
Genome Rearrangement and Nitrogen Fixation in 
Anabaena Blocked by Inactivation of xisA Gene 

Two genome rearrangements involving 11- and 55-kilobase DNA elements occur 
during the terminal differentiation of an Anabaena photosynthetic vegetative cell into a 
nitrogen-fixing heterocyst. The x i s A  gene, located on the n i j D  ll-kilobase DNA 
element, was inactivated by recombination between the chromosome and a copy of the 
xisA gene that was mutated by inserting an antibiotic gene cassette. Site-directed 
inactivation of the Anabaena x i sA  gene blocked rearrangement of the ll-kilobase 
element and nitrogen fixation, but did not affect rearrangement of the 55-kilobase 
element, heterocyst differentiation, or heterocyst pattern formation. 

fragment into a conjugal shuttle vector to 
produce pDWlO (10).The plasmid pDWlO 
was conjugated into Anabaena and provided 
resistance to spectinomycin at 100 pglrnl, -
whereas wild-type Anahaena is sensitive to 
spectinomycin at 1 pglrnl (1 1-13). 

The entire n{fD 1l-kb element, including 
the xisA gene, is contained on a 17-kb Eco 
RI fragment cloned into pBR322 (14). This 
piasmid, pAn207, contains three Sca I sites: 
(i) one is in the pBR322 vector, (ii) one is 
0.5 kb downstream from the xisA gene, and 
(iii) one is within the xisA open reading 
frame 10 bp downstream from the ATG 
start codon (7). The plasmid pDW12 (Fig. 
1) was constructed from pAn207 by placing 
the modified Sm*/Spcr R fragment into the 
Sca I site within the xisA gene. 

The wild-type xisA gene on the Anahaena 
chromosome was replaced with the inacti- 
vated gene by homologous recombination 
(15).The plasmid pDW12 was conjugated 
into Anahaena sp. strain PCC 7120 and 
exconjugants expressing Sm*/Spcr were ob- 
tained (16). Because pDW12 cannot repli- 
cate in Anabaena, cells expressing Smr/Spc' 
should contain the Sm'/Spcr R fragment 
integrated into the chromosome by homolo- 
gous recombination. DNA blot analysis 
showed that all eight of the initial Smr/Spcr 
exconjugants analy~ed were the result of 
single recombination events that integrated 
p ~ - ~ 1 2into the chromosome. ~ h e s e s i n ~ l e  
recombinants were screened for segregation 
of colonies unable to grow on N2in which a 
second recombination event removed the 
wild-type xisA gene and the pDW12 vector 
from the chromosome (17). Our results 
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ANABAENA SP. STRAIN PCC 7120 IS 

a filamentous, heterocystous cyano- 
bacterium capable of oxygenic pho- 

tosynthesis and nitrogen fixation. In the 
absence of a source of combined nitrogen 
such as ammonia, approximately every tenth 
photosynthetic vegetative cell undergoes a 
terminal differentiation to become a hetero- 
cyst, a nondividing cell specialized for nitro- 
gen fixation (1). Heterocysts receive prod- 
ucts of photosynthesis from neighboring 
vegetative cells and provide the filament 
with fixed nitrogen as glutarnine. Two dif- 
ferent DNA reah-angements occur near the 
nitrogen fixation (nif) genes during hetero- 
cyst differentiation: (i) the deletion of an 11- 
kb element from within the nijD gene and 
(ii) the deletion of a 55-kb element from 
within the fdxN gene (2-6). Both rearrange- 
ments are the result of site-specific recombi- 
nation between short, directly repeated se- 
quences present at the ends of the elements, 
but the repeated sequences and the regula- 
tion of therearrangekents differ for thk two 
elements (3, 6). 

The xisA gene, which is located on the 
nifD l l -kb  element, is thought to encode 
the site-specific recombinase necessary for 
excision of the element from the heterocyst 
chromosome. This gene was shown to be 
required for rearrangement of the Anahaena 
l l -kb  element in Eschevichia coli (7). The 
element was found to rearrange at a low 
frequencv when it was cloned into a plasmid 
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vector and propagated in E. coli. Transposon 
mutagenesis of xisA abolished this rear-
rangement. We now report the site-directed 
inactivation of the xisA gene in the Anabaena 
sp. strain PCC 7120 chromosome. Al-
though the xisA mutant produces hetero- 
cysts that correctly excise the fdxN 55-kb 
element, they fail to excise the n t p  l l -kb  
element and are unable to fix nitrogen. This 
shows that xisA is required for the nip 
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rearrangement in Anabaena heterocysts and 
that the DNA rearrangement is necessary for 
proper expression of the nitrogen fixation 
genes. 

