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SUMMARY 

A strategy for gene cloning in the cyanobacterium Anacystis nidulans R2 was developed which made use of 
a gene library constructed in a shuttle cosmid vector. The method involved phenotypic complementation of 
mutants with pooled cosmid DNA. The development of the procedure and its application to the cloning of a 
third gene involved in nitrate reduction are described. 

INTRODUCTION 

Cyanobacteria form a group of prokaryotes char- 
acterized by the capacity to perform an oxygen- 
evolving, plant-like type of photosynthesis. Both 
cyanobacteria and plants can fulfil their nitrogen 
requirement by the assimilation of inorganic nitro- 
gen, notably nitrate (Guerrero et al., 1981; Beevers 
and Hageman, 1983). The key enzyme in nitrate 
assimilation is nitrate reductase, a molybdo-protein, 
which catalyses the first and rate-limiting step in the 
pathway, the conversion of nitrate into nitrite. 
Nitrate reduction has been studied in some detail in 
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the unicellular cyanobacterium Anacystis nidulans 

(Guerrero et al., 198 1). The enzyme nitrate reductase 
consists of a single polypeptide with an M, of 75 000 
and contains a molybdenum cofactor. Reduction of 
nitrate can be performed in isolated thylakoids with 
H,O as the electron donor and thus is truly photo- 
synthetic in nature. Approx. 20% of the reducing 
power generated by photosynthesis is used for the 
reduction of nitrate, the rest is consumed during 
carbon dioxide fixation (Losada et al., 1981). Am- 
monium inhibits enzyme activity, not directly, but 
after its conversion to glutamine by the enzyme glu- 
tamine synthetase (Herrero et al., 198 1). The activity 
is stimulated by carbon dioxide and a regulation 
mechanism monitoring the C/N balance in the cell 
has been proposed (Flores et al., 1983). 

It is our aim to perform a genetic study of nitrate 
reduction in A. nidulans R2. Mutants affected in 
nitrate reduction are readily isolated from cyano- 
bacteria, either after chemical mutagenesis or by 
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direct selection for chlorate resistance (Herdman, 
1982; Bagchi and Singh, 1984). They exhibit a char- 
acteristic yellow colour due to breakdown of phyco- 
bilisomes, the so-called nitrogen chlorosis (Allen and 
Smith, 1969). We recently reported the isolation of 
nitrate reductase mutants and the cloning of two 
nitrate reductase genes from A. niduluns R2 (Kuhle- 
meier et al., 1984). One gene was cloned by comple- 
mentation of the corresponding mutant, the other via 
selection for the transposon which caused the muta- 
tion. Transformation of a series of other mutants 
using the two cloned wild-type genes showed that all 
but one were transformed by the cloned genes. One 
mutant, Nar19, was not transformed by any of the 
cloned genes and thus represents a third locus 
(Kuhlemeier et al., 1984). Here we present the 
cloning of the third gene involved in nitrate reduction 
by an improved complementation procedure. The 
methods described previously have several disad- 
vantages. Cloning a gene by first isolating the inac- 
tive gene is only possible for transposon mutants 
(Tandeau de Marsac et al., 1982; Kuhlemeier et al., 
1984). Even with transposon-induced mutants com- 
plications can arise from DNA instability accom- 
panying transposition. Complementation of mutants 
using pUC13 was complicated by the fact that this 
vector is unable to replicate in E. coli (Kuhlemeier 
et al., 1984). Our new procedure relies on comple- 
mentation of mutants and involves the use of a 
shuttle cosmid library. This has several advantages 
compared to the previous procedures. The method is 
not restricted to transposon-induced mutants and 
the use of cosmids ensures that each vector molecule 
contains a large piece of chromosomal DNA. Fur- 
thermore, once the desired recombinant cosmid has 
been selected in the mutant, it can easily be +rans- 
ferred to E. coli because of the shuttle character of 
the cosmid vector. 

