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I 

Cloned DNA from Anabaena sp. PCC 7120 was used to determine the distribution of restriction sites around 
the NifHDK genes of endosymbionts extracted from four Azolla species. Although many of the restriction sites 
of t e symbiotic Anabaena nifHDK genes differed from those of the free-living Anabaena sp. PCC 7120, three 
apparyntly identical restriction sites were found in and around the nifD region. The arrangement of A. azollae 
and Anabaena sp. PCC 7120 nif H,D,K genes appears similar, with nifH and nifD linked and nifK some distance 
away from nifD. The A. azollae nifHDK genes appear strongly conserved among the AzoNa species examined, 
regardless of the geographical origin of the ferns. 
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Introduction 

The water fern of the genus Azolla contains 
a symbiotic .heterocystous cyanobacterium, 
A .  azollae, within specialized leaf cavities [ 11. 
The endophyte can supply the association 
with its total nitrogen requirement by nitro- 
gen fixation [ 21. Thus, Azolla constitutes a 
potential nitrogen source in agriculture and its 
use as green fertilizer in rice culture is well 
documented [ 31. Physiological and morpho- 
logical aspects of the ferncyanobacterial 
relationship have been described [ 2,4,5]. 
Nevertheless the difficulty of culturing A .  
azollae in vitro is a major obstacle to the 
study of this important symbiosis. Putative 
cultures of A . .  azollae isolates have been 
obtained [4-71, but no one has successfully 
re-infected sterile plants with cultured 
Anabaena. 

Abbreviation: LB, Luria Broth. 

Nitrogen fixation (n i f )  gene organization 
has been analysed in the free-living Anabaena 
sp. PCC 7120, using cloned Klebsiella pneu- 
moniae nif gene probes; sequences homo- 
logous to  the structural genes for nitro- 
genase (nifK and nifD) and nitrogenase reduc- 
tase (nifH) were identified and cloned [SI. 
The physical map of these genes differs from 
that of K .  pneumoniae: only nifH and nifD 
are contiguous; nifK is separated from nifH-D 
by 11 kilobase (kb) [9]. Recently, the arrange- 
ment of the structural nif genes was also 
examined in the unicellular cyanobacterium 
Gloeothece PCC 6909 and in the filamentous 
cyanobacterium Calothrix sp. PCC 7601 [lo]. 
In Gloeothece, the nif structural genes are 
grouped whereas in Calothrix nifK is sepa- 
rated from nifH-D as it is in Anabaena sp. 
PCC 7120. To our knowledge, no information 
concerning the organization of the nif genes is 
available for a symbiotic cyanobacterium. 

Using probes from the free-living Anabaena 
sp. PCC 7120, we compare in this work 
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restrictison sites around the structural nif 
genes coding for nitrogenase and nitrogenase 
reductase in four A. azollae symbionts extrac- 
ted from different species of Azolla and in a 
cultured isolate of A. azollae obtained by 
Tel-Or et  al. [ 71. Preliminary results con ce^- 
ing the arrangement of these nif genes will be 
discussed. 

DNA isolation procedures 
Bacterial plasmid DNA was purified accord- 

ing to  Humphreys et al. [15]. Total DNA was 
extracted from vegetative cells of free-living 
Anabaena or freshly isolated symbionts by 
the method of Quiviger et  al. [ 161 and further 
purified by cesium chloride-ethidium bromide 
density gradient centrifugation [ 151. 

Materials and methods Restriction endonuclease digestions and DNA 
electrophoresis 

EcoRI, HindIII, HaeIII, PouII, PstI, Sal1 
and XbaI from Biolabs, BglII, XhoI and XbaI 
from BRL, BamHI, AoaI and Pou1 from Boeh- 
ringer Mannheim were used as recommended 
by the manufacturers. Restriction fr#agments 
were separated in 0.7% (w/v) agarose gels 
according to Quiviger et al. [16]. Lambda 
phage DNA fragments were used as molecular 
weight standards. 

Cyanobacterial strains, plasmids and Azolla 

I species 
Cyanobacterial strains, plasmids and 

Azolla species are listed in Table I. 

