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Summary. A library of Rhodopseudomonas capsulata chro- 
mosomal DNA was constructed in the broad host range 
cosmid vector pLAFR1. The library was used to isolate 
nitrogen fixation genes by complementation of R. capsulata 
Nif-  mutants. Four complementing regions were localized 
on different cloned DNA fragments by Tn5 and mini-Mu 
mutagenesis. Additional mfgenes were identified by recom- 
bination of transposons from the n/f cosmids into the R. 
capsulata chromosome resulting in the creation of new Nif-  
mutations. Most of the newly cloned DNA fragments con- 
taining n/f genes were found to be unlinked to any other 
by Southern hybridization of the cloned DNA to chromo- 
somal DNA blots. One of the new fragments was linked 
to the nifHDK genes. Another cluster spanning 10-12 kilo- 
base pairs contained a number of  m f  genes, possibly as 
many as eight. 

Introduction 

Nitrogen fixation in microorganisms is a complex process 
requiring some 15-17 genes. In Klebsiella pneumoniae these 
genes are clustered within 24 kilobase pairs on the chromo- 
some and transcribed in seven or eight operons (Ausubel 
and Cannon 1980; Brill 1980). A suggestion that the organi- 
zation of n/f genes in R. capsulata differs from that of K. 
pneumoniae came from the results of gene transfer agent 
(GTA) mediated recombination among independently iso- 
lated Nif -  mutations, which were found to comprise five 
(Wall and Braddock 1984) and later six (Wall et al. 1984) 
GTA linkage groups. Since the GTA packages 4.6-kb frag- 
ments of linear DNA, two mutations separated by 4.6 kb 
appear unlinked. In practice, GTA linkage markers can 
be established reliably only if they are within 2.7 kb. Wail 
and Braddock (1984) point out that their GTA mapping 
of the R. capsulata mfgenes is not inconsistent with a single 
cluster covering 30 kb. In addition, while our work was 
in progress, Piihler et al. (1984) identified a 14 kb region 
of the R. capsulata chromosome that appeared to be satu- 
rated with n/f genes. It was therefore of interest to map 
physically the mf  genes in the various GTA linkage groups 
(Wall and Braddock 1984), to compare the mapped DNA 
fragments with those of Piihler et al. (1984), and finally 
to compare the n/f gene organization of R. capsulata with 
that of Klebsiella (Ausubel and Cannon 1980; Brill 1980). 
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We have previously shown that an 11.8-kb HindIII frag- 
ment of wild type R. capsulata DNA, cloned on the basis 
of homology with Klebsiella genes coding for the nitrogen- 
ase components (nifHDK), complements R. capsulata Nif-  
mutants in a single GTA group (IV). In this paper we report 
the isolation of DNA fragments containing a large number 
of R. capsulata n/f genes. Tn5 and mini-Mu insertional inac- 
tivation of complementing activities, chromosomal muta- 
genesis with the Tn5-containing fragments, and Southern 
blots of chromosomal DNA probed with the complement- 
ing fragments were carried out. These results show that 
in R. capsulata, nif genes are widely dispersed among non- 
n/f genes. 

Materials and methods 

Chemicals and media. RCVB (Johansson and Gest 1977) 
is a minimal medium for R. capsulata; RCVBNF is minimal 
medium lacking ammonia. Antibiotics of the following con- 
centrations were added to RCVB plates: 2.5 gg/ml tetracy- 
cline (Tc), 15 gg/ml kanamycin (Km), 5 gg/ml gentamicin 
(Gm). LB medium was used for E. coli (Miller 1972). 

Bacterial strains. The wild type strain of R. capsulata was 
SB1003 (Yen and Marrs 1976). Nif -  mutants designated 
J43 (GTA I), J61 (GTA III), J62 (GTA II) and LJI (GTA 
VI) were kindly provided by Judy Wall, University of Mis- 
souri, Columbia, MO, USA. Ni l -  mutants AHI and AH3 
were kindly provided by Ayala Hochman, Tel Aviv Univer- 
sity, Israel. The Nif-  mutant PA3 was isolated by us as 
previously described (Avtges etal. 1983). E. coli strain 
HB101 was also previously described (Boyer and Rouland- 
Dussoix 1969). 

