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Summary. Spontaneous and  TnlO induced fluorocitrate resistant 
mutants  were isolated and  characterized. These mutants  were 
unable  to grow on either c/s-aconitate or DL-isocitrate but  were 
still able to grow slowly on  sodium citrate and  normally on  
potassium or potassium-plus-sodium citrate. These mutants  were 
defective in bo th  citrate t ranspor t  and citrate binding to periplas- 
mic proteins. TnlO insert ion mutants  were unable  to produce 
immunologically detectable amounts  of  the citrate inducible peri- 
plasmic C protein previously shown to b ind tricarboxylates. 

Using a series of  tct: :Tn l0  directed Hfrs the tct locus was 
accurately posit ioned at 59 units  between srlA and pheA, but  
was not  cotransducible with either gene. In the absence of  P22 
mediated cotransduct ion with 16 adjacent chromosomal  markers  
the srlA and tct loci were bridged by using a series of  tct flanking 
TnlO insertions, and  by newly isolated and characterized nalB 
mutants.  In addi t ion the hyd and recA loci were located establish- 
ing the gene order in this region of the chromosome as: pheA 
tct nalB recA srlA hyd cys. Nitrosoguanidine  derived tricarboxyl- 
ate muta t ions  (Imai 1975) were also mapped  within the tct locus. 

Introduction 

Salmonella typhimurium shares with a wide range of  bacteria 
the ability to t ranspor t  and  metabolize citrate, cis-aconitate and 
isocitrate, the three tricarboxylates of  the Krebs  cycle (Kay 1978). 
S. typhimurium also possesses chemoreceptors  for citrate and  
isocitrate (Kahira  1979) as well as divalent cation-citrate chemo- 
receptors (Ingolia 1979). 

The t ranspor t  of  citrate appears to be a relatively simple 
system when viewed kinetically in whole cells (Kay and  Cameron  
1978); however, genetically it appears to be more complicated 
(Imai 1977). The only t ranspor t  componen t  identified so far 
is the tr icarboxylate binding C protein (Sweet et al. 1979). The 
C protein will also b ind the toxic analogue 2-fluoro-L-erythro- 
citrate (Ashton et al. 1980) and  is presumably at  least part ly 
responsible for the toxicity of  this lethal analogue. 

In this study we systematically characterized a range of  fluor- 
ocitrate resistant mutants  with respect to growth on the Na  
and  K salts of tricarboxylates 1, citrate t ransport ,  C protein syn- 
thesis and  activity, and precisely identify the genetic locus respon- 

1 In the text Na refers to Na +, K to K + and NaK to both Na + 
and K ÷ 
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sible. Since the tct locus was found in a relatively " s i l en t "  region 
of  the chromosome we introduced a useful TnlO flanking inser- 
t ion technique for filling t ransduct ion gaps such as this one 
and  more accurately established the order of  genetic markers  
in the 58-60 uni t  region of  the Salmonella chromosome.  

Materials and Methods 

Strains. The strains of Salmonella typhimurium LT2 used in this study 
are listed in Table 1. Bacteriophage strains P22 int3 HT 12/4 (Kleckner 
et al., 1975) and P22/] 503 [am HIOI (13-)] amNll4 (5-)] were the 
generous gifts of Dr. John Roth. 

Media. Cells were routinely grown in L broth containing 10 g Bacto 
tryptone, 5 g Bacto yeast extract, 10 g NaC1, 1,000 ml distilled water. 
Induction of P22 from lysogenic strain NK337 was performed in super- 
broth containing 50 g tryptone, 30 g yeast extract, 7.5 g NaC1, 3.5 ml 
NaOH (10 N), 1,000 ml distilled water. Green indicator agar (Chan 
et al. 1972) containing 25 lag tetracycline per ml was used to select 
tetracycline-resistant (Tet R) transductants. 

The minimal medium used (Davis) was modified with respect 
to the composition of K + or Na + by altering the relative composition 
of the phosphate salts such that Na medium contained 155 mM Na +, 
K medium contained 154 mM K + and NaK medium contained 78 mM 
Na + and 77 mM K +. All carbon sources used were sterilized and 
added separately to a final concentration of 10 mM. Amino acid sup- 
plements were added as required at 20 lag/ml. All incubations were 
at 37 ° C unless otherwise indicated. 

Chemicals. DL-fluorocitric acid (barium salt) and tricarboxylic acids 
were obtained from Sigma Chemical Company, [1 5 -14 C]-citrate was 
from Amersham. 

14C-Citrate Uptake and Transport Experiments. Cells were grown from 
a nutrient broth inoculum to stationary phase in 100 ml of Na minimal 
salts medium fortified with both 0.8% nutrient broth and 10 mM 
Na citrate. Cells were chilled on ice, harvested, and washed three 
times using the appropriate Na, K, or Na and K-containing minimal 
medium and then resuspended to a n  0 D 6 5 0  nm of 1.05. For the 
uptake experiments cells were incubated at 37 ° C for 5 rain with shak- 
ing, brought to 10 mM c~-glycerol-phosphate to energize the cells (Kay 
and Cameron 1978) and incubated for another 5 min. Finally, Na + 
[1,5-1~C]-citrate (10 laM, S.A. 14 mCi mmole 1) was added to initiate 
the uptake experiment. At appropriate intervals cells were filtered, 
washed in the same resuspension medium and assayed for radioactivity. 
For transport experiments cells were poisoned with 0.1 mM DL-fluoro- 
citrate after energization with e-glycerol-phosphate. At the end of 
all experiments a sample was treated for 10 rain with 1 N HC1 and 
assayed for radioactivity to determine losses due to ~4COz evolution. 

