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Summary. A lactate-nitrate medium suitable for genetic studies with nitrate reductase 
mutants (nat-) of Escherichia coli was devised. This permitted the selection of nat-  strains 
by their failure to use nitrate as terminal electron acceptor during anaerobic growth, in ad- 
dition to the selection procedure based on the chlorate resistance of nat-  mutants. Trans- 
duction studies with phage P1 and nar- mutants from both sources demonstrated the existence 
of at least three nat genes in the gal region of the E. coli linkage map, their relative positions 
being: ga[ . . . .  narF . . . .  bio . . . .  narD .. . .  narE. Using ~ phage cotransduction of narD with 
bio was observed and several independently-isolated defective L-transducing phages were 
examined. Phage 2 also transduced the narF gene with gal linkage but the hare  gene was 
not 2-transdueible. 

Introduction 
U n d e r  anaerobic  condi t ions  the  tox ic i ty  of chlorate  t owards  Escherichia coli 

depends  on the  presence of n i t r a t e  reductase .  Three  classes of ch lora te  r es i s t an t  
m u t a n t  of Escherichia coli K12 have  recen t ly  been descr ibed (PuIG and  AZOULAY, 
1967) and  the  corresponding genet ic  loci have  been des igna ted  chIA, B and  C. I n  
add i t i on  to  the i r  res is tance to  chlora te  all  th ree  classes lacked  n i t r a t e  reduc tase  
and  two of t h e m  (chlA and  B) also lacked fo rmate  hydrogen lyase .  The chlA locus 
has  been m a p p e d  be tween att,~ and  bio and  chlB lies close to  mtl  on the  E.  coli 
l inkage m a p  (PuIo,  AZOULAY and  PICI~I~OTY, 1967; TAYLOl~ and  TI~OTTEI~, 1967). 

I n  the  presen t  s tudies  a l ac t a t e -n i t r a t e  m e d i u m  sui table  for  genet ic  s tudies  
wi th  n i t r a t e  reduetase- less  s t ra ins  s t ra ins  was devised.This  m e d i u m  also p e r m i t t e d  
d i rec t  selection of such m u t a n t s  b y  v i r tue  of the i r  i nab i l i t y  to  use n i t r a t e  as a 
t e rmina l  e lec t ron acceptor  dur ing anaerobic  growth.  M u ta n t s  i so la ted  b y  this  
procedure  were pheno typ ica l l y  s imilar  to chIA and  chlB m u t a n t s  (VE~A~LES, 
WIMPEN~Y and  CoLv,, 1967, 1968). Genetic studies,  p r imar i ly  i n t ended  to compare  
the  genet ic  i d e n t i t y  of these  m u t a n t s  wi th  m u t a n t s  selected for res is tance to  
chlorate ,  po in ted  to  the  existence of a new locus in the  region of gal and  bio. 
Subsequent ly ,  m u t a n t s  selected for e i ther  p r o p e r t y  were examined  in de ta i l  and  
a t  leas t  3 new classes of n i t r a t e  reduetase- less /chlora te  res i s tan t  m u t a n t  (nar-) 
have  been found  in this  region of the  E.  coli chromosome.  

Materials and Methods 
Bacteria and Phages. The following strains of E. coli K12 were used: W1485(F+); W602 

(F-, leu-, gal-, bio-, str ~, thi-); AT2687 (F-, bio-, str r, met-); PA3476 (F-, thr-, leu-, lac-, suc-, 
ga[-, hio-, his-, str r, arg-, thi-); AB1621 (F-, lac-, gal-, str r, thi-); HfrH (thi-) and W3101 
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F2-gal (F', gal-/F-gal+). Phage Plkc was obtained from Dr. C. YA•OFSK¥ and phage A, Age 
and A-antiserum were kindly provided by Dr. B. A. FRY. 

Media. The minimal medium of VOOE~ and B O ~ E ~  (1956) was used with either glucose 
(0.2 % ) as carbon source, galactose (0.5 %) plus bromothymol blue for gal + selection or acetate 
(50 raM) for sue + selection. The lactate nitrate medium (LN) devised for genetic studies with 
nitrate reductase mutants contained (per litre) NaH~PO a • 2H20 , 6.08 g; K2HP0a, 10.6 g; 
(NI-Ia)2SOa, 2 g; KNOa, 4 g ;  potassium lactate (50%) 7 ml; vitamin-flee casamino acids 
(Difco) 0.4 g and 5 ml of a salts solution which in turn comprised (g/l) MgSO 4 • 7H~O, 10; 
MnC12 • 4H~O, 1; FeSO 4 • 7H20, 0.05; CaC12, 0.1 and a trace of cone. HC1 to clarify. Minimal 
media including LN were supplemented with vitamins and amino acids according to the 
particular requirements of the bacteria to be grown or selected. 

The chlorate medium, used mainly for mutant  selection consisted of Oxoid Nutrient 
Broth to which KC10 a (0.1%) and glucose (0.2%) were added. Bacterial stocks were main- 
tained on plates of L-agar ( L ~ o x ,  1955) and the routine liquid growth media were L-broth 
and A-broth (g/l: Oxoid tryptone, 20; Lab-Lemco, 2 and NaC1, 5; final pH 7.0). Media were 
solidified with agar 1.0--1.5% for plates and 0.6% for soft ovcrlayers. With ~ the phage 
dilution fluid was A-diluent (W]:IOLE, MESELSO~ and PAIO~,  1959). 