Media and growth conditions 

1 

Anabaena sp. PCC 7120 and the cultured 

medium [lo].  Luria Broth (LB) was the 
complete medium used for Escherichia coli 
strains containing the plasmids [12]. Fronds 
of Azolla were grown in 2 1 of the medium 
described by Roger and Reynaud [ 131. 
Symbiotic A. azollae were extracted from 
sterilized Azolla fronds according to the 
procedure of Peters and Mayne [14]. 

t isqlate of A .  azollae were grown in BG-11 

1 

! 

Preparation of  hybridization probes 
Purified plasmids were labelled with 

[a-’*P]dCTP (400 Cilmmol, Amersham Inter- 
national) by nick translation [ 171. The speci- 
fic activity of the labeled DNA was approx. 
10’ cpm/pg of DNA. 

Table I. Cyanobacterial strains, plasmids and Azolla species. - -. 
I Characteristics Sourcelreference 
I 
I Cyario bacterial 

--... 

strains 
PCC 7120 Free-living Anabaena sp. 

A .  azollae var. 
filiculoides 

I [I11 
i 
I 

Cultured isolate of A. azollae extracted from A. filiculofdes I71 

pAn207.8 pBIE322 containing a 0.7-kb HindIII fragment within nifK t91 

pAn256. A 1 t91 

pAn154.3 t91 

A .  caroliniana Collected in Unitedatates Diara, H.F. (U.C.L.a) 
A .  filiculoîdes Collected in South Africa Diara, H.F. (U.C.L.a ) 
A.  micropli ylla Collected in Galapagos Lumpkin, T.A. 
A .  mexicana Collected in United States Caudales, R. 