Periplasmie Proteins. To prepare the crude periplasmic protein fraction, 
cells were grown either in nutrient broth fortified minimal medium 
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Table 1. Strain list 

Strain Genotype or description Source 

SU453 hisFlO09 trpB2 metA22 rpsL201 xyl-1 
KS3000 metE61 
SA263 purC7 proA46 ilvA405 fla Str a 
KS3001 purI305 
KS3002 guaA 1 
KS3003 glyAlO 
KS3004 purG301 
KS3005 thiH22 ara-9 
KS3006 tyr-3 
KS3007 pheA5 
KS3008 cysD220 ara-9 
KS3009 argA51 
KS3010 serA6 
KS3011 metC88 
KS 3012 argG 72 
NK337 leu2m suIT [P22 C2t~29, 12~-mNT1 13atom01, int3, Tni0] 
TR248 cysA1349amhisC527am 
TT628 strA-I pyrC7/Fl 14rs lac + zzf2i : : TnlO 
TT520 srlA : : TnlO 
SB1743 sr lAl l3  
TA2403 strB362 
TA1778 hisS6331 hisC6330/F his + 
KS191-201 Spontaneous FC R mutants  of  SU453 
KS1-14 Tnl0- induced mutants  of  KS3000 
KS 174-184 TnlO insertions flanking tct in SU453 (zfi- 1-9 : : Tnl0)  
M72 I Nitrosoguanidine-induced tricarboxylate mutan t  of  SU453 
M 188 I Nitrosoguanidine-induced tricarboxylate mutan t  of  SU453 
M 189 II Nitrosoguanidine-induccd tricarboxylate mutan t  of  SU453 
M272 Nitrosognanidine-induced tricarboxylate mutan t  of  SU453 
M72-1 Nitrosoguanidine-induced tricarboxylate mutan t  of  SU453 
CB724 hyd 
KS315 SU453 (AnalB-recA) 
KS316 SU453 (Atct-nalB) 
KS317 SU453 naIB 
KS318 SU453 nalB 
SA409 recA leu197 
TT98 trplO13 : : TnlO 

K.E. Sanderson 
K.E. Sanderson 
K.E. Sanderson 
K.E. Sanderson 
K.E. Sanderson 
K.E. Sanderson 
K.E. Sanderson 
K.E. Sanderson 
K.E. Sanderson 
K.E. Sanderson 
K.E. Sanderson 
K.E. Sanderson 
K.E. Sanderson 
K.E. Sanderson 
K.E. Sanderson 
J. Rotb 
J. Roth  
J. Roth  
J. Roth  
P.E. Har tman  
B.N. Ames 
B.N. Ames 
This study 
This study 
This study 
K.E. Sanderson 
K.E. Sanderson 
K.E. Sanderson 
K.E. Sanderson 
K.E. Sanderson 
M. Chippaux 
This study 
This study 
This study 
This study 
K.E. Sanderson 
J. Roth  
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or the same medium to which 5 m M  citrate had been added to induce 
C protein synthesis. At the end of  exponential growth cells were cooled, 
preconditioned with 33 m M  NaC1 and 33 m M  Tris-HC1 (pH 7.3), 
harvested, and osmotically shocked (Willis et al. 1974), in the presence 
of 0.1 m M  phenylmethyl-sulfonyl fluoride (PMSF) to prevent undue 
proteolysis. The crude shock fluid was dialyzed against water, concen- 
trated by lyophilization, and resuspended in 10 m M  Tris-HC1 (pH 
7.3) to a known protein concentration. The C protein was purified 
as previously described (Sweet et al. 1979). 

Analytical Methods. l~C-Citrate binding by the crude periplasmic pro- 
tein was assayed by membrane  filtration as previously described (Sweet 
et al. 1979), except that  200 gl of  crude shock fluid was incubated 
with 2 gM [1,5-14C]-citrate and that  nitrocellulose filters were previous- 
ly autoclaved in 10 -6  M E D T A  to reduce non-specific binding. 

Ouchterlony immunodiffus ion was performed as described before 
(Sweet et al. 1979) except that  the slides were stained with acid fuchsin. 

SDS-polyacrylamide gel electrophoresis was also carried out  essen- 
tially as previously described, primarily on 12% gels (Ames 1974). 

Isolation of  Spontaneous Fluorocitr ate-Resistant ( FC R) Mutants. Clones 
of  strain SU453 were pregrown to saturation in N a K  minimal  malate 
medium. 0.1 ml samples were spread on malate minimal  agar, and 
a sterile filter paper disc (0.75 cm diameter) previously soaked with 
25 gl fluorocitrate (200 mg/ml) was placed in the centre of  each plate. 
FC R mutan t  colonies growing in the zone of inhibition surrounding 
each disc after 72 h were picked and purified by streaking on nutrient 

agar. The clones were verified as FC R by a radial streak test and 
independent FC R mutants  were retained for study. 

Induction of  P22 Tc-lO. The method is based on that of  Kleckner 
et al. (1975) and J. Roth  (personal communication).  A single colony 
isolate of  NK337 was grown to 3 x 108 cells/ml at 30 ° C in 1,500 ml 
superbroth, the culture was shifted to 39°C and incubated for 3 h 
to induce lysis, and the remaining cells lysed with chloroform and 
removed by centrifugation. Since a high proport ion of the induced 
phage particles are deficient in tail parts, tails were prepared separately 
and added to the particles as follows : TR248 grown in 2 litres L 
broth to 2 x l0 s cells/ml were infected with P22 ¢/503 at multiplicity 
of  infection (MOI) MOI ~5 ,  incubated 35 min, the cells collected 
by centrifugation and re suspended in 0.85 % saline, 1/100 of the original 
volume. The cells were lysed with chloroform and treated with 10 gg 
DNAse  per ml for 10 rain at 25 ° C. The preparation was centrifuged 
at 5 ,000rpm for 15 min to remove cell debris, and then twice at 
20,000 rpm to remove complete phage particles. The supernatant  con- 
taining the tails was added to the head preparation, incubated for 
2 h at 30 ° C, and the complete phage particles concentrated by high 
speed centrifugation. 