Mutant Selection. Mutants were selected from t t frH,  AB1621, AT2687 and W602 parents 
in two ways: a) by their inability to grow anaerobically on LN medium following treatment 
with N-methyl-N'-nitro-N'-nitrosoguanidlne (M:NNG), penicillin selection and replica plating, 
or b) by their resistance to chlorate by direct selection anaerobically on chlorate medium, 
with or without prior exposure to mutagen. Each mutant  was given a number prefixed by 
N or C according to whether it was isolated by method a) or b) respectively. Regardless of the 
method of selection all the mutants were resistant to chlorate and unable to grow on LN 
medium. All of the mutants to be considered here lacked nitrate reductase and formate 
hydrogenlyase and had mutant  loci in the gal, bio region of the linkage map. 

Conjugation. Interrupted mating was performed by the method of DE HAA~ and GRoss 
(1962) and conjugation by the cross-streak technique of BERG and CU~TISS (1967). 

Transduction with Phage Plkc. The media and methods of LEnnox  (1955) were employed. 
Lysates of donor strains were prepared by confluent lysis and phage multiplicities of 2 were 
used in transduction. 

Transduction with Phage A. Lysates of ~ phage were prepared by inducing exponential 
cultures of W1485(~t) or other strains lysogenized by ), " L y r i c "  lysates, used for example 
as helper phage, were prepared by the confluent lysis overlayer technique and two successive 
cycles were made initially to prevent carrying-over any transducing phage. In  all cases the 
indicator organism for phage assay was W1485. For transduction, stationary phase A-broth 
cultures of recipient organisms were normally resuspended in 0.01 ~-MgSO~ and mixed with 
an equal volume of lysate to give a multiplicity of infection of 5. After adsorption at 37 ° for 
20 rain, samples containing 0.75--3.0× 102 bacteria were plated in soft overlayers of the 
selective medium. Immuni ty  to A was tested by streaking cultures or colonies suspended in 
A-broth over a line of ~ge (prepared from a loopful of 2 × 109 phage/ml) and examining the 
intersection after incubation. 

Linkage Analysis. To determine the inheritance of non-selective markers, colonies of the 
selected types were patched on the same medium (with or without prior purification) and then 
replicated to appropriate test media. For scoring bio markers the first replica plate was re- 
replicated immediately to ensure the transfer of a small inoculum and a minimum carry-over 
of biotin. 

Detection o/Heterogenoies and Aesay o/ De/ective Transducing Phage (2dnD). To detect 
heterogenotes a method based on those of Fm~SER (1962) and MATSUSmmO (1963) was devised. 
Patches of LFT-narD + transductants from F-nar -me t -  recipients were prepared on LN 
medium and replicated to plates of A-agar which had been spread with 1091 from a "lyric  
lysate".  These plates were incubated for about 5 hr, irradiated, incubated a further 2 hr and 
the cells killed by inverting over CtICla. They were then replicated to plates of LN medium 
containing no methionine (LN-M) which had been spread with 3 X l0 s cells of a washed 
overnight culture of an F-nar-met + strain. The positions of heterogenotic transductants on 
the original plates were observed as areas of nat+met+ growth on the final replica plates after 
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an incubation period of 44 hr under HJCO~. For this test a met + revertant of AT2876C25 was 
used as the indicator organism and the casamino acid component of the LN medium was 
replaced by an artificial mixture of amino acids based on the composition of casein but 
lacking methionine. Similar results were obtained with a/t-lysogenic indicator strain. Suspected 
heterogenote patches were purified on /t-agar, re-tested and cultures from active single 
colonies were used for HFT-lysate production. 

The assay procedure for/tdnD was similar to that for/tdg (K~Is~R and HOGNESS, 1960). 
Samples (0.1 ml) containing )~tnD diluted in /t-diluent were mixed with 0.05 ml helper /t 
(1.2 × 101°/ml) and adsorbed to 0.1 ml of stationary phase AT2687C25 (3 × 109/ml) for 20 rain 
at 37 °. Soft LN agar (2.5 ml) was then added and the mixture poured over LN medium and 
incubated anaerobically for the selection of nat+. 

Caesium Chloride Centri/ugation. The HFT-lysates examined were purified by differential 
centrifugation and the phage resuspended in /t-diluent. Density gradient centrifugation at  
23,000 r.p.m, for 22--36 hr at 4 ° in the SW39 rotor of a Spinco L2-50 centrifuge was ac- 
cording to W~IGLE et al. (1959). From 3 ml samples approximately 100 fractions were col- 
lected as drops from the bottom of the centrifuge tube into 1 ml aliquots of ~-dihient (3 drops/ 
fraction). 

Results 

Transduction with Phage P1  

The selection of m u t a n t s  of E. coli lacking n i t r a t e  reduc tase  and  the  select ion 
of wi ld - type  r ecombinan t s  f rom these necessi ta tes  the  use of a medium,  g rowth  
upon  which requires  the  presence of a funct ional  n i t r a t e  reduc tasc  sys tem.  Since 
n i t r a t e  ass imi la t ion  b y  E. coli is poor  i t  was necessary  to  devise condi t ions  in  
which n i t r a t e  reduc tase  fulfils only  a r e sp i r a to ry  role. This  was accompl ished  b y  
using l ac ta t e  as a C and  energy source, N H  4 and  amino  acids  as sources of N and  
incuba t ing  anaerob ica l ly  (under  H 2 wi th  5% C02) b u t  wi th  n i t r a t e  p resen t  as 
t e rmina l  e lect ron acceptor .  Deta i l s  of the  med ium (LN) are  given in  Mater ia ls  
and  Methods  and  i t  should  be made  clear t h a t  aerobica l ly  wi ld - type  and  n i t r a t e  
reduc tasc  m u t a n t s  grow well on this  medium.  