Plasmids. We used the broad host range cosmid pLAFR1 
(21.6 kb) which carries a Tc r marker (Friedman et al. 1982). 
This cosmid was constructed from plasmid pRK290 (Ditta 
et al. 1980) by the addition of a cos site. It is mobilized 
from E. coli HB101 into R. capsulata by three factor crosses 
with the helper plasmid pRK2013 (Ditta et al. 1980), which 
carries Km r. Plasmid pPH1 is incompatible with pLAFR1 
and carries a gentamicin resistance gene (Hirsch 1984). Plas- 
mid pRPA5 (Avtges et al. 1983) carries the nifHDK genes 
of R. capsulata in pRK292, a derivative of pRK290. 

Construction of eosmid library. Chromosomal DNA was 
partially digested with EcoRI to an average size of 
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20-50 kb, then ligated t~o pLAFRI  digested to completion 
with EcoRI, and packaged in lambda particles in vitro as 
described (Enquist and Sternberg 1979). Packaged particles 
were used to infect E. coli HB101, which were plated on 
LB + Tc (20 ~tg/ml). The resulting library consisted of ap- 
proximately 5,000 colonies. Sampling these colonies indi- 
cated that 5 of 11 had 0 to 10kb inserts, 3 of  11 had 
inserts of  10 to 20 kb, and 3 of 11 had inserts of 30 kb. 
Cosmids with inserts less than 25 kb contain two copies 
of  the vector. 

mine the Nif  phenotype). Nif  + colonies were re-tested on 
RCVB-Tc and RCVB-Km. Chromosomal DNA was pre- 
pared from all strains in which Tn5 appeared to be trans- 
ferred to the chromosome, digested with EcoRI, and ana- 
lyzed by Southern hybridization using the EcoRI fragment 
from the cosmid that had originally been mutagenized as 
a probe. The Nif  phenotypes are reported only for strains 
in which the blot showed Tn5 uniquely inserted in the cor- 
rect EcoRI fragment, the cosmid bands absent, and pPH1 
present. 

Isolation ofnifcosmids. Cosmids with n/f genes were isolated 
as follows: 5 volumes of an overnight culture of a Nif -  
R. capsulata mutant was mixed with 1 volume each of over- 
night cultures of  HB101 (cosmid library) and HB101 
(pRK2013) grown on LB without drug. The cells were con- 
centrated by centrifugation and then spotted on an RCVB 
plate, which was incubated in the dark overnight. The cells 
were then resuspended in RCVB, respread on RCVB-Tc 
plates, and incubated 4-5 days aerobically in the dark after 
which about 5,000 colonies/plate were visible. The effi- 
ciency of plasmid transfer was variable; in most experi- 
ments it was about 10 -6  per recipient. The Tc r R. capsulata 
exconjugants were replica-plated onto RCVB-NF plates 
and incubated anaerobically in the light until Nil  + colonies 
were visible. The frequency of Nif  + colonies ranged be- 
tween 0.1 and 1%. Plasmid DNA was prepared immediately 
from these colonies and used to transform E. coli HB101. 
The presence of Nif  complementing activity in the Tc r trans- 
formants was confirmed by conjugation back into the origi- 
nal Nif -  mutant, yielding 100% Nif  + colonies. Comple- 
mentation is readily distinguished from marker rescue be- 
cause the latter occurs less than 2% as frequently as comple- 
mentation (Avtges et al. 1983; Scolnik et al. 1983). 

Physical mapping of complementing nif genes by Tn5 and 
mini-Mu insertion. Transposon Tn5 was inserted in each 
of the cosmids isolated by complementation, as described 
by Ruvkun and Ausubel (1981). Mini-Mu dii1734 inserts 
were obtained as described by Castilho et al. (1984). Each 
insert was mapped physically by digesting plasmid DNA 
preparations with restriction enzymes and hybridization 
with specific probes when necessary. The ability of each 
mini-Mu or Tn5-containing cosmid to complement the orig- 
inal Nif -  mutant was then determined by conjugation from 
HB101 back into the R. eapsulata mutant, as described 
above. 