MATERIALSANDMETHODS 

(a) Strains and plasmids 

Strains used in this study were A. nidulans R2 
(PCC7942) and its derivative R2-SPc, which is 
cured of the small resident plasmid pUH24 (Kuhle- 
meier et al., 1983). Culture conditions were as de- 

scribed (Van den Hondel et al., 1979). Nitrate 
reductase mutants (Kuhlemeier et al., 1984) were 
grown in BG- 11 medium supplemented with 7 mM 
sodium nitrite. All mutants exhibited slow growth 
and yellow colour on BG-11 medium, complete 
reversion of phenotype upon the addition of nitrite 
and no detectable nitrate reductase enzyme activity 
in cell-free extracts. The three distinct loci, inferred 
from transformation experiments, have been named 
narA, narB and narC. A list of strains and plasmids 
is given in Table I. The nomenclature is such that the 
mutant and the corresponding plasmids have the 
same numbers (e.g., Nat-19, pNRT192, pNR193). 
pNR denotes plasmids with wild-type genes, pNRT 
plasmids with mutant genes. 

(b) Transformation of A. nidufuns R2 

Transformation conditions were essentially as de- 
scribed (Van den Hondel et al., 1980; Kuhlemeier 
et al., 1981). Cells were grown to 5 x 107/ml in 
BG-11 medium, washed and concentrated. The 
medium was supplemented with 7 mM sodium 
nitrite for growth of Nar mutants. In 0.3 ml, lo9 cells 
were incubated with 200 ng of DNA, unless stated 
otherwise. Nar + transformants were scored as green 
colonies on a faint-yellow lawn. For CmR selection 
the plates were incubated overnight under growth 
conditions before the addition of the antibiotic. Cm 
(0.5 ml with a concentration of 0.75 mg/ml) was 
underlayered to allow slow adaptation of the trans- 
formants to increasing concentrations of the drug. 
For the construction of Nar mutants in R2-SPc (see 
RESULTS, section b) varying concentrations of Ap 
were used (0.5 ml with a concentration ranging from 
20 to 70 pg/ml was underlayered) as this antibiotic 
is not an easy selective agent (Kuhlemeier et al., 
1981). In this way, the lowest concentration not 
giving colonies on control plates was established. 
The plates always contained at least 55 ml of agar to 
prevent desiccation. Nar + colonies became visible 
after 3-5 days, CmR Nar’ colonies one day later. 
Transformation frequencies were expressed as the 
ratio of transformants to total colony forming units. 

(c) Isolation of A. nidulans DNA 

For chromosomal DNA isolation the cells were 
grown to 2 x 10’ cells/ml in batches of 50 to 
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pACYC184 and transformed to E. coli K-12-803. 
ApR TcR colonies were found containing a 2.8-kb 
insert and in some cases a second small fragment 
(Table I). Because the transposon is 4.2 kb in length 
and EcoRI does not cut it, a deletion must have 
occurred. To determine whether this 2.8-kb fragment 
was present in the same form in the Nar19 genome, 
a Southern blot of EcoRI-digested Nar19 DNA was 
performed. A pBR322 fragment containing the ApR 
gene hybridized with an over 20-kb fragment of 
Nar19 (and with pCHl), indicating that a deletion 
had occurred during transformation of E. coli (not 
shown). One of the plasmids, pNRT194, was used 
to transform R2-SPc. Despite careful ApR selection 
(see MATERIALS AND METHODS, SeCtiOnS b and d), 

only two ApR Nar- transformants were obtained, 
whereas in the control experiment with pNRT631 
hundreds of SPc-Nar6 transformants were found. 
The two mutants, designated Nar19/2 and Nar19/6 
were not transformed by pNR12 or pNR63, suggest- 
ing that the mutation was not in narA or narB. 

Nar19/2, Nar19/6 and Nar19 had a nitrate-reduc- 
tase enzyme activity of less than 1% of the wild-type. 