TnlO-Induced Mutagenesis. Recipient strain KS3000 was grown to 5 x 
108 cells/ml in L broth, concentrated 10-fold in L broth, infected 
with P22 Tc-10 (MOI 0.8), incubated for 30 min at 37 ° C for adsorp- 
tion, and 0.1 ml samples were plated onto green tetracycline agar 
plates. After 48 h incubation at 42 ° C, Tet R colonies were picked to 
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fresh green tetracycline master plates and replicated to test for growth 
on tricarboxylates and dicarboxylates. Mutant strains unable to grow 
on tricarboxylates were retained for further study. In addition, all 
the Tet ~ transductant colonies (approximately 7,000) were pooled by 
washing the plates with L broth, and stored at -75  ° C. The pooled 
cells were subsequently used to isolate TnlO insertions which are co- 
transducible with, but are not within, the tct locus, as described in 
the results. 

Isolation of Nalidixic Acid Resistant Mutants. Overnight broth cultures 
of independent clones of SU453 were plated (0.1 ml) on BT agar 
(Hane and Wood 1969) containing 4 gg nalidixic acid per ml. Resistant 
colonies growing after 24 h were purified by restreaking on the same 
medium and then checked for survival on BT agar containing concen- 
trations of nalidixic acid from 2-12 gg/ml. Independent mutants show- 
ing 60 80% survival at 4 gl/ml and no survival at 8 gg/ml and above 
were considered to be potential nalB mutants and retained for genetic 
studies. 

Phage P22 Preparation and Transduction Experiments. For each prepa- 
ration, a single plaque of P22 int3 HT12/4 grown on the donor strain 
was inoculated into a 250 ml flask containing 30 ml L broth and 0.5 ml 
of an overnight culture of the same donor strain. The flasks were 
shaken at 200 rpm at 25°C for 24 h in a New Brunswick shaker. 
The cells were removed by centrifugation, and the supernatant, con- 
taining about 1011 pfu/ml, was stored at 4 ° C over chloroform. 

In transduction experiments where tetracycline resistance was the 
selected marker, donor phage was added to late-exponential phase 
recipient cells growing in L broth at a MOI of approximately 1 2. 
The adsorption mixture was incubated at 37 ° C 30-60 rain prior to 
plating on green tetracycline plates. In experiments where selection 
was for prototrophy, late-exponential phase recipient cells and donor 
phage (MOI 1-2) were directly co-plated on selective minimal agar. 

TnlO-Directed Hfr Formation and Plate Mating Tests. The method 
is based on that of Chumley et al. (1979). tot: :Tnl0 mutants KS1, 
2, 3, and 6 were first converted to F' strains by cross-streaking with 
F' strain TT638. The F' factor in this strain carries TnlO, genes for 
lactose fermentation, and is temperature-sensitive for replication. The 
strain also carries a chromosomal pyrC mutation. Mutant cells infected 
with the F' factor were counterselected at 30 ° C (permissive tempera- 
ture for F' replication) on minimal agar supplemented with methionine 
and with lactose as the sole carbon source. After single cell purification 
by restreaking on the same medium at 30 ° C, the mutant F' strains 
were streaked out on MacConkey plates and incubated at 42 ° C, which 
prevents autonomous F I replication. The majority of colonies grown 
at 42 ° C were white (lac-), due to curing of the episome, but the 
rare red (lac +) colonies are potential Hfr strains resulting from integra- 
tion of the F' which is now under chromosomal replication control. 
These lac + colonies were picked and purified by restreaking on Mac- 
Conkey agar at 42°C prior to testing for their point of origin of 
chromosome transfer. 

Plate mating tests were performed by spreading 0.2 ml overnight 
auxotrophic F-  strains as a background on unsupplemented minimal 
glucose agar plates, and spotting loops of late log phase Hfr cultures 
over the F-  cells. The presence of many prototrophic recombinants 
after 48 h incubation indicated early gene transfer by the Hfr strain 
in question. 

recA Phenotype. To test the reeA phenotype transductants were picked 
onto nutrient agar, incubated at 37°C for 6-7 h, replicated onto a 
fresh nutrient agar plate and immediateIy UV irradiated under a 
30 watt germicidal lamp (General Electric) at a distance of 36 cm 
for 60 s. The plates were then incubated overnight, reeA mutants did 
not survive irradiation except for the occasional few colonies but wild- 
type cells grew normally as a patch. 

Transduetion of hyd- to hyd +. The hydrogenase character was tested 
by a modification of the method of Abou-Joude et al. (1978). Transduc- 
tants were patched onto benzylviologen containing media, covered 
with 7 ml of melted agar and incubated anaerobically under H2 over- 

night. Patches were scored within 2 min but the purple color remained 
visible for approximately 5 min. 

Imprecise Excisions of the TnlO Element. Cells (10 9) of KS183 contain- 
ing a Tnl0 insertion close to nalB were plated on BT agar containing 
5 gg nalidixic acid per ml and incubated for 48 h. Resistant clones 
were purified by restreaking on the same media and the Tet s clones 
detected on green plates - which also were used to detect the recA- 
character (Kleckner 1977). Clones were aIso screened for cysteine auxo- 
trophy, sorbitol utilization and hydrogenase activity to detect the extent 
of the deletions. Imprecise excisions enriched by ampicillin selection 
were carried out as described (Kleckner et al. 1979). 