Tn5 mutagenesis of the R. capsulata chromosome. This pro- 
cedure followed the design of Ruvkun and Ausubel (1981). 
Each of the cosmids containing Tn5 inserts was mobilized 
into wild type R. capsulata SB1003, using pRK2013 as de- 
scribed above. The exconjugants were selected on RCVB-Tc 
plates and then transferred onto RCVB-Km plates. Colo- 
nies appearing on the latter plates should contain only the 
Tn5 mutagenized cosmid, since the cosmid vector carries 
Tc r and the Tn5 carries Km r. Cells from individual colonies 
were then crossed with E. coli HB101 carrying the plasmid 
pPH1, which is incompatible with pRK290 derivatives and 
contains a Gm r gene. Exconjugants from this cross were 
selected on RCVB containing both Km and Gm. Km r Gm ~ 
colonies from the selection plate were transferred to RCVB- 
Tc (to verify that the cosmid was gone), RCVB-Km (to 
verify that Tn5 was still present), and RCVB-NF (to deter- 

Results 

We isolated, by complementation of individual Nif -  muta- 
tions, wild type R. capsulata DNA fragments containing 
the corresonding n/f genes. This aproach allowed us to iden- 
tify fragments complementing mutations J43 (GTA 
group I), J61 (GTA group III), PA3 (GTA group unknown) 
and LJI (and AH1 and AH3) (Avtges et al. 1983; Wall 
and Braddock 1984). In addition, we were able to locate 
mutation J62 (GTA group II) by marker rescue. 

For each Nif -  mutation, a cosmid with a fragment of 
wild-type R. capsulata DNA was identified by complemen- 
tation with a cosmid library. The region of each fragment 
needed for complementation was then localized by insertion 
of transposon Tn5 or mini-Mu and observation of the Nif  
phenotype when the transposon-containing fragment was 
reintroduced into the original mutant by plasmid conjuga- 
tion. Next, a number of Tn5-containing fragments were 
introduced into wild-type R. capsulata on plasmids and 
forced to recombine with the chromosome. Some of these 
chromosomal insertions resulted in the creation of new 
Nif-  mutations. Finally, the DNA fragments found in the 
original complementing cosmids were used as probes in 
Southern blots of total R. capsulata DNA digested with 
several restriction enzymes, in order to determine physical 
linkage, if possible, among the complementing DNA frag- 
ments. Figure 1 shows maps of the clones which were iso- 
lated and the results of  the Tn5 and mini-Mu complementa- 
tion analysis. Also shown are phenotypes of the Tn5 chro- 
mosomal insertions. The location of each Tn5 chromosomal 
recombinant was verified by Southern hybridization using 
the original complementing EcoRI fragment as the probe. 
These blots are shown in Fig. 2. 

Mutant J43 

The R. capsulata Nil- mutant J32 was complemented by 
a cosmid designated pRCN101, which contains two EcoRI 
fragments of length 3.55 and 3.75 kb. Figure 1A shows the 
results of J43 complementation tests using various Tn5 in- 
sertions in pRCN101. The complementing activity requires 
no more than the region between 0.5 and 2.0 kb from the 
left end of the 3.75 kb fragment, or 1.5 kb. Since Tn5 inser- 
tions are polar, this result suggests that the gene mutated 
in J43 is transcribed either by itself, in either direction, 
or as the promoter-proximal gene of a small operon, from 
left to right. When recombined into the chromosome, Tn5 
inserts at 2.0 and 2.7 kb resulted in a Nif -  phenotype. How- 
ever, since inserts at these positions did not affect the J43 
complementing activity of pRCN101, the gene(s) inacti- 
vated by the inserts cannot lie between J43 and its promoter. 