I Plasmids 
I 

of Anabaena sp. PCC 7120 

nifD of Anabaena sp. PCC 7210 

is in nifD, 900  b is all of nifH and 800 b is non-nif DNA 

pBR322 containing a 1.1-kb HindIII-EcoRI fragment within 

pBR322 containing a 1.8-kb Hind111 fragment of which 100 b 

Azolla species 

I 

~~~~ ~-~ 

a U.C.L., Universite Catholique de Louvain (Belgium), 
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Southern hybrodization 
DNA fragments were transferred from 

agarose gels onto nitrocellulose filters (Milli- 
pore HAWP, 0.45-pm pore size) and hybridi- 
zed with heat-denatured probes (2 X lo6  cpm/ 
slot) following the technique of Southern 
[18]. Autoradiographs were obtained by 
exposing the filters for one to  several days at 
-8OOC to  X-ray films. 

Results 
Sensitioity of A.  azollae DNA to restriction 

The electrophoretic patterns of DNA frag- 
ments 'from A. azollae digested with eleven 
restriction endonucleases showed numerous 
cleavage sites for HindIII and EcoRI, fewer 
cleavage sites for PuuII and XhoI and practi- 
callfinone for AuaI, PamHI, HaeIII, KpnI, 
Pou1 knd SalI. The four freshly isolated sym- 
biopts' gave closely similar patterns (data not 

endonûcleases I 

shown). Based on these results, hybridization 
of the Anabaena sp.. PCC 7120 nifK, nifD 
and nifH probes to total DNA from A. azollae 
was studied with Hind I I I ,  EcoRI, Hind I I I -  
EcoRI, PuuII and XhoI DNA digests. 

Homology between total DNA o f  A .  azollae 
and the nitrogenase structural genes from 
Anabaena sp. PCC 71 20 

Hybridization with the nifK probe. Within 
each restriction endonuclease digest, the nifK 
probe hybridized to  DNA fragments of identi- 
cal size for the fresh isolates from A .  carolini- 
ana, A .  filiculoides, A .  microphylla and A.  
mexicana (Table II). Two small fragments of 
2.7 and 0.9 k b  were observed In the EcoRI 
digest; they are contained within a large PuuII 
or XhoI fragment: 26 and 35 Kb, respectively 
(Fig. la) .  No hybridization band was observed 
in the HindIII digest (Fig. l a ,  lane 4) suggest- 
ing that these fragments were too small to 

Table I1 Size of restriction endonuclease fragments of  A. azollae DNA hybridizing with Anabaena PCC 7120 
nifK, n?D and nifH probes. A .  azollae strains were, respectively, the fresh isolates from A. caroliniana (a), A .  fili- 
culoides (b), A .  microphylla (c), A.  mexicana (d) and the cultured isolate from A. filiculoîdes (e). Total DNA & 

from stnin PCC 7120 ( f )  was used as positive hybridization control. 

Restrictbn . Anabaena Size (kb) 
endonudease strains 

- 
- 

nifK nifD nifH 

EcoRI a-b 2.7-0.9 1.55 18-1 6-1.9 
C 2.7-0.9 1.55 12.5-6-1.9 
d 2.7-0.9 1.55 12.5-6.5-1.9 
e 7.4 18-9 184 8.1 )-(4.2)" 
f 17 10 10-19 

e * 2.3 (4.7)-3.9-(2.6)-( 1.75) 
Hind III a-bc-d * 2.6 (3F2.6-2.1 

f 0.7 2.6 1.9 
Hind III-koRI a-b-c-d * 1.1 2.1-1.6-1.4 

e * 2.3 3.9-(2.8)-(2.6)-(1.7) 

PuuII. 

XhoI 

*No hybi 
a Numbe 
b ND, no1 

f 0.7 
a - b e d  26 

a-b-c-d 35 
e-f ND 

e-f  ND^ 

1.1 
26 
ND 
35 
ND 

1.9 
26-24-1 1.5 
ND 
35 
ND 

ization band observed. 
in parentheses: faintly hybridizing band. 
etermined. 

I 
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Fig. 1, Auloradiogram of 3zP-labeled nifK (a) 
and nifD (b )  probes hybridized to A. azollae DNA 
extracted fWm A, coroliniuna. Total DNA was 
digested respectively with XlioI (lane l), PouII 
(lane a) ,  &ORI (lane 3), Hind111 (lane 4) and 
Hittdl[II&oRI (lane 5). Sizes of DNA fragments 
are ihdkatcd in kb. 

transfer well onto nitrocellulose. The same 
probe hybridized with one fragment of 7.4 kb 
in the EcoRI digest of the A .  azollae var. fili- 
culoides DNA and with fragments of, respec- 
tively, 17  kb and 0.7 kb in the EcoRI and 
Hind I I I  DNA digests of the free-living 
Anabaena sp. PCC 7120, as expected based 
on the published map of the nif genes of this 
species 191. 

Hybridization with the irifD probe, The 
homology detected between the Anabaena 
sp. PCC 7120 nifD probe Rnd the DNA digests 
from the four symbiohc A. azollae was 
limited to a 1.1 kb EcoElI-Hind111 fragment 
contained in a 1.55 kb &:ORI and a 2.6 kb 
Hind111 fragment (Table II, Figure lb).  The 
same Hind I I I  and Hind Ir-&coRI hybridiza- 
tioin bands were observed with tfic Anabaena 
strain PCC 7120. The hybrkiipation of nifD to  
A .  azollae var. filiculoîdes DNA produced a 
pattern different from any other strain (Table 