Several  m u t a n t s  were selected for the i r  i nab i l i t y  to  grow anaerob ica l ly  on L N  
med ium and  subsequen t ly  m a n y  more m u t a n t s  wi th  the  same pheno type  were 
selected b y  v i r tue  of the i r  res is tance to  chlorate.  The use of the  chlora te  m e d i u m  
for genet ic  studies,  o ther  t h a n  for m u t a n t  selection is l imi ted  because chlora te  
res is tance is recessive;  g rowth  in the  absence of chlora te  is necessary  to  pe rmi t  
segregat ion and  pheno typ ic  expression of res i s tan t  recombinants .  The L N  m e d i u m  
therefore  possesses considerable  advan tages  because the  wi ld - type  pheno type  
(possession of n i t r a t e  reduc tase  and  chlora te  sensi t ivi ty)  can be selected as ab i l i t y  
to  grow anaerob ica l ly  on L N  medium.  I t  is p roposed  to  a d o p t  the  t e rmino logy  
of nat+ for  wi ld - type  (chlorate sensi t ivi ty)  and  n a t -  for  all  the  m u t a n t s  to  be 
considered here. A consequence of this  t e rmino logy  is t h a t  ni t  can be reserved for 
the  n i t r i t e  reduc tase  marker ,  

Mapping  with Mutants  Selected as Nitrate Reductase-Less. The a p p r o x i m a t e  
pos i t ion  on the  E.  eoli l inkage m a p  of several  n a t -  m u t a n t s  was de t e rmined  b y  
t ime  of e n t r y  m a p p i n g  wi th  HfrI-I as donor  and  der iva t ives  of AB1621 (e.g. 
T-N98,  gal-nar-trp-)  as recipients .  I n  all  cases the  nat  locus was t ransfer red  abou t  
0.5 rain af te r  gal and  6 to  8 min  before trp. A typ ica l  expe r imen t  is i l lus t ra ted  
in Fig .  1. This  order  was fu r the r  subs t an t i a t e d  b y  cross-s t reak conjuga t ion  wi th  
F2-gal as the  donor.  This episome t ransfers  marke r s  in the  order  o . . . .  gal . . . .  suc. 
None of these nar loci was t rans fe r red  a t  high f requency  b y  this  F -p r ime  par t ic le  
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I n  fu r the r  inves t iga t ions  P l - m e d i a t e d  t r ansduc t ion  was used. In i t i a l ly ,  s u c  +, 

g a l  + and  b io  + t r a n s d u c t a n t s  were se lected using N6(HfrH)  as donor  and  the  poly-  
a u x o t r o p h  PA3476 as rec ip ien t  (Table 1). The  l inkage be tween  the  donor  n a t -  

allele and  the  se lected marke r s  ind ica tes  t h a t  the  n a t  locus is to  the  ex t reme  r igh t  
of th is  group.  I n  addi t ion ,  when the  inher i t ance  of non-select ive  donor  ma rke r s  
(other  t h a n  s u c  +) b y  gal+ t r a n s d u c t a n t s  is considered,  25 % gained b io  + alone, 12 % 
inher i t ed  bo th  bio+ and  n a t -  and  4 % inher i t ed  n a r -  alone. Assuming  t h a t  the  leas t  
f requent  r ecombinan t  class arose f rom quadrup le  r a t h e r  t h a n  double  exchanges  
t h e  gene order  m u s t  be g a l  . . . .  b i o  . . . .  n a t .  
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Fig. 1. Time of entry mapping of a nat locus. Streptomycin resistant recombinants which are 
gal + ( o ), na r  + ( • ) and t rp  + ( A ) were selected from a cross between HIrH (gal+nar+trp+str 8, 

2.5 X l0 s per ml) and AB1621T-N98 ( g a l - n a r - t r p - s t r  r, 4 × l0 s per ml) 

Table 1. T r a n s d u c t i o n  m a p p i n g  o] a ni trate  reductase locus 

P 1  donor: HfrHN6 d- d- d- n a t -  

Recipient: PA3476 s u c -  ga l -  b io-  d-  

Selected Trans- Number 
markers ductants scored 

per l0 s P 1  

Per cent transductants scored as 

suc  + gal + bio + n a t -  

suc+ 5.3 116 - -  48 16 9 
gal + 5.0 140 81 - -  37 16 
bio + 6.6 104 19 27 - -  56 

A 3-factor  reciprocal  cross was nex t  pe r fo rmed  using gal+ as the  selective m a r k e r  
in  each di rec t ion  (Table 2). The  n u m b e r  of g a l + b i o + n a r +  t r a n s d u c t a n t s  re la t ive  to  
t he  t o t a l  n u m b e r  of g a l  + t r a n s d u c t a n t s  was much  higher  when the  cross was 
pe r fo rmed  in d i rec t ion  I (23 % ) t h a n  in  d i rec t ion  I I  (1%). This  ind ica tes  t h a t  the  
wi ld - type  geno type  arose b y  double  exchange in d i rec t ion  I and  b y  quadrup le  
exchanges  in d i rec t ion  I I  and  this  is only  compat ib le  wi th  a gene order  of g a l  . . . .  

b i o  . . . .  n a r .  
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Table 2. Three-/actor reciprocal cross at a nitrate reductase locus 

Direction I P1 donor: HfrHN6 q- 4- nat-  
Recipient: W602 gal- bio- 4- 

Direction IIa P1 donor: W602gal+ 4- bio- 4- 
Recipient: W602bio+N6 gal- 4- nat- 

Direction Selected Trans- Number Per cent transductants scored as 
of cross marker ductants scored 

per 10 6 P1 bio+nar+ bio+nar- bio-nar + bio-nar- 

I gal+ 29.7 124 23 23 50 4 
II  gat + 13.0 83 1 67 17 15 

a The participants in this cross were isolated as Pl-sensitive transductants from a direction 
I cross.  
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Fig. 2. Genetic map showing the relative positions of the three new nat genes. The map 
distances (100 minus per cent cotransduction) are averages {or the mutant groups shown. 