All of  the Tn5 inserts in the 3.55 kb fragment of 
pRCN101 (the right most fragment in Fig. 1 A), recombined 
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Fig. 1 A-E. Physical maps and Tn5 or mini-Mu 
insert locations for R. capsulata DNA 
fragments containing n/f genes. For each 
fragment except the ones cloned in pRCNI03D, 
the ability of each transposon-inserted fragment 
to complement the Nif-  mutation is indicated 
by a + or - .  Wherever a Tn5 was recombined 
into the chromosome, the Nif phenotype of the 
resulting strain is given by a + or - .  Absence 
of a symbol means that chromosomal inserts 
were not recovered at that location. All of the 
inserts are Tn5, except those in pRCN 200, 
which are mini-Mu. Numbers over each vertical 
arrow correspond to the distance between the 
site of that insert and the left-hand EcoRI site. 
The + / -  for insert 0.5 in pRCN101 means 
very weak complementation, i.e. poor growth 
on RCVBNF 

into the chromosome,  result in a N i f -  phenotype.  The mini- 
mum size of  the n/f gene region defined by these inserts 
is 2.4 kb, but  it could be much larger, extending as far 
as the insert at  2.8 on the left, and off the cloned fragment 
to the right. 

Mutant  J62 

Attempts  to isolate a cosmid complementing the N i f -  mu- 
tant  J62 were not  successful. N i f  + colonies of  R. capsulata 
were isolated from the original conjugat ion with the cosmid 
library, but  when the resulting cosmid was used to trans- 
form E. call HB101 and then re-tested in J62, only N i f -  
colonies were found. This procedure  resulted reproducibly 
in the isolat ion of  a cosmid designated pRCN103D,  which 
contained two EcoRI  fragments of  5.5 and 1 .45kb 
(Fig. l B). This suggests that  one of  these fragments con- 
tains par t  of  the gene muta ted  in J62 and that  the original 

Ni f  + colonies result from a reciprocal exchange between 
the cosmid and the chromosome.  Such exchanges would 
make the chromosome wild-type but  the cosmid would then 
contain the original J62 muta t ion  and consequently be un- 
able to " c o m p l e m e n t "  J62 when re-tested. I t  was, therefore, 
not  possible to locate the region of  pRCN103D that  in- 
cludes the J62 muta t ion  using Tn5 insertions. However,  
Tn5 inserts in the 5.5-kb EcoRI fragment of  pRCN103D,  
when recombined into the chromosome,  result in N i f -  mu- 
tat ions (Fig. 1 B). N/ f  genes are found in a region of  at  
least 1.45 kb in the middle of  the fragment, pRCN103D 
complements  the N i f -  muta t ions  created by recombinat ion 
of  Tn5 inserts 2.0, 3.1 and 3.45 into the chromosome,  indi- 
cating that  the promoters  for the genes so muta ted  lie within 
the fragments cloned in pRCN103D.  We will show below 
that  pRCN101 and pRCN103D hybridize to identical 
HindIII  and BamHI fragments in total  R. capsulata D N A  
and therefore the EcoRI  fragments in the two cosmids are 
neighbors in the chromosome.  
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Fig. 2A-D. Southern hybridization confirming the recombination of Tn5 into the chromosome of wild type R. capsulata at defined 
locations. Each panel shows total DNA from R. eapsulata digested with EcoRI and probed with the EcoRI fragments from the original 
complementing cosmid labeled by nick-translation. A pRCN101, B pRCNI03D, C pRCNI02, D pRCN106. In each panel, one lane 
contained wild type R. capsulata DNA: A, lane a; B, lane b; C, lane a and D, lane a. Panel B, lane a contained pPHI DNA. Panel 
A, lane b shows the failure to recombine insert 1.0 of pRCN101 into the chromosome. Lanes c, d, and e show Tn5 inserted into 
the 3.75 kb EeoRI fragment (inserts 2.0, 2.7, 2.8); lanes f, g, h, and i show Tn5 inserted into the 3.55 kb fragment (inserts 4.1, 4.4, 
6.0 and 6.5 of Figure 1A). Panel B shows the chromosomal insertion of Tn5 at positions 2.0, 3.1, 3.45 and 3.7 in lanes d, e, and 
j, respectively. The other lanes show five other Tn5 inserts that failed to enter the chromosome from pRCN103D. The doublets at 
11.3 and 11.2 kb are due to partial digestion of the chromosomal DNA; note that pRCNI03D contains a 1.45 kb EcoRI fragment 
adjacent to the 5.5 kb one. Panel C shows that all of the Tn5 inserts in pRCN102 were recombined into the chromosome except 
4.3 (lane g). This chromosomal insert was obtained subsequently (data not shown). Panel D shows the results for pRCNI06, in which 
only inserts 1.1 and 3.6 (lanes b and i) were recovered as chromosomal insertions. The other eight lanes correspond to the eight 
other Tn5 inserts in Fig. 1 C. Since the recovery of chromosomal inserts was so infrequent for pRCN106 compared to the other cosmids, 
we suspect that pRCN106 contains one or more genes essential for growth on RCVB 