I I ) .  In the case of the freshA. azollae isolates, 
the nifl, probe hybridized to the same large 
PuuII and XhoI fragmentí vrhich hybridized 
with the nifK probe. 

- 

h b c d e 
1 2 3 ' 1 2 3  1 2 3  1 2 3  1 2 3  
-L,- .-.A -- -0 

Pic;. 2. Autoradicgram of 32P~labeled nifH probe hybridized to A. ozollae DNA extrcted from A. caroliniano 
(a), A. filiculoides @), A. microphylls (c), A. mexicana (d) and to free-living A. azollo6,var. filiculoides DNA (e). 
Total DNA was digtsted respectively with EcoRI (lane l), Hind111 (lane 2) and Hindll-EcoRI (lane 3). Sizes of 
DNA fragments are indicated in Icb. 
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, t r . . l . . . E t _  a 
1.5 1.1 0.45 1.6 

;b 1.5 1.1 1.8 

1 I 1 

pAn256.Al pAn154.3 

1Kb 
Fig. 3. Physical map of the nifHD genes of sym- 
biotic A.  azollae '(a) and of Anabaena sp. PCC 7120 
(b). Symbols for restriction endonuclease sites are: 
tHindIII and pEcoRI. *: This site could be 18, 16 or 
1.9 kb away in A .  azollae from A.  caroliniana and 
from A.  filiculoides, 12.5,  6 of  1.9 kb away in A.  
azollae from A. microphilla and 12.5, 6.5 or 1.9 kb 
away in A .  azollae from A.  mexicana. 

\ 
Hybfidization with the nifH probe. As 

shown in Table II, the nifH probe produced 
three hybridization bands with EcoRI (Fig. 2, 
lanes la ,  l b ,  IC and Id),  Hind III (Fig. 2, lanes 
2a,' 2b, 2c and 2d), HindIII-EcoRI (Fig. 2, 
lanes 3a, 3b, 3c and 3d) and PouII DNA 
digests of the four fresh. A. azollae isolates. 
One strong hybridization fragment was 
obtained with the.Xho1 digest. Except in the 
case of EcoRI digests, the size of the homo- 
logous fragments within each restriction endo- 
nuclease digest was identical for the endo- 
phytes extracted from the four Azolla species 
(Table II), As already observed with the nifK 
probe, the nifH probe hybridized with EcoRI 
and HindIII DNA fragments of A. azollae var. 
filiculoides (Fig. 2, lanes le ,  2e and 3e) and 
of the free living Anabaena PGC 7120 which 
differed in size from those of all the sym- 
bionts. The three probes (nifK,  nifD, nifH) 
hybridized with the same Pud1 (26 kb) and 
XhoI (35 kb) fragments in all the symbiotic 
strains. 

Discussion 

A strong homology was observed between 
the cloned nif structural genes of Anabaena 
PCC 7120 and restriction digests of DNA of 

the Anabaena symbionts isolated from four 
different Azolla species. The data presented 
in Table II allow a comparison of size of the 
EcoRI, HindIII and EcoRI-Hind III restriction 
fragments that hybridized to the nif probes 
employed. In all four symbiotic Anabaena 
strains two small EcoRI fragments of 2.9 and 
0.9 kb hybridized to the nifK probe, whereas 
only one large EcoRI fragment of 17  kb did 
so with an EcoRI digest of chromosomal 
DNA isolated from Anabaena 7120 (after 
growth with nitrate as the nitrogen source) 
as previously reported [9].  Therefore the 
DNA of each symbiotic Anabaena strain 
contains three EcoRI sites in and around the 
nifK gene, and these are not present in PCC 
7120. One of them is directly within nifK; 
the other two are on either side of nifK, but 
much closer to  this gene than the flanking 
EcoRI sites in PCC 7120. 

The close proximity of HindIII and EcoRI 
restriction sites, together with the hybridiza- 
tion pattern of the corresponding restriction 
fragments to pAN256A1, allowed the con- 
struction of the physical map of the nifD 
region of all four symbiotic A. azollae strains 
(Fig. 3a) and this can be compared with that 
of Anabaena PCG 7120 (Fig. 3b). The HindIII 
sites within nifD, and those around this gene, 
are conserved in the two types of organisms, 
which also share an identical EcoRI site with- 
in nifD. However, there is an additional Eco- 
RI site, not found in PCC 7120, just t o  the 
right of nifD in the DNA of the symbiotic 
strains. 

Based on the HindIII and EcoRI sites in 
and around the nifD region, and the hybridi- 
zation results obtained with the probe PAN- 
154.3, the location of niiH could be identi- 
fied together with that of one Hind III restric- 
tion site to  the right of nifH (Fig. 3a). How- 
ever, this HindIII site is not identical in PGC 
7210 and the symbiotic Anabaena strains; it 
is located 1.8 kb to the right of the conserved 
HindIII site of nifD in PCC 7120 and 2.1 kb 
to  the right of the same HindIII site in the 
symbionts. Due to the EcoRI site within 
nifH in the symbiotic strains, additional 