The same procedure as for Narl was then fol- 
lowed for Nar19/2, and three cosmids, pNR192-194, 
were isolated. Cosmids pNR192 and 193 were iden- 
tical, while pNR194 differed in the orientation of the 
vector. They transformed Nar19 as well as Nar19/2, 
but not Narl or Nar6. To locate the narCgene on the 
cosmid, pNR193 was digested with SalI, the frag- 
ments were purified and separately used to trans- 

pNRT192 

28 kb ,nsert 

pNR1934 

61 kb insert 

Fig. 3. Restriction maps of pNRT192 and pNR1934 insert frag- 

ments. 

form Nar19/2. The transforming activity was found 
to reside on a 6.1-kb fragment, which was subcloned 
into pACYC184 to give pNR1934. A restriction map 
of this fragment is given in Fig. 3. Southern blot 
analysis was performed with the insert of pNR1934 
as a probe (Fig. 4). The probe hybridized with a 
fragment of the same size in the chromosomal R2 
DNA digested with SalI, illustrating that the intact 
fragment was isolated. This fragment must be de- 
rived from the chromosome as none of the indige- 
nous plasmids contains a band of this size (Lauden- 
bath et al., 1983). With Nar19 DNA, the probe 
hybridized with a 22-kb Sal1 fragment, indicating 
that the mutation did not arise from a simple in- 
sertion of the transposon (4.2 kb) into the wild-type 
fragment (6.1 kb). In EcoRI digests of Nat-19 as well 
as Nar19/2 hybridization was at a 
approx. 22 kb. No hybridization was 
pNRT192 and with pNR12 or pNR63 

position of 
found with 

1 2 345678 12345678 

Crrl 4 

14kb- 

6Skb- 

2.8 kb - 

Fig. 4. Southern blot analysis of the narC gene. Restriction with SalI; lane 4: pNRTl92 with EcoRI; lanes 5 and 6: R2 and 

digests were run on 0.8% agarose gels (1eR panel), transferred Nar19 chromosomal DNAs with SalI; lanes 7 and 8: Nar19 and 

to nitrocellulose paper and hybridized to the 6.1-kb insert of Nar19/2 chromosomal DNAs with EcoRI. R2 DNA digested 

pNR1934 (right panel). Markers were the same as in Fig. 2. with EcoRI gave a signal at a position corresponding to a frag- 

Lanes l-3: pNR63, pNRl2 and pNR193, respectively, digested ment of approx. 30 kb (not shown). 
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TABLE IV 

Transformation of nar plasmids into Nar mutant strains 

Transformation was carried out as described under MATE- 

RIALS AND METHODS, section b. Selection was for Nar+ 
transformants. A frequency of 0 means an absolute value of 
< 0.02 x 10-6. 

Recipient Transformation frequency (x 10-6) with plas- 
strains mids: 

pNRl2 pNR63 pNRl93 pNR1934 

Narl 180 0 0 0 
Nar6 0 370 0 0 

Nar19 0 0 24 41 
Nar19/2 0 0 630 320 

Transformation experiments were carried out to 
confirm that pNR193 represented a third locus. 
Mutant Nar19 was transformed to wild-type by 
pNR193 and pNR1934, but not by pNR12 or 
pNR63. On the other hand, pNR193 and pNR1934 
did not transform mutants Nar 1 and Nar 6 (Table 
IV). No in vitro complementation was achieved by 
mixing of mutant extracts (Kuhlemeier et al., 1984). 

DISCUSSION 

Gene cloning by complementation of mutants is in 
principle a relatively simple and straightforward pro- 
cedure. Wild-type DNA, randomly inserted in a 
vector, is transferred to the particular mutant and the 
recombinant plasmid carrying the wild-type gene is 
selected. Recombination may, however, present a 
problem, as A. nidulans R2 has been shown to have 
a very active system for homologous recombination 
(Williams and Szalay, 1983). A first requirement is 
the availability of vectors without homology with 
host sequences. Cloning vectors have so far been 
constructed by modification of indigenous cryptic 
plasmids and recombination with the resident plas- 
mid will interfere with their stability (Kuhlemeier 
et al., 1981). This problem was solved by curing the 
host of the indigenous plasmid (Kuhlemeier et al., 
1983) and transferring the mutation to this cured 
strain. Homology between a gene to be cloned and 
the mutant gene present on the chromosome 
remains, however. Our data confirm that if selection 