Mutant  J61 

The muta t ion  J61 was found by Wall  and Braddock  (1984) 
to be unl inked to other  N i l  muta t ions  that  were tested 
and to result in the absence of  the ni trogenase structural  
proteins.  A n  8.4 kb EeoRI  fragment  of  wild-type R. capsu- 
lata D N A  containing a gene complementing the J61 muta-  
t ion was isolated in cosmid pRCN102  (Fig. 1 D). Elimina- 
t ion of  the complement ing activity by Tn5 insert ion shows 
the gene to be somewhere within the left 2.3 kb of  the frag- 
ment. Recombina t iona l  insert ion of  Tn5 from posi t ions 2.5 
and 2.7 o f  the cosmid into the chromosome indicate that  
a second n/f  region is located on the EcoRI  fragment.  A 
third n/f  gene(s) lies between 3.5 and 6.0 since the Tn5 
at  posi t ion 4.3 also results in a N i f -  phenotype.  Tn5 inser- 
tions between these three regions (at 2.3 and 3.5) result 
in N i f  + phenotypes.  

Mutant  PA3 

Mutan t  PA3 was complemented by cosmid pRCN106,  
which contains a 6.1-kb EcoRI  fragment  of  R. capsulata 
D N A .  Only one of  the ten Tn5 inserts in this f ragment  

el iminated the complementing activity (Fig. 1 C), indicating 
that  the gene responsible is no greater than 1 kb. When 
two of  the Tn5 inserts were transferred to the chromosome 
by recombinat ion,  no N i f -  mutants  were recovered. With  
the other Tn5 inserts in pRCN106,  a few colonies of  K m  r 
G m  r Tc ~ cells are obtained,  but  these contained neither Tn5 
nor  p i l l  (see Fig. 2D)  and therefore must  have been spon- 
taneous K m  r a m  r mutants.  

Mutant  L J1 (and AH1 and A H 3 )  

The final set of  complementat ions  was done with the N i f  
mutants  LJ1, AH1 and AH3.  F o r  all three strains, each 
Ni f  ÷ exconjugant  yielded the same cosmid, pRCN200,  con- 
taining a 4.8 kb R. capsulata EcoRI  fragment.  In  order  to 
map  the gene(s) on this fragment,  MudII1734 inserts were 
constructed.  Complementa t ion  analysis of  22 min i -Mu in- 
serts indicate a min imum size of  1.5 kb and maximum size 
of  1.9 kb for the LJ1 gene. Only 12 o f  these inserts are 
shown in Fig. 1 E. Complementa t ion  of  AH3 was inacti- 
vated by the same inserts that  inactivated LJ1 complemen- 
tat ion,  suggesting that  this muta t ion  is in the same gene 
as L J1. 
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Fig. 3, Physical map and Tn5 insert locations 
for the R. capsulata nif gene region surrounding 
mutations J43 and J62. Restriction sites were 
located on the cloned fragments and the maps 
aligned as described in the text. Arrows indicate 
the approximate locations of Tn5 inserts 
determined by us (Fig. 1) and by Piihler et al. 
(1984). All of the chromosomal Tn5 inserts 
result in a Nil- phenotype except for the two 
marked with a (+)  sign. The shaded bar shows 
the approximate location of the mutation in J43 

Table 1. Hybridization analysis of restriction fragments in cosmids 
that complement R. capsulata Nif- mutants 