Individual mutants comprising each group are represented as isolate numbers 

The major  significance of these results is t ha t  the m u t a n t s  in  quest ion are no t  
of the narA (chlA) type  bu t  belong to a new locus which we have designated narD. 

Mapping  o / M u t a n t s  Selected as Chlorate-Resistant. To determine whether  or 
no t  the isolat ion of narD-  m u t a n t s  was condit ioned by  the new selection procedure 
a group of chlorate-resistant  m u t a n t s  were examined.  The f requency of spontane-  
ous m u t a t i o n  to chlorate resistance is a t  least 1 per 106 cells plated and  this can 
be increased 100-fold by  prior t r ea tmen t  with MNNG. By  contrast ,  the reversion 
f requency of these nat -  m u t a n t s  determined by  pla t ing on LN med ium anaerobi-  
cally is seldom higher t h a n  1 per 5 x l07 cells plated. The major i ty  of these m u t a n t s  
were isolated in  W602 (gal-bio-) and  these were used as recipients to W1485 
(gal+bio +) in t r ansduc t ion  crosses from which gal +, bio + and  nar+ recombinants  were 
selected. F rom the linkage da ta  obta ined there appeared to  be three different 
groups of m u t a n t  in  the gal and  bio region and  these are shown in  Fig. 2. 

One of the groups gave map distances for nar-gal of between 65 and  84 (av. 73) 
and  nar-bio distances of 24 to 44 (av. 30). I n  crosses between members  of this  
group nat  + complete t r ansduc tan t s  were obta ined at  low frequencies bu t  no 
abort ive t r ansdue tan t s  could be detected al though they  were always found with 
W1485 as donor. Similar results were obtained when these m u t a n t s  were crossed 
with the s trains selected as nat -  by  their  failure to grow on LN-medium and  
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discussed above. I t  was therefore concluded that  both selection procedures yield 
narD-  mutants. Three factor crosses within the narD locus using bio as the outside 
marker indicated that  the N6 site is further from bio than any of the other narD-  

mutants. 
The second group of mutants was designated harE; it was characterized by a 

large nar-gal map distance (~92)  coupled with a nar-bio distance of 70 to 90 
(av. 82). Of four narE mutants, two (Cll and C14) gave a low frequency of 
complete transduction when crossed and the absence of abortive transductants 
indicated non-complementarity. So far the other mutants (C26 and C27) have 
not been tested for complementation and it is still possible that  they could 
represent mutants at  another closely-linked locus. The position of the narE gene 
was further defined using W1485 and HfrttS/6 as donors and the 4 h a r e  mutants 
as recipients; nat  + was selective and the inheritance of bio+, the non-selective 
marker of the donors, was scored. Typical results are presented in Table 3 andi t  
can be seen that  the presence of the narD-N6 mutation in the donor drastically 
reduces the linkage between the narE-Cl l  site and bio. This result would be 
expected only if narD lies between bio and harE. 

Table 3. Transduction mapping at the hare locus 

Recipient: W602Cll gal-bio-narE- 

P1 donor 
(bio +) 

Selected Trans- Number Per cent 
marker ductants scored transductants 

per 103 P1 scored as bio + 

W1485 nar+ 35 64 25 
(nat+) 
N6 nar + 15 61 5 
(narD-) 

Table 4. Transduction at the narF locus 

P1 donor: W1485 ~- -~ -~ 
Recipient: W602C122 gal- harE- bio- 

Selected Trails- Number Per cent transductants scored as 
marker ductants scored 

per 106 P1 gal+bio + g a l + b i o -  gal-bio + gal-bio- 

nat+ 7 67 46 26 14 14 

gal+nar + gal+nar- gal-nar + gal-nar- 
bio + 10 60 34 < 1.5 35 30 

The third group designated narF was closest to gal, giving map distances 
ranging from 23 to 28 (av. 26) and nar-bio distances of between 38 and 48 (av. 41). 
Genetic homogeneity within this group was again demonstrated by the low 
frequency of complete nat+ transduction and the absence of abortive transduetion 
when crosses between constituent members were performed. The position of the 
narF gene was confirmed by analysing non-selective marker distribution in nat+ 
and bio+ transductants obtained with a wild-type donor and narF mutant  reci- 
pients. Typical results (Table 4) show that  amongst bio + transductants the 
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gal+narF - geno type  is leas t  f requent  ind ica t ing  t h a t  i t  arose f rom quadrup le  
r a the r  t h a n  double  exchanges.  This is consis tent  only  wi th  the  gene o rde r  
gal . . . .  h a r e  . . . .  bio, and  non-select ive  m a r k e r  d i s t r ibu t ion  in  the  nar+ t rans-  
d u c t a n t s  suppor t s  th is  conclusion. 

Where  performed,  crosses be tween n a t  m u t a n t s  f rom the  3 loci gave  nar  + 

t r ansduc t ion  frequencies which conformed to the  l inkage m a p  descr ibed  (Fig. 2) 
and  the  ra t ios  of abo r t ive  to  complete  t r a n s d u c t a n t s  were as high or usua l ly  
higher  t h a n  those  observed  in crosses using wi ld - type  donors.  