is simultaneously carried out for both the vector part 
and the gene to be cloned, an intact recombinant 
containing the vector and the wild-type chromo- 
somal fragment, can be recovered. The cloning strat- 
egy outlined at the beginning of RESULTS was shown 
to operate as expected in the case of the Narl 
mutant, which was chosen as a model system. Sub- 
sequent application of the method to the Nar19 
mutant gave rise to several complications. No rela- 
tionship could be demonstrated between the cloned 
2.8-kb EcoRI fragment derived from Nat-19 and the 
6.1-kb Sal1 fragment from R2 (Figs. 3 and 4). An 
assumption in line with the available data would be 
that the transposon initially inserted inside or near 
the 6.1-kb Sal1 fragment and that afterwards a 
deletion occurred removing part of the 6.1-kb Sal1 
fragment. During transfer to E. coli a further deletion 
took place by a specific mechanism, since several 
independent isolates contained the same 2.8-kb 
EcoRI fragment. The lack of homology between the 
ApR fragment from the mutant and the wild-type 
narC fragment excluded cloning of the gene by 
colony hybridization, but the complicated nature of 
the mutation did not interfere with cloning via com- 
plementation. If it would have been impossible to 
obtain a cured Nat-19 strain using pNRT194, an 
alternative would be to transform R2-SPc directly 
with Nar19 chromosomal DNA. However, in gen- 
eral this method is not advisable because the fre- 
quency of ApRNar - transformants is expected to be 
very low. 

Plasmids pNR193 and pNR1934 transformed 
Narl9 and its derivatives, but not Nat-1 and Nar6, 
to wild-type. On the other hand, cosmids pNR12 
and pNR63, which are representative for the narA 

and narB loci, did not transform Narl9 (Table IV). 
Together with the blotting data, these results confirm 
that at least three distinct single-copy chromosomal 
genes are involved in nitrate reduction in A. nidulans 

R2. About the function of each of the genes no 
conclusions can be drawn, except that they are not 
involved in nitrate uptake. Studies with the respira- 
tory nitrate reductase system of E. coli (Stewart and 
MacGregor, 1982) and with the assimilatory nitrate 
reductases from fungi (Scazzocchio, 1980) have 
shown that besides the structural and regulatory 
genes several additional genes are involved in 
biosynthesis, processing and insertion of the molyb- 
denum cofactor. Also in Nicotiana, genetic and 
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physiological experiments revealed the presence of 
several genetic loci (Negrutiu et al., 1983). Future 
research will be directed towards the characteri- 
zation of the cloned genes by in vitro complemen- 
tation and immunological methods. 

ACKNOWLEDGEMENTS 

We are greatly indebted to Mr. G. de Vrieze for 
technical assistance and to Dr. W.E. Borrias for 
critically reading the manuscript. This work was sup- 
ported in part by the Netherlands Organization for 
Chemical Research (S.O.N.) with financial aid from 
the Netherlands Organization for Pure Research 
(Z.W.O.). 

REFERENCES 

Allen, M.M. and Smith, A.J.: Nitrogen chlorosis in blue-green 

algae. Arch. Microbial. 69 (1969) 114-120. 

Bagchi, S.N. and Singh, H.N.: Genetic control of nitrate 

reduction in the cyanobacterium Nostoc 1?1uscoru~. Mol. Gen. 

Genet. 193 (1984) 82-84. 

Beevers, L. and Hageman, R.H.: Uptake and reduction of 

nitrate: bacteria and higher plants, in Lluchli, A. and Bie- 

leski, R.L. (Eds.), Encyclopedia of Plant Physiology, New 

Series, Vol. 15A. Springer, Berlin, 1983, pp. 351-375. 

Chang, A.C.Y. and Cohen, S.N.: Construction and characteri- 

zation of amplifiable multi-copy DNA cloning vehicles de- 

rived from the Pl5A cryptic miniplasmid. J. Bacterial. 134 

(1978) 1141-l 156. 

Flores, E., Romero, J.M., Guerrero, M.G. and Losada, M.: Regu- 

latory interaction of photosynthetic nitrate utilization and 

carbon dioxide fixation in the cyanobacterium Anacystis 

nidulans. Biochim. Biophys. Acta 725 (1983) 529-532. 

Guerrero, M.G., Vega, J.M. and Losada, M.: The assimilatory 

nitrate-reducing system and its regulation. Annu. Rev. Plant 

Physiol. 32 (1981) 169-204. 

Herdman, M.: Evolution and genetic properties of cyanobac- 

terial genomes, in Carr, N.G. and Whitton, B.A. (Eds.), The 

Biology of Cyanobacteria. Blackwell, Oxford, 1982, pp. 