Results 

Growth Characteristics o f  Spontaneous Fluorocitrate-Resistant 
(FC R) Mutants. Eleven independently isolated spontaneous FC R 
mutants o f  SU453, KS191-201, were studied. Clones were repli- 
cated from master nutrient agar plates onto Na, K, and NaK 
minimal agar plates containing 10 mM tricarboxylates as sole 
carbon sources, and also onto NaK minimal agar containing 
10 mM dicarboxylates (Succinate, fumarate, or L-malate) or 
20 m M  acetate. Growth was read after 18 and 42 h incubation. 
All FC R mutants had identical growth responses, and the results 
are summarized in Table 2. All mutants differed from the parent 
strain SU453 in that they showed slower growth on Na citrate, 
although their growth was normal on K and NaK citrate. More 
striking, however, was the complete absence of  growth of  the 
mutants on K and N a K  eis-aconitate, and on NaK isocitrate; 
the parent strain shows normal growth on these media. Neither 
the parent strain nor the mutants grew on Na cis-aconitate or 
Na isocitrate. All the mutants showed wild-type growth on the 
NaK succinate, fumarate, malate, and acetate, indicating that 
the enzymes of the TCA cycle and glyocxylate shunt were func- 
tional. These enzymes, as well as those concerned with acetate 
metabolism [acetokinase (E.C. 3.8.2.1), phosphotransacetylase 
(E.C. 2.3.1.8)] and gluconeogenesis [NADH and N A D P H  malic 
enzymes (E.C. 1.1.1.38 and E.C. 1.1.1.40), phosphoenolpyruvate 
carboxykinase (E.C. 4.1.1.32)] were measured directly and found 
to be normal. These results support the hypothesis that FC R 
mutants are indeed defective specifically in tricarboxylate trans- 
port. 

Characteristics o f  TnlO Insertion Mutants. Over 7,000 tetracy- 
cline-resistant (Tet R) transductants o f  parent strain KS3000 were 
initially screened for altered growth response on Na citrate agar. 
Fourteen were found to grow more slowly than the parent strain 
and were classified according to the growth criteria shown in 
Table 2. KS1, 2, 3, and 6 clearly fell into a class indistinguishable 
from the spontaneous FC R mutants KS191-201. This report is 
primarily concerned with the properties of the FC ~ mutants, 
and studies on the remaining Tet R FC-sensitive mutants will 
be reported in a later publication. 

For  later mapping purposes, it was necessary first to establish 
that FC-resistance in KS1, 2, 3, and 6 was caused by Tnl0 
insertion into the tct region of  the genome, rather than the 
alternative possibility that the TnlO insertion and the mutation 
to FC-resistance arose from simultaneous independent events 
in the parent strain. Accordingly, KS1, 2, 3, and 6 (Tet g tct-)  
were each used as donors in transduction experiments with 
SU453 recipient cells (Tet s tct+). Tet R transductants were selected 
and all were shown to be now tct- ,  i.e. unable to grow on 
N a K  isocitrate and NaK cis-aconitate. Thus the TnlO insertions 
in these mutants are in the tct locus, and resistance to tetracycline 



Table 2. Growth responses a of  wild type and mutan t  strains of  S. typhimurium on various carbon sources b 
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Strain FC Citrate Aconitate Isocitrate Tricarballylate 

Na  K N a K  Na K N a K  Na  N a K  Na K N a K  

18 h 4 2 h  

SU453 (tct +) S + + + + - + + - + +_ + + 
KS191-201 R - _+ + + . . . . .  _+ + + 
KS3000 (tct +) S + + + + - + + - + +_ + + 
KS1, KS2, KS3, KS6 R - _+ + + . . . . .  ± + + 
M72 (tot Group I) R - _+ + + . . . . .  _+ + + 
M188 (tct Group I) S - - + + . . . . .  + + + 
M189 (tct Group II) S + + + + - - - _+ + _+ + + 
M272 (tct Group III) S + + + + - + + _+ + - - - 
M72-1 (tct Group IV) R . . . . . . . . .  _+ + + 

Results were scored as: + ,  full growth; + ,  partial growth; - ,  no growth; S, sensitive to FC;  R, resistant to FC 

a Incubation was 18 h unless indicated otherwise 
b Concentrat ion of all carbon sources was 10 m M  

can  be u s e d  for direct  se lect ion o f  t c t -  r e c o m b i n a n t s  in genet ic  
crosses .  ( D u e  to the  ex t reme  toxici ty  a n d  expense  o f  f luoroc i t ra te ,  

it is no t  p rac t icab le  to rou t ine ly  i nco rpo ra t e  th is  s u b s t a n c e  wi th  

m e d i a  for  g r o w t h  tests  or  for  direct  se lect ion o f  tct  r e combi -  

nan ts ) .  

Characterist ics  o f  Other  Tr icarboxy la te -Negat ive  Strains.  Ima i  

(1975) ha s  desc r ibed  four  g r o u p s  o f  n i t r o s o g u a n i d i n e - i n d u c e d  
m u t a n t s  o f  SU453  wh i ch  are u n a b l e  to uti l ize t r icarboxyla tes .  

G r o u p  I m u t a n t s ,  e.g. M 72  a n d  M188,  were u n a b l e  to g row  

on  N a K  cis-aconitate  a n d  N a K  isoci trate .  O n  these  cri teria,  

therefore ,  t hey  are  i nd i s t i ngu i shab le  f r o m  o u r  F C  g m u t a n t s .  

G r o u p  II m u t a n t s ,  e.g. M189 ,  g rew o n  N a K  ci t ra te  a n d  N a K  

isoci t ra te  b u t  no t  on  N a K  cis-aconitate ; g r o u p  III  m u t a n t s  e.g. 
M272 ,  are N a K  t r icarba l ly la te  nega t ive ;  a n d  g r o u p  IV doub le  

m u t a n t s ,  e.g. M72-1,  der ived  by fu r t he r  n i t r o s o g u a n i d i n e  m u t a -  

genes is  o f  g r o u p  I m u t a n t  M72 ,  are  u n a b l e  to uti l ize N a K  citrate,  

N a K  cis-aconitate,  or  N a K  isoci trate .  W e  have  fu r the r  cha rac t e r -  

ized these  m u t a n t s  by tes t ing  for  g r o w t h  o n  N a  + a n d  K + tr icar-  

boxy la t e s  a n d  for FC- re s i s t ance ,  a n d  the  resu l t s  o f  these  tes ts  

are a lso s h o w n  in Tab le  2. O f  all these  m u t a n t s ,  on ly  M 7 2  a n d  

its der ivat ive  doub l e  m u t a n t s  M72-1 were F C  R. Surpr is ingly ,  

g r o u p  I m u t a n t  M188  was  F C  sensi t ive a l t h o u g h  it c losely r e sem-  

b led  o u r  F C  R m u t a n t s  in its g r o w t h  r e s p o n s e s  on  ca rboxyl ic  

ac ids  u n d e r  all c o n d i t i o n s  tested.  