S t u d i e s  w i th  Phage  

I n  view of the  c a p a c i t y  of 2 for  t r ansduc ing  gal and  bio genes (Mo~s~, LEDEtt- 
B~.~G and  LE])~]3E~G, 1956; WOLL~AN, 1963) and  the  p r o x i m i t y  of the  n a r  genes 
to  these  loci, the  poss ib i l i ty  of special ized t r ansduc t ion  of na r  b y  X was inves t iga ted .  
In i t i a l ly ,  m u t a n t s  of the  n a r D  class were examined  and  a l though t h e y  have  
received the  g rea tes t  a t t en t ion ,  the  o ther  classes of nar  m u t a n t  were subsequen t ly  
inves t iga ted .  

Table 5. Transduction o/ the nitrate reductase D locus by 2 phage 

Ex- Donor lysate Multi- nar + Transductants per plate 
peri- (source and treatment) plicity of with recipient 

ment infection ttfrHN6 W602C19 AT2687C25 

None (broth control) - -  34 0 10 
W1485 (A) 3.5 295 126 210 
W1485 (lyric growth) 3.5 0 0 0 
HfrHN6 (2) 3.5 0 3 8 
AT2687C25 (2) 0.8 1 0 0 

I I  None (broth control) - -  - -  1 19 
W1485 (2) 5.0 - -  302 165 
W1485 (2); 100,000 g supernate 3.5 x 10 -3 - -  1 18 
W1485 (2); 100,000 g pellet 3.2 - -  170 103 
W1485 (2); treated with A antiserum 4.1 × 10 -5 - -  2 15 

Adsorption was in 2-broth and samples (0.1 ml) containing 2 × l0 s recipient bacteria were 
plated in LN medium by the overlayer technique and incubated anaerobically for 3 days. 
Lysates were prepared by u. v. induction of lysogenic donor strains unless lyric growth is 
specified. In experiment I I a  sample of the ]ysate was sedimented at 100,000 × g for 1 hr and 
the supernatant fluid and the pellet (resuspended in the original volume) were tested for 
plaque-forming and transducing activities. Another sample of the lysate was incubated with 
2-antisermn for 45 rain at 37 ° and assayed likewise. 

D e m o n s t r a t i o n  of n a r d  T r a n s d u c t i o n  by  ~ Phage .  W h e n  lysa te  f rom an  induced  
lysogenic  n a r  + s t ra in ,  W1485(A) was incuba ted  wi th  three  n a r D -  m u t a n t s  and  
selection for  nar  + made  b y  p la t ing  on L N  m e d i u m  and  incuba t ing  anaerobica l ly ,  
convers ion to  nar  + occurred a t  a much  grea te r  f requency  in the  presence of 
t h a n  in i ts  absence.  F u r t h e r  expe r imen t s  were pe r fo rmed  to ensure t h a t  th is  was 
due to  special ized t r ansduc t ion  b y  2. As shown in Table  5 (exper iment  I) ,  " l y r i c  ) ." 
p repa red  b y  confluent  lysis  of a A-sensitive nar+ s t ra in  and  induced  lysa te  f rom 
lysogenic  n a r D -  s t ra ins  were inact ive .  I n  addi t ion ,  the  p laque- forming  a n d  t rans-  
ducing ac t iv i t ies  of the  t r ansduc ing  lysa te  were lost  s imul taneous ly  b y  sed imenta-  
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tion or by treatment with 2-antiserum (Table 5, experiment II);  both activities 
were recovered from the sedimented material. Thus it was concluded that  transfer 
of the nard gene can be mediated by 2 phage and at frequencies (1 4 transductants 
per 107 1) comparable to the transduction of gal and bio by LFT-lysates. The 
relationship between the number of nat+ transductants and amount of LFT- 
lysate plated is shown in Fig. 3 for AT2687C25, its Z-lysogen and W602C19. 
Over the proportional region the transduetion frequency is 17.7 per 107 phage for 
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Fig. 3. Relationship between I phage plated and nat + transductants produced. After adsorp- 
tion samples containing 7.5 × l0 T recipient organisms were plated; o AT2687C25; 

• AT2687C25(2) and • W602C19 

C25 but the frequency falls by  a factor of 5 when the recipient is lysogenic. A 
saturation point is reached at 7.5 × l0 s t per plate (M.O.I.----10), however, by 
doubling the amount of recipient, a higher saturation point is reached at 1.8 × 109 t 
per plate with L-sensitive C25 whereas little further increase in the yield of trans- 
duetants is observed with the lysogen. Similar observations have been made for 
transduction of gal by LFT-lysates (MoRsE et al., 1956). 

Linkage Analysis with narD Mutants. Transduction mapping with phage P1 
indicates tha t  the bio marker is situated between attl and the narD locus. Then 
according to the Campbell model (CAMPBELL, 1962), it  would be predicted that  
when they are formed, the narD-transducing particles of an LFT-lysate should 
also possess the capacity for transducing bio. Consequently, a high frequency of 
eotransduction of bio with narD would be expected whereas, eotransduetion of 
gal with nard would not be anticipated because these markers should be in- 
corporated into opposite arms of the ~ prophage. As predicted, cotransduction 
with bio was observed for 4 narD- mutants but  never with gal (Table 6). Linkages 
between narD and bio of 21--56% were observed in different experiments with 
C25 as recipient, but  they were always much lower with its lysogen (4.7--12.5%) 
and with C19 (<7 .8%) .  When bio+ was selective, this linkage varied between 
the same limits for C25, but  was generally higher for C25(t) and C19 (Table 6). 
In  all cases the transductants were immune to ~ when tested against ~gc. 
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Table 6. Cotransduction o/narD with bio 

Recipients Selective Trans- Number Per cent transductants ttetero- 
markers ductants tested scoring as genotes 

per plate carrying 
bio+ nat+ gal + nard + 

AT2687C25 (gal+) nat + 603 437 42.4 - -  - -  
bio + 741 147 - -  30.6 - -  
nar+bio + 197 . . . .  