Mutation Cosmid Comple- Related 
menting fragments b 
fragment a 

J56 (n/fH) pRPA5 HindIII 11.8 EcoRI 7.6, 5.0, 3.7 
BamHI 20 

PAl, pRPA5 HindIII 11.8 EeoRI 7.6, 5._0, 3.7 
J57 (nifD) BamHI 20 

J60 (n/fK) pRPA5 HindIII 11.8 EeoRI 7.6, ~0, 3.7 
BamHI 20 

J61 pRCN102 EeoRI 8.4 HindIII 8.2 
BamHI 7.0, 2.0 

J43 pRCNI01 EcoRI 3.75 Eco RI 3.55 
HindIII 11.3, 7.7 
BamHI 5.6, 3.05 

J62 pRCN103D - EcoRI 5.5, 1.45 
HindIII 11.3 
BamHI 6.0, 3.05, 2.4 

PA3 pRCN106 EeoRI 6.1 EcoRI 9.0, 6.5, 5.6 c 
HindIII 19 
BamHI 15 

LJ1, AHI, pRCN200 EcoRI 4.8 HindIII 13.0, 5.8, 2.1 
AH3 BamHI 20 

a Size, in kb, of the restriction fragment within which the region 
complementing the mutation in the first column is located 

b Size, in kb, of other fragments in the complementing cosmid 
or of chromosomal DNA fragments that hybridize with the com- 
plementing cosmid fragments. Underlining indicates the frag- 
ments of pRPA5 that contain the H, D and K genes, respectively 
(Avtges et al. 1983) 

c These EcoRI fragments were present on another cosmid which 
also contained the 6.1-kb EcoRI fragment complementing mu- 
tant PA3 

Southern hybridization with the cosrnid probes 

Each of  the EcoRI  inserts in the cosmids pRCN101,  
pRCN103D,  pRCN102,  pRCN106 and pRCN200 was la- 
beled by nick-translation and used as probe in Southern 
hybridization with total R. capsulata D N A  digested with 
EcoRI,  HindIII,  or BamHI (Table 1). Each EcoRI digest 
gave the expected results, i.e. only the bands corresponding 
to the probes were identified, indicating that none of  the 
genes isolated is present in extra or multiple copies. Table 1 
also includes the data for similar hybridizations done with 

pRPA5, which includes the n i fHDK operon (Avtges et al. 
1983). The striking result is that, whith two exceptions, 
each cosmid identifies different HindIII  an BamHI frag- 
ments, meaning that the different cosmids do not contain 
neighboring EcoRI  fragments. One exception is the region 
containing pRCN101 and pRCN103D,  both of  which hy- 
bridize to a 11.3-kb HindIII  fragment and a 3.05-kb BamHI 
fragment. Restriction of  pRCN101 with BamHI showed 
a single site at position 5.5 of  the insert (Fig. 1 A). This 
result means that the R. capsulata fragments of  pRCN103D 
are adjacent and to the right of  those of  pRCN101 (see 
Fig. 3). 

The second exception involves pRPA8 and pRCN200.  
Both plasmids identify a 20 kb BamHI fragment. The sizes 
assigned to the EeoRI and HindIII  fragments common to 
both plasmids are similar. The distribution of  HindIII  and 
SalI sites within the insert of  pRCN200 are identical to 
the sites found in the 5 kb EcoRI fragment overlapping 
pRPA5 (Scolnik and Haselkorn 1984). Therefore the EcoRI  
fragment of  pRCN200 is adjacent to the n/JK gene of  
pRPA8. 