263-305. 

Herrero, A., Flores, E. and Guerrero, M.G.: Regulation ofnitrate 

reductase levels in the cyanobacteria Anacystis nidulans, 

Anabaena sp. strain 1119, and Nostoc sp. strain 6719. J. Bac- 

teriol. 145 (1981) 175-180. 

Hohn, B. and Collins, J.: A small cosmid for efficient cloning of 

large DNA fragments. Gene 11 (1980) 291-298. 

Kuhlemeier, C.J., Borrias, W.E., Van den Hondel, C.A.M.J.J. and 

Van Arkel, G.A.: Vectors for cloning in cyanobacteria: con- 

struction and characterization of two recombinant plasmids 

capable oftransformation to Anacystis nidulans R2 and Esche- 

richiu co/i K-12. Mol. Gen. Genet. 184 (1981) 249-254. 

Kuhlemeier, C.J., Logtenberg, T., Stoorvogel, W., Van Heugten, 

H.A.A., Borrias, W.E. and Van Arkel, G.A.: Cloning of 

nitrate reductase genes from the cyanobacterium Anacystis 

nidulans R2. J. Bacterial. 159 (1984) 36-41. 

Kuhlemeier, C.J., Thomas, A.A.M., Van der Ende, A., Van Leen, 

R.W., Borrias, W.E., Van den Hondel, C.A.M.J.J. and Van 

Arkel, G.A.: A host-vector system for gene cloning in the 

cyanobacterium Anacystis nidulans R2. Plasmid 10 (1983) 

156-163. 

Laudenbach, D.E., Straus, N., Gendel, S. and Williams, J.P.: The 

large endogenous plasmid of Anacystis nidulans: mapping, 

cloning and localization of the origin of replication. Mol. Gen. 

Genet. 192 (1983) 402-407. 

Losada, M., Guerrero, M.G. and Vega, J.M.: The assimilatory 

reduction of nitrate, in Bothe, H. and Trebst, A. (Eds.), 

Biochemistry and Physiology of Nitrate and Sulphur Meta- 

bolism. Springer, Berlin, 1981, pp. 30-63. 

Negrutiu, I., Dirks, R. and Jacobs, M.: Regeneration of fully 

nitrate reductase-deficient mutants from protoplast culture 

of Nicotiana plumbaginfilia (Viviani). Theor. Appl. Genet. 66 

(1983) 341-347. 

Scazzocchio, C.: The genetics of the molybdenum-containing 

enzymes, in Coughlan, M.P. (Ed.), Molybdenum and Molyb- 

denum-containing Enzymes. Pergamon, Oxford, 1980, 

pp. 487-515. 

Stewart, V. and MacGregor, C.H.: Nitrate reductase in Escheri- 

chia coli K-12: Involvement of chlC, chlE and chlG loci. J. 

Bacterial. 151 (1982) 788-799. 

Tandeau de Marsac, N., Borrias, W.E., Kuhlemeier, C.J., 

Castets, A.M., Van Arkel, G.A. and Van den Hondel, 

C.A.M.J.J.: A new approach for molecular cloning in Cyano- 

bacteria: cloning of an Anacystis nidulans met gene using a 

Tn901-induced mutant. Gene 20 (1982) 11 l-l 19. 

Van den Hondel, C.A.M.J.J., Keegstra, W., Borrias, W.E. and 

Van Arkel, G.A.: Homology ofplasmids in strains of unicellu- 

lar cyanobacteria. Plasmid 2 (1979) 323-333. 

Van den Hondel, C.A.M.J.J., Verbeek, S., Van der Ende, A., 

Weisbeek, P.J., Borrias, W.E. and Van Arkel, G.A.: Intro- 

duction of transposon Tn901 into a plasmid of Anacystis 

nidulans: preparation for cloning in cyanobacteria. Proc. Natl. 

Acad. Sci. USA 77 (1980) 1570-1574. 

Williams, J.G.K. and Szalay, A.A.: Stable integration of foreign 

DNA into the chromosome of the cyanobacterium Synecho- 

coccus R2. Gene 24 (1983) 37-51. 

Communicated by S. Brenner. 