Citrate Uptake,  Transport  and  Binding. Citra te  i n c o r p o r a t i o n  into 

whole  cells can  be m e a s u r e d  by a var ie ty  o f  m e t h o d s :  by  the  
u p t a k e  o f  label led  ci t rate ,  b u t  on ly  over  very  shor t  in te rva ls  

to r educe  the  in f luence  o f  m e t a b o l i s m ,  by c i t ra te  t r a n s p o r t  in to  

f luoroc i t ra te  p o i s o n e d  cells or  in to  acon i t a se  m u t a n t s  ( K a y  a n d  

C a m e r o n  1978) a n d  by t r a n s p o r t  o f  the  n o n - m e t a b o l i z a b l e  c i t ra te  

a n a l o g u e  2- f luoro-L-ery thro-c i t ra te  ( A s h t o n  et al. 1980). W e  have  

u sed  the  first  two m e t h o d s  b o t h  for  ease o f  o p e r a t i o n  a n d  in 
o rder  to c o m p a r e  ou r  resu l t s  wi th  t hose  o f  o t he r s  ( Imai  1975), 
a n d  the  resu l t s  wi th  v a r i o u s  m u t a n t s  a p p e a r  in Tab le  3. As  de- 
scr ibed p rev ious ly  ( A s h t o n  et al. 1980), the  t r a n s p o r t  o f  c i t ra te  

is largely K + requi r ing .  B o t h  s p o n t a n e o u s  a n d  T n l O  i n d u c e d  
m u t a n t s  howeve r  were u n a b l e  to t ake  u p  ci t ra te  even  in the  

p resence  o f  b o t h  N a  a n d  K a n d  thei r  pe r ip l a smic  p ro t e in s  were 
u n a b l e  to effectively b i nd  citrate.  T he  single excep t ion  to this  
p a t t e r n  was  the  tc t :  : T n l 0  inse r t ion  s t ra in  KS1  w h i c h  exh ib i t ed  

Table 3. 14C-citrate uptake, t ransport  and binding activities of  various 
transport  mutants  

Strain Ionic ~4C-Citrate C R M  a 
medium 

Uptake Transport  Binding 
(pmoles (nmoles (pmoles 
rain -1 mg-1)  b mg 1) 
mg 1) 

KS3000 Na 0.2 1.1 140 + 
N a K  11.8 7.3 

KS1 Na 1.3 2.7 91 + 
NaK 1.9 4.2 

KS2 Na 0 0.4 11 - 
NaK 1.0 2.2 

KS3 Na 0 0.4 12 - 
N a K  1.0 2.2 

KS6 Na 0.1 0.8 c _ 
NaK 0.22 1.5 

SU453 Na 0 0.2 103 + 
NaK 0.9 3.2 

KS191 Na 0 0.1 0 - 
NaK 0 0.2 

KS192 Na 0 0 0 - 
NaK 0 0.3 

KS193 Na 0 0 0 - 
NaK 0.2 0.5 

M72 Na 0 0.2 24 - 
N a K  0.2 0.4 

M188 Na 0.1 0.4 0 
NaK 0.5 1.8 

M189 Na 0 0.1 14 + 
N a K  0.1 0.3 

M272 Na 0.1 0.1 75 + 
N a K  1.4 3.7 

M72-1 Na 0 0.1 0 - 
N a K  0 0.1 

" C R M  refers to cross-reacting material to C protein antisera 
b Measured at 5 min 

Not tested 
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Fig. 1. SDS-Polyacrylamide gel electrophoresis of shock fluids from 
S. typhimurium strains. Cells were grown in complex medium with 
(/) and without (U) 5 mM citrate. Strains KS1 4 are tct: :Tnl0 inser- 
tions and TT98 is a trp:: TnlO insertion 

both reduced transport and binding. Nitrosoguanidine induced 
mutant M72 which was FC R (Table 2) appeared to have a leaky 
transport and binding activity, however the double mutant M72- 
1 was virtually devoid of activity. Strain M188 did not exhibit 
binding activity but was still able to transport citrate albeit at 
about one-half that of the parent. M189 exhibited only about 
10% of the activities of the parent. As expected M272, the tricar- 
ballylate defective strain, was transport and binding protein posi- 
tive. 

Periplasmic Proteins. The periplasmic proteins of the various 
S. typhimurium transport mutants were examined by SDS-poly- 
acrylamide gel electrophoresis, for l~C-citrate binding and for 
cross-reacting material with C protein antibody (Fig. 1). All FC ~ 
mutants, either spontaneous or TnlO derived, were unable to 
produce the C protein (28 K) when induced with citrate, to 
bind 14C-citrate to the periplasmic fraction or to form detectable 
cross-reacting material. The single exception to this fixed pattern 
was the TnlO insertion mutant KS1 which appeared to produce 
some binding activity even in the uninduced state. An even more 
unusual finding was the abrupt disappearance of a prominent 
50 K dalton protein in all FC R strains (Fig. 1). Control experi- 
ments with three unrelated tetracycline TnlO insertions indicated 
that this was not due to the presence of the TnlO transposon. 
One such insertion (TT98) is shown in Fig. 1 for comparison. 
This 50 K protein is apparently not a percursor to the C protein 
since it is present in uninduced cells and no cross-reacting activity 
was detected in the periplasmic fraction from such cells. 