AT2687C25(Z) (gal+) nar + 428 277 11.2 - -  - -  
bio + 145 64 - -  25 - -  
nar+bio + 77 . . . .  

W602C19 (gal-) nat + 441 323 3.7 - -  <0.3 
bio+ 86 64 - -  10.9 < 1.6 
nar+bio + 16 . . . .  
gal+ 2308 140 <0.7 <0.7 - -  

W602C124 (gal-) nar+ 27 26 66 - -  <3.9 

W602C128 (gal-) nar+ 34 35 45 - -  <2.9 

3/319 (0.9%) 
4/116 (3.5%) 
7/228 (3.1%) 

2/341 (0.6%) 
5/64 (7.8%) 

10/114 (8.8%) 

Overnight cultures of recipient organisms were washed with 0.01 -~MgSOa by membrane 
filtration, resuspended at 3 × 109 bacteria/ml in the same fluid and incubated for 20 rain at  
37 ° with an equal volume of a phage suspension (1.5 × 10X°/ml) prepared by inducing W1485 
(Z) and purifying the phage by sedimentation and dialysis versus Z-diluent. Transductants 
were selected by plating 0.1 ml samples as soft agar overlayers with the following media: 
nat +, LN medium (I-I2/CO~); bio +, LN-biotin (Air); nar+bio +, LN-biotin (H2/C02) and gal +, 
galaetose bromothymol blue nutrient agar. To reduce the faint background growth of the 
recipient on LN-biotin, avidin (Nutritional Biochemical Co.) was added to the soft top layers 
before plating (approximately 50 ~g of protein after membrane filtering a suspension of avidin, 
2.2 units/mg in Z-diluent). 

The  Occurrence o / T r a n s d u c t i o n  Heterogenotes ]or the n a r D  Lo~us. A n  i m p o r t a n t  
fea ture  of special ized t r ansduc t ion  is the  fo rma t ion  of he terogenotes  which are  
t r a n s d u c t a n t s  ca r ry ing  an e x t r a  f r agment  of the  bac te r ia l  genome in a defect ive  
or non-defect ive  prophage .  W i t h  phage  ~ some 70 % of t r a n s d u c t a n t s  for  gal loci  
are he terogenotes  (Mo~sv,, et al., 1956), l ikewise wi th  phage  ¢ 80 1 0 - - 2 0 %  of trio + 

t r a n s d u e t a n t s  are  he terogenotes  (MATsVSm~O, 1963). The he terogenotes  are  
charac te r ized  b y  the i r  genet ic  i n s t ab i l i t y  and  the  ab i l i ty  to  y ie ld  high f requency  
t r ansduc ing  (HFT)  lysa tes  upon  induct ion.  I n  the  case of n a r D  and  4, he terogenotes  
were no t  d iscovered unt i l  a me thod  had  been devised for screening large numbers  
of nar+ t r a n s d u c t a n t s  (see Mater ia ls  and  Methods) .  

T ransduc t an t s  of AT2687C25 and  i ts  ~-lysogen have  been s tud ied  in  g rea tes t  
de ta i l  and  less t h a n  1% of n a r D  + t r a n s d u c t a n t s  were de t e c t a b ly  hcterogenot ic  
(Table 6). Al l  5 he terogenotes  selected p r imar i ly  as nat+ were also bio +, and  t h e y  
are p re sumed  to have  the  genet ic  cons t i tu t ion :  bio-, narD-/ (~-bio-narD) +. Signifi- 
cant ly ,  the  p ropor t ion  of he tcrogenotes  was increased when nar+bio + cot ransduc-  
r an t s  were selected d i rec t ly  (Table 6) and  compared  wi th  the  nar+ selection, th is  
increase is d i r ec t ly  re la ted  to  the  enr ichment  of nar+bio+ t r ansduc t an t s .  The  
incidence of these he te rogenotes  was also higher  when bio+ was alone select ive 
(Table 6), and  in t e rms  of the  n u m b e r  of nar+bio + in these  samples  the  p ropor t ion  
of he terogenotes  is as high as 11.3 % for C25 and  31.0 % for C25(~). Since the  same 
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species of exogenote are being considered whether bio + or nar  + are selective and 
since the similar selective media are used for both, this significant increase in 
heterogenote yield m a y  be related to the aerobic selection of bio + compared to the 
anaerobic selection of nar+. 

Assuming tha t  bio lies between n a r D  and attA, a further prediction based on the 
Campbell model is tha t  all heterogenotes selected as nar+ possess an exogenote 
of the type A-bio-narD whereas the converse would not be expected i.e. hetero- 
genotes selected as blo + need not necessarily contain n a r D  in the exogenote but  
may  be either A-bio or A-bio-narD. (This also assumes tha t  recombination between 
A and transducing A is rare.) As mentioned above, all the nar+-seleeted hetero- 
genotes were bio +, but  of the bio+-seleeted transduetants,  9 were heterogenotie 
with respect to n a r D  (Table 6), and when screened for the presence of hetero- 
genotes on the basis of high frequency transfer of bio +, 2 more heterogenotcs 
were detected, in addition to the 9 bio+narD+ heterogcnotes, and these were 
bio+nar - .  Clearly, exogenotes of the A-bio and A-bio-narD types exist and, despite 
the smallness of the sample, the absence of the A-narD type is consistent with 
the theory of transducing phage origin based on the Campbell model. Alternately, 
if the Campbell modelis  assumed, the results confirm the gene order gal-A-bio-narD. 