D i s c u s s i o n  

Construction of  a cosmid library of  R. capsulata D N A  has 
allowed us to clone a number of  genes involved in nitrogen 
fixation. Cosmid pRCNI01  complements the Ni f -  muta- 
tion J43. It contains two n/f determinants to the left of  
insertion site 2.8 and at least two n/f determinants in the 
4.8 kb region to the right of  2.8 (Fig. 1A). Cosmid 
pRCN103D did not  complement J62, although recombina- 
tion of  transposons from pRCN103D into the R. capsulata 
chromosome revealed the presence of  mfgenes over at least 
a 1.45 kb region of  the cosmid. Southern hybridization re- 
sults showed that the EcoRI fragments in both these cos- 
mids hybridized to similar chromosomal BamHI and 
HindIII  fragments, indicating that the EcoRI  fragments in 
pRCN101 and pRCN103D are adjacent in the chromo- 
some. The location of  the BamHI site in pRCN101 allowed 
us to map the EcoRI fragments from pRCN103D to the 
right of  pRCN101, because the two cosmids hybridized to 
a similar 3.05-kb chromosomal BamHI fragment. A D N A  
fragment of  that size could extend outside of  pRCNI01  
only to the right of  the BamHI  site. Also, the BamHI sites 
within the 5.5-kb EcoRI fragment are approximately sym- 
metrically located, which allowed us to place the 1.45-kb 
EcoRI  fragment from pRCN103D to the right of  the 5.5 kb 
EcoRI fragment. 

The resulting restriction map of  the p R C N 1 0 1 -  
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pRCN103D region of the R. capsulata chromosome is 
shown in Fig. 3. This region probably contains the cluster 
of mf  genes recently noted by Piihler et al. (1984). Their 
map of EcoRI and HindIII sites is consistent with that 
shown in the figure. The two small EeoRI fragments to 
the left of pRCN101 are located there on the basis of their 
map. Vertical arrows in the figure indicate the locations 
of Tn5 insertions in this work or in the study of Piihler 
et al. (1984). These authors showed the location of only 
those insertions that resulted in a Nif -  phenotype. We re- 
covered two chromsoomal Tn5 insertions with a Nif  + phe- 
notype in this region, at 5.8 kb and 14.3 kb on the map 
in Fig. 3. The first of these occurs in a region saturated 
with Nif -  insertions. Either it is a fortuitous hit between 
two operons or it is placed in an intergenic region in a 
way that allows a promoter in the Tn5 terminal sequence 
to transcribe the downstream n/f genes (Berg et al. 1980). 
The second Nif  + insertion, at 14.3 kb, may define the right 
hand boundary of this n/f region. 

Combining the results of Klipp and Piihler with ours, 
the region of the R. eapsulata chromosome from 0.8 kb 
to 14.2 kb on the map in Fig. 3 appears to be filled with 
n/f genes. I f  we allow an average of 1.6 kb per gene (esti- 
mated from Klebsiella data), the region can accommodate 
eight nif genes. We have shown that the nifHDK genes 
(Avtges et al. 1983) and three n/f regions, mutated in J61, 
PA3 and LJ1, map elsewhere. Using nif: : lacZ gene fusions, 
we have recently shown that the three genes on pRCN102 
and the one gene on pRCN200 are nif regulatory genes 
(Kranz and Haselkorn 1985). Therefore the candidates for 
the pRCN101-pRCNI03D cluster are the genes encoding 
enzymes for the synthesis of  Fe-Mo cofactor, for electron 
transport, and for nitrogenase maturation. In Klebsiella, 
these genes comprise five operons consisting of four, two, 
two, one and one gene, respectively (Ausubel and Cannon 
1980; Brill 1980). In R. capsulata, this region has at least 
three operons, if it is accepted that the Tn5 insertion at 
5.8 kb (Fig. 3) is between operons. Either the region from 
0.8 to 2.3 kb in Fig. 3, or the region from 5.0 to 5.7 kb, 
must be transcribed from a different promoter than the 
gene mutated in J43. I f  the J43 gene is transcribed to the 
right, the region from 0.8 to 2.3 kb must be independently 
transcribed. I f  the J43 gene is transcribed to the left, it 
must have its own promoter because the insertions at 5.0 
and 5.7 kb do not interfere with cosmid pRCN101 comple- 
mentation of J43. None of our Tn5 chromosomal insertions 
in this region (Fig. 3) mutates a n/f regulatory gene, since 
all are capable of activating a nifH: : lac fusion (Kranz and 
Haselkorn 1985). 