Approximate Location of  the tct Locus on the Salmonella Chromo- 
some. Time of entry mating experiments (Ashton et al. 1980) 
showed that the tct locus mapped at approximately 58-60 units 
on the Salmonella chromosome (Sanderson and Hartman 1978). 
However, we were unable to detect cotransduction between tct 
and any of the following genetic markers in the 54-68 unit 
region of the chromosome: purC, purI, guaA, (54U) ; strB, (55U) ; 
hisS, (56U); glyA, purG, (57U); thiH, tyrA, pheA, (58U); srlA, 
(59U); cysD, (60U); argA, (61U); serA (63U); metC, (66U); 
argG, (68U). 

We therefore decided to use the technique of Tnl0-directed 
Hfr formation (Chumley et al. 1979) to determine more accurate- 
ly the location of the tct: :Tnl0 insertions in FC R mutants KS1, 
2, 3, and 6. After introduction into these mutants of an F' 

factor carrying TnlO, and subsequent integration of this F' into 
the chromosome by recombination between the chromosomal 
tct::TnlO and episomal TnlO transposons, the resulting Hfr 
strains will have their point of origin of chromosome transfer 
within the tct region. Accordingly, KS1, 2, 3, and 6 were con- 
verted first to F' and then to Hfr strains as described in Materials 
and Methods, and these Hfr's were used as donors in plate 
mating tests with F strains with auxotrophic markers in the 
54-68 unit region of the chromosome. The presence of many 
prototrophic recombinants after 48 h incubation indicates early 
gene transfer by the Hfr in question, thus locating the origin 
of transfer, and hence the tct locus, between known chromosomal 
markers. 

The results of these tests showed that several independently- 
isolated Hfr clones of each strain transferred srlA as the proximal 
marker andpheA as the distal marker. The tct locus was therefore 
positioned between srlA and pheA on the Salmonella chromo- 
some. The direction of transfer was the same in each Hfr strain, 
indicating that each original mutant arose from insertion of 
TnlO with the same orientation ( 'A ') in the chromosome (Chum- 
ley et al. 1979). 

Isolation of  TnlO Insertions Cotransductible with tct. The finding 
that the tct locus is between the srlA and pheA loci but cotrans- 
ducible with neither indicates that the distance between these 
two outside markers is probably greater than the 1 unit indicated 
on the Salmonella map (Sanderson and Hartman 1978). Since 
the availability of easily selected cotransducible outside markers 
is important for future fine structure genetic studies, we set 
out to isolate TnlO insertion mutants in which the transposon 
was cotransducible with, but not itself within, the tct region. 
Such insertions may also show cotransduction with known chro- 
mosomal markers in the region and hence could be used to 
close the transduction gap between srlA-tct-pheA. 

In order to isolate cotransducible TnlO insertions, transduc- 
ing phage P22 int3 I-IT12/4 was grown on the pooled Tet R cells 
from the TnlO mutagenesis experiment described in the methods, 
and used to transduce the spontaneous FC ~ mutant KS191 (Tet s 
tct-) to tetracycline resistance. The transductants were replicated 
onto NaK isocitrate to check for any colonies which had been 
cotransduced to tct +. Eleven such Tet R tct + colonies were isolat- 
ed from over 50,000 Tet ~ transductants screened. These transduc- 
tants were purified by restreaking twice on green tetracycline 
plates, verified as tct + (growth on Na citrate, NaK cis-aconitate 
and NaK isocitrate), and given isolation numbers KS174-184. 

The cotransduction frequencies between the TnlO insertions 
in strains KS174.184 and the tct locus were determined as fol- 
lows: preparations of P22 int3 HT12/4 grown on each strain 
were used as donors to KS191 (Tet s tct-), and Tet R transductants 
were selected and replicated onto NaK isocitrate agar. The re- 
sults presented in Table 4 show that the various TnlO insertions 
were between 2-16% cotransducible with tct. 

Transduction Mapping of the 58~50 Unit Region of the Salmonella 
chromosome. To test for cotransduction between the Tet R 
markers in strains KS174-184 and known chromosomal genes 
in the region, P22 grown on these strains were used as donors 
to cysD, pheA, tyrA, and srlA recipient strains. Tet ~ transduc- 
rants were selected and checked for growth on appropriate selec- 
tive minimal agar. No cotransduction was observed between 
any Tet ~ marker and cysD, pheA, or tyrA. However, the inser- 
tions in strains KS178, 179, 180, and 183 showed low cotransduc- 
tion with srlA (Table 4). Although the cotransduction frequencies 
were higher than the background level of spontaneous reversion 



Table 4. Percentage cotransduction between TnlO insertions in strains 
KS174-183 ~ and the tct, srlA, and nalB loci 

Donor phage 
Tet R tct+ 
srl + Nal s 

Recipient strain 

KS1000 SB1743 KS317 
(tct) (srlA) (nalB) 

KS180 2.9 (816) 0.6 (990) 73.5 (283) 
KS183 2.3 (621) 1.2 (1,272) 69.0 (458) 
KS179 9.1 (2,281) 0.2 (3,447) 59.5 (200) 
KS178 11.9 (2,589) 0.07 (2,681) 60.5 (200) 
KS176 10.5 (1,637) 0 (1,154) 49.3 (300) 
KS174 13.9 (1,041) 0 (1,614) 38.5 (200) 
KS182 16.1 (1,000) 0 (1,120) 34.0 (200) 
KS177 2.4 (1,203) 0 (1,365) 0 (291) 

Figures in parentheses show the total number of Tet R transductants 
analyzed per cross 

KS175 and KS181 gave low numbers ofTet R transductants in prelim- 
inary crosses and the data is not included 

of  the recipient to srl +, they were too low to be used to draw 
and accurate t ransduct ion  map. 