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EcoRI sites to the right of this gene could 
be demonstrated. However, these sites are 
not identical in the four symbionts, except 
for that of 1.9 kb (Table II), since the result- 
ing EcoRI fragments that hybridized to  the 
nifH probe differed in size (Table I I  and 
legend to Fig. 3). Additional cloning experi- 
ments will be necessary to determine which 
of the EcoRI fragments are contiguous t o  the 
Hind111 site on the right hand side of nifH. 

On the basis of the restriction map shown 
in Fig. 3 and the complex hybridization 
patterns of pAN154.3 to EcopI and Hind- 
I I I  digests and to EcoRI/HrndIII double 
digests (Table I I ) ,  we can conclude that there 
are two or more copies of nifH in the A .  
azollae genomes. Such nifH duplication also 
occurs in PCC 7120 and is located on a 19-kb 
FcoRI fragment [ 91. Due to identical Hind I I I  
sites in nifH and the duplicated gene in PCC 

I 7120 [9], this duplication is not evident in 
our EcoRIIHindIII digests. The function of 
the second nifH gene is unknown, but such 
duplication seems to be relatively common, 
since two or more nifH genes have been found 
in Calothrix PCC 7601 [lo] and in several 
other nitrogen-fixing cyanobacteria (T. Kallas 

Hybridization of all three probes (nif R, nif 
D, nifH)  to the large fragments obtained by 
PuuII or Xhol digestion of A .  uzollae DNA 
demonstrates that nifK and nifDH must be 
located within these fragments. However, 
cloning of the fragments will be necessary to  
establish with precision the physical map of 
the region between nifK and nifDH. Further- 
more, we will examine whether this region is 
excised during heterocyst differentiation as 
has been observed for Anabaena PCC 7120 
(R. Haselkorn, pers. commun.). In the latter 
strain, the excised fragment spans almost 
entirely the region between nifK and nifDH, 
i.e. a segment of about 11 kb. 

Concerning the relatedness of the different 
Anabaena strains examined, we can draw the 
following conclusions: regardless of the 
geographical origin of the ferns assignable to  
the same Azolla subgenus (Euazolla), the 

I 
I et  al. unpublished results). 

! 
I 

I 

~ .7 ' *  
restriction sites in the DNA of their symbi- 
onts in and around the nifK and nifD regions 
are identical, and only minor differences were 
observed in the nifH genes. These results 
suggest that the four symbionts from A .  caro- 
liniana, A .  filiculoides, A. mexicana and A. 
microphyllu are closely related, but that some 
evolutionary divergence has occurred. It 
would be of interest to perform the same type 
of hybridization experiments with A. azollae 
extracted from A .  nilotica and A .  pinnata. 
These species, morphologically very different 
from the Euazollu species, constitute the 
second Azolla subgenus named Rhizosperma 

Based on the completely different hybri- 
dization patterns observed with restriction -' 

digests of the cultured isolate of A. azollae 
(Tel-Or) from AZ.  filiculoides (Table II),  we 
conclude that this organism is neither closely 
related to Anabaena PCC 7120 nor to any of 
the Euazollu symbionts. However, our con- 
cIusions concerning the relatedness of the 
various Anabaena strains examined, are only 
valid if we can assume that a divergence in a 
given chromosomal region, (here n i f )  is char- 
acteristic of that in total DNA, This assump- 
tion seems to be supported by the difference 
in sensitivity of total DNA of the Tel-Or 
isolate to eleven restriction endonucleases as 
compared to that of total DNA extracted 
from the four Azolla symbionts (unpublished 
results). Therefore, several possibilities con- 
cerning the association between AZ.  filicu- 
loides and its cyanobacterial symbiont arise: 
(1) AZ. filiculoides can form a symbiotic 
relationship with more than one species of 
Anabuena. (2) The organism isolated by Tel 
Or is only a minor constituent in the sgmbio- 
sis of AZ.  filiculoides and its DNA was masked 
by that of the predominant symbiont extrac- 
ted by us from this fern. (3) The ciil{*. t l  

strain was a free-living Anabaena B S S U ! ~ ~  I .I 
with the Azollu sample from which it was 
isolated. The analysis of DNA from additional 
AZ. filiculoides samples (from different habi- 
tats) is required in order to establish which of 
these possibilities is correct. 

141. 

. 

. 
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