Not  all of the non-regulatory, non-nitrogenase mfgenes 
are in this cluster. The gene mutated in PA3 is unlinked 
to this cluster (Fig. 1 C) and it is not a regulatory gene 
(Kranz and Haselkorn 1985). Ptihler et al. (1984) identified 
one more Tn5 insertion to the left of  the 7.7-kb HindIII 
fragment (Fig. 3). They do not show the restriction map 
for the region of this insertion so we cannot relate it to 
our other cosmid clones. The gene or region mutated in 
PA3 is rather small, since the Tn5 insertions that prevent 
complementation define a maximum size of  1.1 kb. Our 
inability to recover chromosomal insertions of Tn5 in the 
vicinity of  PA3 suggests that the region contains genes es- 
sential for growth on minimal medium with ammonia 
(RCVB). 

The final cosmid to be discussed, pRCN102, comple- 

ments the regulatory mutation J61. Tn5 insertions map the 
J61 complementing activity to a region of maximum size 
2.3 kb (Fig. 1 D). Chromosomal insertions of  Tn5 identify 
a second mfregion to the right of the J61 mutation, whose 
maximum size is 1.2 kb. It appears to be transcribed inde- 
pendently of  the J61 gene because a Tn5 insertion at 2.3 kb, 
between the two genes, does not prevent complementation 
of J61 (Fig. 1 D). A third n/fgene on pRCN102 was located 
by Tn5 4.3. This region is also transcribed independently 
of the first two regions because a Tn5 at 3.5 yields a Nif  + 
phenotype when recombined into the chromosome. 

Hybridization of nick-translated clone probes to digests 
of chromosomal DNA showed that, with the exception of 
pRCN101-pRCNI03D,  none of the cosmids overlap or are 
immediate neighbors (Table 1). Mutants J43 (group I) and 
J62 (group II) of Wall and Braddock (1984) are in the clus- 
ter shown in Fig. 3. The two mutations are separated by 
at least 5.3 kb, which explains why they are unlinked by 
GTA analysis (Wall and Braddock 1984). Their mutants 
J56, J57 and J60 (group IV) were previously shown by us 
to be in the nifHDK gene cluster (Avtges et al. 1983). Mu- 
tant LJI (group VI) was shown to be unlinked to other 
n/f genes by GTA transduction (Wall et al. 1984). However, 
we located that gene downstream of nifHDK in the next 
EeoRI fragment. The orientation of this gene is the same 
as that of nifHDK (Kranz and Haselkorn 1985). Mutant 
J61 (group III) is in a separate cluster. 

We can summarize the mapping results as follows: the 
structural genes for nitrogenase components (nifHDK) are 
in one operon (Avtges et al. 1983), linked to the regulatory 
gene mutated in LJ1. Possibly as many as eight nif genes, 
in at least three operons, are located within a 14 kb region 
(Fig. 3). An additional non-regulatory n/f locus, mutated 
in PA3, is in a third region (Fig. 1 C). A regulatory mf  
gene, mutated in J61, is located in a fourth region which 
contains at least two more n/f genes. We estimate that we 
can now account for approximately 16 mf  genes in four 
distinct locations in the R. capsulata chromosome. On four 
out of four EcoRI fragments in which Tn5 inserts were 
recombined into the chromosome (pRCNI01, pRCN103D, 
pRCN106 and pRCN102) genes or regions yielding Nif  + 
phenotypes were located. Thus, the n/foperons of R. eapsu- 
lata appear to be dispersed with non-mf DNA separating 
the local clusters. Simply adding the sizes of the non-over- 
lapping HindIII fragments in Table 1 indicates that the n/f 
genes of R. capsulata will extend over at least 70 kb, corre- 
sponding to more than twice the distance needed for the 
mf  genes of Klebsiella. 

The mfgenes isolated in this work and the Tn5 directed 
ntf mutants described here can now be used for studies 
on the detailed analysis of individual genes. Biochemical 
characterization of the independent, genetically defined mu- 
tants is also now possible. Previous work by Wall et al. 
(1984) on LJ1 has suggested that this mutant may be regula- 
tory. We have recently shown that n/f mutants LJ1, AH1, 
AH3, J61 and the Tn5 mutagenized n/f genes on pRCN102 
(Tn5 1.1, 2.5, 2.7 and 4.3) are all regulatory mutants, using 
an R. eapsulata mfH:: laeZ fusion (Kranz and Haselkorn 
1985). 
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