Isolation of  Nalidixic Acid Resistant Mutants. Resistance to low 
levels (4 pog/ml) of  nalidixic acid (Hane and  Wood  1979) is deter- 
mined by the nalB locus at  approximately 59 units on  the Salmo- 
nella chromosome (Sanderson and  H a r t m a n  1978). We decided 
to isolate nalB mutants  and check for cotransduct ion of nalB 
with all markers  in the region. Figure 1 described the typical 
survival characteristics of  bo th  presumptive nalB and nalA mu- 
tants and strongly resembles those reported for E. coli (Hane 
and Wood,  1969). Of  a total  of  7 low level nalidixic acid-resistant 
mutants  studied (described in Materials  and  Methods) ,  2 were 
found to be cotransducible (1 .7%)  with srIA and were therefore 
presumed to be nalB mutants.  One of  these (KS317) was checked 
for cotransduct ion with the Tet R markers  in KS174-184 and  
the results (Table 4 and  Fig. 2) show cotransduct ion frequencies 
ranging from 34-74%. No cotransduct ion was observed between 
nalB and cysD, tct, pheA, or tyrA (data nor  shown). 

The combined results of  the crosses shown in Table 4 were 
used to construct  the t ransduct ion map  of  the 58-60 U region 
of the Salmonella chromosome as shown in Fig. 3. 

It should be noted tha t  only 5 tct mutants  have been used 
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Fig. 2. Nalidixic acid sensitivity of various S. typhimurium strains. 
Wild-type, SU453 ( e - - e ) ,  naIB, KS317 ( I - - t t ) ,  and nalA, KS319 
~A A) strains are shown for comparison 

in the mapping  studies described so far - preliminary localization 
was carried out  by spot mat ing tests using Hfr  derivatives of 
KS1, 2, 3, and 6, and  the studies using the cotransducible TnlO 
insertions in strains KS174-184 were done with spontaneous 
FC R mutan t  KS191. The availability of  the cotransducible TnlO 
insertions now enabled us to check the approximate  location 
of  the tct mutat ions  in the remaining spontaneous FC R mutants  
and in the various NTG- induced  mutants  listed in Table 2. P22 
grown on TnlO insert ion strains KS177, 182 and  183 were used 
as donors  to each mutan t  strain, Tet k t ransductants  were selected 
and checked for their  ability to grow on N a K  isocitrate (or 
on  N a K  cis-aconitate in crosses with M189 and on N a K  tricar- 
ballylate in crosses with M272). The contransduct ion frequencies 
obtained are shown in Table 5, and establish tha t  the muta t ions  
in all the strains investigated, exceiX M272 (tricarballylate nega- 
tive), are in the same region of  the chromosome as the tct muta-  
t ion in KS191. Furthermore,  when examined more closely, the 
muta t ions  of  strains M72, M72-1, M188 and  189 cluster near 
the centre of  the region defined by our various FC R mutants  
and thus appear  to fall within the tct locus. 

Mapping of  the hyd Gene. A variety of  TnlO insert ion strains 
were used as donor  strains in phage crosses with CB724, a hydro-  
genase deficient strain. No cotransduct ion was detectable f rom 
200 Tet a clones derived from strains carrying tyrA::TnIO, or 
tct: :Tnl0 .  However the hyd gene was found to be 0.9% (328 

60 I 

9 

- -  . 85 - -88  l ,  ,~ 

- -  . 82  ,,* q 

cys l  h , {d  s r l A i  r e c A i  n a l B i  

~-.~-- . ~ _ _  ~ ~ ~ ~ ~ ~ ~ 
- - "06  ~ '~  - - - 074 , -  

- -  >1  ~" - - . 14  w- 

- - - 13  I ,  

- - - 19  I ,  

- - . 3 0  
- -  >1  I ,  

. 7 7  - 5 8  
"79  - -  
. 60  - -  

. 55  - -  

58  b 

- - - -  >1 ,, . 52  - -  - 7 8 . - - - , , ~  
-,,E--- 49  - -  I I [~ .A  / / - - ,  , 

t c t  "; 
- -  >1 - -~  

. . . . . . . . . . . . . .  K S 3 1 6  . . . . . . . . . . . .  I , -  
/, 'K'- . . . .  K S 3 1 5  . . . . . .  " ~  

Fig. 3. Map of the 58 60 unit region of the S. typhimuHum chromosome. The map is not drawn to scale and linear distances are indicated 
as fractions of a P22 phage chromosome length (14). Numbers 1 9 on the chromosome represent independent TnlO flanking insertions zfi 
1-9. The overall distance between 58 and 60 units actually calculates to be > 3.4 units. The average distance between the nalB and tct 
loci (0.78_+0.045) was arrived at by summing and averaging the linear distances between the various insertions and these loci. Deletions 
are indicated by the broken arrows 
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Table 5. Percentage cotransduction between TnlO insertions in strains 
KS183, 182 and 177 and various tct mutants a 

Recipient Donor phage (Tet R tct +) grown on strain 
(Tet s tct-) 

KS183 KS182 KS177 

KS191 2.4 (378) 21.3 (310) 3.2 (340) 
KS192 1.1 (457) 5.5 (715) 4.2 (409) 
KS193 0 (397) 4.4(496) 2.1 (436) 
KS194 2.7 (415) 13.4 (397) 1.0 (315) 
KS200 0 (593) 3.0(504) 1.2 (338) 
KS201 1.0 (577) 14.1 (765) 2.2 (743) 

M72 0.2 (580) 5.1 (568) 1.1 (561) 
M188 0 (974) 2.1(854) 2.0 (58~7) 
M189 0.3 (895) 5.5 (957) 2.0 (1,063) 
M272 0 (503) 0 (409) 0 (394) 
M72-1 0 (630) 5.4(701) 1.0 (834) 

Figures in parentheses show the total number of Tet k transductants 
analyzed per cross 

" tct mutants KS195-199 were P22-resistant and could not be analyzed 
by P22-mediated transduction 

clones) cotransducible with cysC and 76.8% (200 clones) cotrans- 
ducible with srlA. Since no cotransduction of  the nalB locus 
with hyd was found the gene order was assumed to be srlA 
hyd cysC. 