Propert ies  o/Heterogenotes.  All the n a r D  + heterogenotes examined proved to be 
unstable; they segregate haploid n a r D -  derivatives and some haploid narD+ 

recombinants. The heterogenotes were sensitive to chlorate anaerobically and the 
n a r D -  segregants were not only unable to grow on LN medium but  also chlorate 
resistant, indicating tha t  the wild-type allele n a r D  + and chlorate sensitivity is 
dominant over n a r D -  and chlorate resistance. 

A total  of 14 heterogenotie strains derived from AT2687C25 and its A-lysogen 
were examined for HFT-lysa te  formation after u.v.-induction. The lysates con- 
rained 1.5--5.6 x 109 plaque-forming units per ml whereas the transducing phage 
titres assayed in the presence of helper phage ("lytic A") were lower by  factors 
f rom 65 to 2,300: representative results are shown in Table 7. The conditions 
chosen for assaying transducing A were those which gave the highest values; 
lower titres were obtained with a lysogenic recipient alone, and with non-lysogenic 
AT2687C25 in the absence of helper the HFT-lysates  were virtually inactive at 

Table 7. Plaque.forming and transducing activities o/ HFT-lysates 

Hetero- Parent Selection Transducing Plaque-forming Ratio 
genote activity (T) activity (P) T/P 

(phage per (phage per 
ml × 10 -7) ml X 10 -9) 

HN2 AT2687C25 nat + 1.27 2.84 1/224 
I-I_NB5 AT2687C25 nar+bio + 3.62 2.36 1/65 
t tNBll  AT2687C25 bio + 0.84 2.70 1/321 
HN15 AT2687C25(A) nar + 0.19 3.41 1/1790 
HNB20 AT2687C25(Jl) narebio + 3.74 3.66 1/98 
HB29 AT2687C25(~) bio + 0.99 1.98 1/200 

Single colonies of heterogenotic strains on 2-agar plates which gave a positive heterogenote 
test were induced with u.v. radiation and the resulting lysates were assayed for plaque- 
forming activity and for transducing activity with added helper phage. 
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the highest dilutions (Fig. 4). The absolute titres for the transducing particles 
may  well be higher because the transduetion efficiency under the test  conditions 
is probably less than 1 (ARBor, 1958). Since similar results were obtained with 
all the t tFT-lysates,  the requirement for helper phage indicates tha t  all the 
transducing phage examined are defective and can be designated 2dnD. The 
production of t tFT-lysates  from heterogenotes derived from non-lysogenie C25 
was not dependent upon superinfeetion with ~ so all the heterogenotes examined 
can be regarded as double lysogens (~,~dnD). 

10 3 i I i i i i 
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Fig. 4. The transducing activity of HFT-lysate when assayed with: narD-, , ;  narD-(2+), o; 
narD- with 2+ as helper, A. The lysate from a heterogenotic nard + transductant of AT2687C25, 
tIN1 contained 1.8 × 109 plaque-forming units per ml and 5.6 X 109 transducing units per ml; 

dilutions were prepared so that 0.1 ml samples contained the volume of lysate shown 

Using HFT-lysates the incidence of heterogenotes amongst narD+ t ransductants 
obtained from a lysogenic recipient and from non-lysogenic recipient plus helper 
was no greater than with LFT-lysates. So far, no heterogenotic t ransductants  
have been obtained with HFT-lysate  and non-lysogenic recipient alone. 

The presence of two species of phage particle in the HFT-lysates  was confirmed 
by  CsC1 density-gradient centrifugation. Four lysates were examined and in each 
case a band of transducing activity was found displaced or separated from the 
plaque-forming material. The lysates from heterogenotes HN2 and HN15 con- 
tained transducing particles ($dnD) which had densities 0.0014 and 0.0028 
greater than % respectively. On the other hand, densities 0.0180 and 0.0054 less 
than ~ were found for the ~dnD particles in HN1 and I tNB5 HFT-lysates  re- 
spectively; representative profiles are shown in Fig. 5. 

Transduction Studies with other nar- Mutants. This investigation of nar 
transduction by  LFT-lysates of ~ was extended to include a total  of 70 nar- 
isolates. With 12, a relatively high reversion frequency obscured the results but  
of the remainder 20 were transduced to nar+ and 38 were not. The latter group 
included the 4 mutants  designated earlier as h a r e  mutants,  and some which are 
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ne i the r  narD, E nor  17 mu tan t s .  Only  l l  of the  t r ansduc ib le  s t ra ins  have  been 
charac te r ized  a n d  t h e y  comprise  6 isola tes  a l r e a dy  des igna ted  as narD m u t a n t s  
and  the  5 narlV mutan t s .  T ransduc t ion  of the  nard' gene b y  2 is cons is ten t  wi th  
i ts  loca t ion  be tween  gal and  bio. W i t h  m u t a n t s  C113 and  C122, jo in t  t r ansduc t ion  
of n a t  wi th  gal b u t  no t  bio (Table 8) indica tes  t h a t  the  corresponding narF loci 
are  s i t ua t ed  be tween  gal and  att2. The  s i tua t ion  wi th  regard  to  the  o ther  narF 
mutan t s ,  C100 a n d  C l l l ,  is more  complex  because here l inked t r ansdue t ion  of 

i t , t ' I ' l L , I I 
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Fig. 5. Density gradient centrL{ugation of T-IFT-lysates. Plaque-forming (O) and transducing 
(•)  activities are shown for lysates from heterogenotes A, HN2 and B, HNB5 

