shown by the fact that the muta-
tions that suppress the SDS sensitivity and
reduced viability occur in a gene(s) necessary
for ECA synthesis. This contention is supported
further by hybrids, in which the rfe-rff region

comes from group Ci: these hybrids are ECA
positive and SDS resistant.

(iii) The SDS sensitivity of certain his-rib
deletions has provided a second means ofselect-
ing mutants in genes participating in ECA syn-
thesis. The only method available previously
was to select R mutants in bacteria with group
Cl (or group L) rib genes and check these for
ECA (and/or linkage of the mutation to ilv)
(14). This R selection yielded one type of muta-
tion, termed rfe, affecting synthbsis ofECA and
the 0-6,7 polysaccharide at the same time. All
of the r* mutations occurred in a gene(s) close
to ilv. The new selection has provided a new
type of mutation, termed rif, affecing the syn-
thesis of ECA but not that of LPS (neither
0-6,7 nor 0-4,12). Also, these mutations are
clustered close to ilv. Whether rfe and rffrepre-
sent one or more genes each is not known yet.
Neither is it known how closely related func-
tionally they might be. The answer to this
question may make it necessary to group them
together, but, so far, calling them by separate
names may prevent some confusion. A muta-
tion corresponding to the description of rif has
also been accidentally found in a stock of S.
minnesota (15).

In the work described here, 38 independent
rff mutations, in combination with 4 separate
his-rib deletions, were studied. They all are
remarkably alike. Finding more different types
ofmutations ofthe ECA pathway might help to
clarify both its structure and function. A new
method for selecting ECA mutants may be
needed: both of those available are indirect and
may select an atypical set of mutants only.
Unfortunately, at this time a method for the
direct selection for the ECA-negative pheno-
type is not available.
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