The xisA gene was inactivated in vitro by 
inserting a gene cassette containing a gene 
encoding streptomycin- and spectinomycin- 
resistance (Sm*/Spcr) into the coding re-
gion. The Sm'/Spcr R fragment from 
pHP45R is flanked by transcription and 
translation termination signals (8). The R 
fragment was modified by destroying two 
Ava I restriction sites and flanking the frag- 
ment with inverted multiple cloning sites 
(9). The resulting plasmid, pDW9, allows 
the modified Sm*/Spcr R fragment to be 
isolated by using allof the restriction sites 
present in the pUC18lpUC19 multiple 
cloning site except Sph I (Fig. 1).To  deter- 
mine the level of drug resistance provided by 
the modified Smr/Spc* R fragment in Ana-
haena sp. strain PCC 7120, we cloned the 
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Fig. 1. Map of pDW12 containing the xisA gene inactivated with the modified Smr/Spc' 0 fragment. 
The Smr/Spc" SZ fragment was isolated with Sma I from pDW9 and inserted into pAn207 lineari7~d by 
partial digestion with Sca I; the pBR322 vector is not shown. The MI@ I l -kb element (borders 
indicated with large arrows) from the vegetative cell chromosome is on a 17-kb Eco R1 fragmcnt. The 
njjK gene is to the left of the clcmcnt and the nt@ gene is interrupted by the clcmcnt and extends to the 
right bcyond the Eco RI  site. The xisA gene is located on the left end of the clement. The Smr/Spc' 0 
fragment is bordered by transcription termination signals (black triangles) and inverted multiple 
cloning sites (pUC-MCS). 
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differ from those obtained with transform- 
able unicellular cyanobacteria, which almost 
exclusively produce double recombination 
or gene conversion events after transforma- 
tion with a suicide plasmid (18). The under- 
lying mechanism responsible for these dif- 
ferences is not known. 

DNA blot analysis of two single (DW12- 
2.5 and DW12-7.1) and two double 
(DW12-2.2 and DW12-8.1) recombinants 
is shown in Fig. 2. The single recombinants 
contain both the wild-type and the inactivat- 
ed xisA genes, as well as the pDW12 vector 
sequences (legend to Fig. 2). The double 
recombinants contain only the inactivated 
copy of xisA. 

DNA blot analysis of the nijD 11-kb and 
the fdxN 55-kb heterocyst genome rear- 
rangements in wild-type Anabaena sp. strain 
PCC 7120 and in DW12-2.5 and DW12- 
2.2 are shown in Fig. 3. All three strains 
exhibit normal rearrangement of the faxN 
55-kb element in heterocyst DNA (Fig. 3, 
An154.2 probe). Rearrangement of this ele- 
ment in DW12-2.2 demonstrates that the 
xisA gene is not required for excision of the 
fdxN 55-kb element. 

Near normal rearrangement of the nt@ 
11-kb element occurred in heterocyst DNA 
from the single recombinant DW12-2.5 
(Fig. 3, An256 probe). The 2.1-kb band 
representing the excised 11-kb element is in 
lower than stoichiometric amounts, and a 
few very faint larger fragments are visible. 
These results are presumably due to the 
unusual organization of the chromosome in 
the single recombinant created by the inser- 
tion of pDW12. Although the exact map of 
the single recombinants depends on the site 
of homologous recombination, the 17-kb 
Eco RI fragment containing the 11-kb ele- 
ment is duplicated on the chromosome, 
with the two copies separated by the 
pDW12 vector sequences. Therefore, the 
heterocyst site-specitic recombination could 
occur between any two pairs of the four 
directly repeated copies of the 11-bp se- 
quence that border the duplicated nt@ 11- 
kb elements. 

The double recombinant DW12-2.2 did 
not rearrange the nifD 11-kb element during 
heterocyst differentiation (Fig. 3, An256 
probe). Therefore, the xisA gene is required 
for the n t p  11-kb rearrangement during 
Anabaena heterocyst differentiation. These 
experiments and previous results (7) show 
that the xisA gene is necessary for excision of 
the nt@ 11-kb element in Anabaena, but it is 
not known whether xisA alone is sufticient 
to produce the rearrangement. 