Table 8. Transduction o/nar2' by Thage 3. 
a 

l~ecipients 
(gal-, bio-, 
narf-)  

Trans- Number Per cent transductants 
ductants tested scoring as 
(nat+) 
per plate gal+ bio+ a 

W602C100 72 139 38 8 
W602Cll l  66 126 83 83 
W602Cl13 302 100 14 < 1  
W602C122 480 100 25 ~ I  

a All the nar+ transductants which inherited bio + as a non-selective marker were also gal+. 
The donor lysate prepared from W1485(2) was mixed with an equal volume of overnight 

culture of recipient organisms (M.O.I. = 5); nat+ transductants were selected by plating 3 X 
108 bacteria by the overlayer technique. 

n a t  wi th  gal and  bio was observed  (Table 8). Compared  wi th  m u t a n t  C122 in the  
same group,  these  m u t a n t s  behaved  d i f ferent ly  in con juga t ion  wi th  F~-gal using 
the  cross-s t reak  t e s t ;  C122 gave nar + r ecombinan t s  b u t  C100 and  C l l l  d id  not .  
P re sumab ly ,  the  C122 si te lies close to  gal and  the  corresponding segment  of 
chromosome is con ta ined  on the  episome whereas  the  C100 and  C I l l  m u t a t i o n s  
are  e i ther  fu r the r  f rom gal  or t h e y  ex t end  beyond  the  region t rans fe r red  b y  the  
episome. 
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Discussion 
The nitrate reductaseless mutants  examined here fall into three distinct groups 

(narD, E and F) based on linkage analyses and eomplementation tests (abortive 
transduction) with phage P1. Like one of the previously described nitrate re- 
ductase loci, chIA (narA) these groups are situated in the gal and bio region of the 
E. coli linkage map. The narA gene is thought to lie between gal and bio and 
more specifically between att~ and bio because gal and narA are not cotransdueed 
by LFT-lysates of ~ (Pcm et al., 1967). This clearly distinguishes narA from the 
three gal and bio-linked genes considered here, because they either map outside 
the gal-bio segment (narD and E) or are cotransducible with gal (narF). When a 
large sample of mutants  has been examined we may  find some of the narA type 
and more also of the narB and narC types. Mutants selected as nitrate rcductaseless 
(N) are not genetically distinct from those selected as chlorate resistant (C) 
because both methods yield non-complementary narD mutants.  So far all the 
nitrate reduetase selected mutants  have been narD- but again, when more have 
been examined in detail we expect to find representatives from the other loci. 
The relatively high frequency of nat- mutat ion may  be the cumulative effect 
of normal frequencies in many  genes, in which case further nat genes may  await 
discovery. Of the activities affected in the nat-  mutants,  nitrate reductase and 
formate:  ferricytochrome b I oxido-rcductase are membrane associated (V~A~LES 
et al., 1967, 1968) and the existence of a multiplicity of genes affecting these 
functions is not necessarily surprising. 

Transduction of the nard and narF loci by phage ~ is consistent with its 
function as a specialized transducing phage, restricted to transferring genes 
situated close to the prophage a t tachment  site, Except  for a few minor details 
the characteristics of the narD transducing system are essentially similar to those 
of the gal, bio (~) and trp (980) systems. The most significant difference would 
seem to be the relatively low frequency of heterogenote formation both with 
L F T  and H F T  lysates. This may  be a reflection of the particular deletions of 
~-genome required to accommodate the att2-narD region or it may  be a feature 
of the nat+ selection procedure. The relative orientation of narD and ~ prophage 
is similar to tha t  for bio and ~ or trp and 980, where both defective and non- 
defective transducing particles have been found. Here 14 independently-isolated 
heterogenotes contained defective transducing phage. However, insertion of the 
att~-narD region into transducing particles necessitates considerably greater 
deletions of ~-DNA (and therefore a greater possibility of deleting essential 

functions) than for the insertion of bio. As yet, the transduction of narF by 
has not been studied in detail; the cotransdueibility of gal with narF indicates 
tha t  narF is to the left of att,~. However, the cotransducibility of gal, narF and bio 
with 2 mutants,  C100 and C l l l ,  demands further investigation. Similar linked 
transduction of gal with bio has been described by Fu~gsT (1966) with a recipient 
deleted for att,~. I t  is conceivable that  C100 and C111 (both spontaneous mutants)  
have deletions in the narF gene which extend through the att2 region. The con- 
jugation studies with F~-gal lend a little support to this possibility. Despite being 
linked to bio and gal by P1 transduction the hare gene appears to be too far 
from att2 either to be incorporated into a transducing particle or, for the genera- 
tion of such a particle to occur at  a high enough frequency for it  to be detected. 

10" 
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Dur ing  the  course of this work, t r ansduc t ion  of n i t ra te  reductase sites by  
2 defective b io t in  t ransduc ing  phage (2db) has been reported (ADHYA, CLEARY 
and  CA~rBv, I~,  1968). This f inding together  with addi t ional  genetic evidence 
presented by  these authors  suggests t h a t  their  m u t a n t s  are of the narD type.  
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