Orientation of  the recA and nalB Loci. Imprecise excisions of  
the TnlO transposon are known to occur spontaneously at a 
frequency of  approximately 10- 9 without prior penicillin enrich- 
ment (Kleckner 1977). In order to establish the gene order from 
nalB-srlA we selected and screened several spontaneous nalidixic 
acid resistant mutants arising from the excision of  TnlO insertion 
KS183 (Fig. 3). One of  these Tct + Nal ~ strains was also recA- 
but srl + and cys +, representing a deletion from the TnlO inser- 
tion KS183 through naIB and recA but not as far as srlA. This 
established the gene order as nalB recA srlA. 

A second imprecise excision was selected from KS3 
(tct::TnlO) which extended from tct (negative growth on isoci- 
trate) through nalB (resistance to 4 gg nalidixic acid per ml 
but not as far as recA or srlA. This confirmed the above gene 
order and also indicated that no unknown lethal genes exist 
between tct and the naIB loci. 

Mapping of  recA. The precise location of  the recA gene in S. 
typhimurium has not previously been determined although the 
gene has been reported to be approximately 20% cotransducible 
with srlA (Kleckner 1979). In order to more accurately position 
this gene we first transduced strain TT520 (srlA::TnlO, recA +) 
to srl + using strain SA409 (recA-) as a donor and scored the 
transductants for recA- ,  recA was found to be 19.3% (150 
clones) cotransducible with srlA. In a similar cross using strain 
KS300- (cysD-) and selecting eys + transductants no linkage 
(200 clones) of  recA to cysD was observed confirming that recA 
was between srlA and nalB. 

Discuss ion  

The transport of  tricarboxylates in S. typhimurium appears to 
be a complicated process. It is unusual among transport systems 
in that it is strongly K+-dependent with respect to either citrate 
or fluorocitrate transport (Ashton et al. 1980). The K+-require - 
ment does not appear to confer substrate specificity to the trans-  

port system since K ÷ is not preferred over Na ÷ for citrate bind- 
ing to the C protein (Sweet et al. 1979), nor is it required stoichio- 
metrically for fluorocitrate transport (Ashton et al. 1980). Thus 
it appears to be concerned with the energetics of  tricarboxylate 
transport. The FC R mutants described here are concomitantly 
defective in citrate transport as well as growth on citrate, cis- 
aconitate and isocitrate suggesting these three substrates share 
a common transport component. Another system, apparently 
citrate specific, appears to be operative since these strains contin- 
ued to grow, albeit slowly, on Na citrate and normally on K 
or N a K  citrate. Although it is difficult to observe in the citrate 
uptake or transport experiments it does appear as a NaK fluoro- 
citrate transport or binding system (Ashton et al. 1980). 

The most apparent biochemical defect in FC R strains is the 
inability to produce the citrate binding C protein found in the 
periplasm (Sweet et al. 1979). However it is difficult at this time 
to simply ascribe the inability to produce the C protein to a 
single genetic defect in these mutants since cis-aconitate is neither 
a competitive inhibitor of  binding to the C protein (Sweet et al. 
1979) nor of  transport into whole cells for either citrate (Kay 
and Cameron 1978) or fluorocitrate (Ashton et al. 1980) yet 
FC k strains are unable to grow on cis-aconitate. Furthermore, 
mutants (M272) can be obtained which are singly defective in 
the ability to use cis-aconitate - perhaps representing a unique 
cis-aconitate transport system. To complicate matters even fur- 
ther we have described here a 50 K dalton periplasmic protein 
which disappears in all our transport mutants as well as from 
the N T G  induced strains (Imai 1975). This protein is presently 
under study. It is apparently not under the same control as 
the C protein since it appears to be constitutive. Neither does 
it appear to be a percursor since it is immunologically distinct. 
An outer membrane 81K M.W. protein has been reported in 
E. coli which is inducible by growth in citrate containing media 
and has been suggested to be the receptor (Frost and Rosenberg 
1973) for the citrate-iron complex (Hancock et al. 1976). We 
do not know as yet whether a similar system exists in S. typhimur- 
ium or whether the 51 K protein found here is a periplasmic 
equivalent. 

Many of the problems described herein can be elucidated 
genetically. Thus we have carefully mapped the tct locus to 
the 59 unit region of  the Salmonella chromosome (Sanderson 
and Hartman 1978). Also we have more accurately positioned 
the hyd and recA loci and further isolated, described and mapped 
nalB mutants of  S. typhimurium in order to complete our picture 
of the 59 unit region. This region is unusually barren of  appro- 
priate genetic markers, necessitating the use of  TnlO insertions 
flanking the tct locus. 

The mapping of this 59 unit region of the Salmonella chromo- 
some in this detail permitted a more accurate estimation of 
the accurate linear distance of this region using the equation 
of Kemper (1974) which relates contransduction frequency to 
the length of P22 phage DNA.  From this analysis (Fig. 3) the 
58-60 unit region appears to be larger than indicated on the 
standard Salmonella map (Sanderson and Hartman 1978), mea- 
suring a minimum of  3.4 units rather than 2. This perhaps ex- 
plains part of our inability to achieve contransduction within 
this region. 

The flanking TnlO insertions made a comparative genetic 
analysis of the various transport mutants possible. All our FC R 
strains were located in the same region. All of the N T G  mutants 
(Imai 1975), with the exception of  M272 which was previously 
located at approximately 1 unit on the Salmonella chromosome 
(Imai 1977), map in the tct region also. The relative map position 
is in agreement with that of others (Imai 1977), that is at approxi- 



mately 59 units. However it is difficult at this time to rationalize 
these data with the variety phenotypes found, unless of course 
the degree of  growth restriction parallels the severity of the muta-  
tion. In support  of  this is the observat ion that  the N T G  derived 
strains are more leaky in their t ranspor t  ability; lack of  support  
stems f rom similarly leaky t ranspor t  observed in the insert ion 
mutants  of which one would expect of polar  effect of the 
tct: : T n l 0  insertion. Even more likely is the existence of  multiple 
citrate t ranspor t  genes in this locus. However any conclusions 
regarding these genetic relationships must  of  necessity await  a 
more detailed analysis of this region which is currently in pro- 
gress. 
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