The phenotypes of the single recombinant 
DW12-2.5 and the double recombinant 
DW12-2.2 are shown in Table 1. DW12- 
2.5 was wild type for all of the characteris- 
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Flg. 2. DNA blots showing slngle and double recombinants of Anubaenu sp. strain PCC 7120. DNA 
blots of genomic DNA from the indicated strains or the plasmid pDW12 digested with Hind III or Eco 
RI were probed with labeled pDW12 DNA. DNA fiom wild-type Anubaena sp. strain PCC 7120 and 
from the plasmid pDWl2 were included as markers. The strains DW12-2.5 and DW12-7.1 are single 
recombinants that contain pDW12 integrated into the chromosome. The strains DW12-2.2 and 
DW12-8.1 are double recombinants that have lost the pDW12 vector sequences and replaced the wild- 
type xisA gene in the chromosome with the Smr/Spc' fl fragment-inactivated xisA gene. In the Hind 
III-digested samples the wild-type xisA gene is seen as a 0.95-kb band and the inactivated xisA gene is 
split inm 0.7- and 0.25-kb fragments (the 0.25-kb fragment is not seen in this exposure). The Smr/Spc' 
fl fkagment is present on a 1.95-kb fragment and fragments unique to the pDW12 vector are seen as 
1.45- and 6.0-kb bands. In the Eco RI-digested samples, the wild-type xisA gene is p m t  on a 17-kb 
fragment, and insertion of the Smr/Spcr fl fragment produces a 19-kb fragment. The 4.3-kb band 
represents the pBR322 vector. 
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nants. DNA blots of geno- 
mic DNA digested with 
Hind 111 were probed with 
the H i d  111 fragment 
An256, which identifies the 
nifD 1 1-kb rearrangement 
(represented by the 2.9-kb 
band in vegetative cell DNA 
and the 2.1- and 1.8-kb 
bands in heterocyst DNA), 
or with the Hind 111 frag- 
ment An154.2, which iden- b 
tifies the facN 55-kb rear- - 
rangement (represented by 
the 3.3-kb band in vegeta- 
tive cell DNA and the 2.3- 
and 4.7-kb bands in hetero- 
cyst DNA) (2). Genomic 
DNA samples are from 
wild-type vegetative cells V 55-kb 
and purified heterocysts, 1154.2 
and purified heterocysts 
from the single (strain DW12-2.5) and double (strain DW12-2.2) recombinants. Purified haemcysts 
were prepared as previously described (2, 6) and contain a small percentage of vegetative cells. 
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Table 1. Summary of phenotypes for Anahacna sp. strain PCC 7120 wild type, DW12-2.5, and DW12- 
2.2. 'The single recombinant DW12-2.5 contains pDW12 recombined into the chromosome and 
contains both a wild-type and inactivated xisA gene. The double recombinant DW12-2.2 contains only 
the inactivated xisA gene as a result of a second recombination event that removed the pDW12 vector 
sequences and the wild-type xisA gene from the chromosome. (+) Wild type, (-) mutant (loss of 
function). 

Phenotype 	 7120 wild type 

Growth on 2.5 mM NH4+ 
Heterocyst repression by NH4+ 
Growth on N2 
Nitrogenase activity* 
Heterocyst formation 
Heterocyst spacing pattern 
Heterocyst DNA rearrangement 

n i p  1 1-kb element 
JxN 55-kb clement 

*Measured by an acetylene reduction assay (21) 

tics tested. The xisA mutant DW12-2.2 was 
unable to grow on N2 as the sole source of 
nitrogen and showed no nitrogenase activi- 
ty, although morphological hetero~yst de- 
velopment was normal. Transfer of DW12- 
2.2 vegetative cells to medium lacking a 
source of combined nitrogen produced a 
normal time course of differentiation and 
normal heterocyst frequency and pattern 
formation. These cultures showed little 
change after several days at low light levels 
(30 to 50 pE s-' m-2) but quickly yellowed 
under normal growth conditions (11). 

In summary, the xisA gene is required for 
rearrangement of the ntfD 11-kb element 
and correct expression of the nifgenes, but is 
not required for hetero~yst development, 
pattern formation, or rearrangement of the 
fdxN55-kb element. These results are con- 
sistent with the xisA gene encoding the site- 
specific recombinase involved in the n i p  
11-kb rearrangement, and demonstrate that 
excision of the n i p  11-kb element is re-
quired for proper expression of the nitrogen 
fixation genes. 

Our results are in agreenient with previ- 
ous observations that the two rearrange-
ments differ in their mechanism and regula- 
tion. The sequences at the recombination 
sites differ for the two elements, indicating 
that they may be recognized by different 
site-specific recombinases (3) .The two rear- 
rangements can occur independently of one 
another. Although both rearrangements are 
detected at the same developmental time 
during normal heterocyst differentiation (2), 
under microaerobic heterocyst-inducing 
conditions only the fdxN55-kb rearrange- 
ment occurs, whereas the n i p  11-kb ele- 
ment does not rearrange (6). It may be that 
the elements are completely unrelated to 
each other and that their common property 
of excision from the chromosome during 
heterocyst differentiation is a coincidence. 

These experiments demonstrate that site- 
directed inactivation of chromosomal genes 
is possible in Anahaena sp. strain PCC 7120. 

It should also be possible to inactivate genes 
by a single recombination between the chro- 
mosome and a cloned internal fragment of a 
gene (19). Site-directed gene inactivation is 
particularly useful in identifying a gene's 
function with reverse genetics as we have 
now shown. The related technique of ectop- 
ic mutagenesis has been used to obtain 
tagged mutations in the ~yanobacterium 
Synechococcus sp. strain PCC 7002 (20); a 
similar procedure could presumably be ap- 
plied to Anahaena sp. strain PCC 7120. 
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