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Abstract 

The Azolla-Anabaena symbiosis has been used for centuries as a nitrogen biofertilizer in rice paddies. 
Genetic improvement of the symbiosis has been limited by the difficulty in identifying Azolla-Anabaena 
accessions and Anabaena azollae strains. The recently developed technique of DNA amplification fin- 
gerprinting (DAF) was applied to this problem. DAF uses single, short, oligonucleotide primers of ar- 
bitrary sequence to direct amplification of a characteristic set of DNA products by a thermostable DNA 
polymerase in a thermocycling reaction. The products are separated in polyacrylamide gels and detected 
by silver staining. DAF could easily distinguish and positively identify accessions of Azolla-Anabaena 
with DNA extracted from the intact symbioses. The contribution of prokaryotic Anabaena sequences 
to the fingerprint of the intact symbioses, however, ranged from 0 to 77~,  depending on the primer 
sequence. Therefore, DNA extracted from the intact symbioses would not be suitable for Azolla taxon- 
omy studies. The fingerprints of Anabaena strains isolated by sucrose gradient centrifugation from dif- 
ferent species of Azolla could be easily distinguished, and DAF patterns were used to confirm the ma- 
ternal pattern of transmission of Anabaena in a sexual hybrid. Template DNA extracted from roots was 
used to produce fingerprints for Azolla without interference from the microsymbiont. Comparison of the 
patterns from the parents and a hybrid gave strong evidence confirming sexual hybridization. 

Introduction 

The nitrogen-fixing Azolla-Anabaena symbiosis 
has been used since at least the 11 th  century as a 
source of nitrogen for rice production [ 18 ]. Azolla 
is a genus of heterosporous, aquatic ferns and 
Anabaena azollae Strasb. is a cyanobacterial mi- 
crosymbiont found inside a cavity in the dorsal 
leaf lobe of Azolla. The symbiosis grows rapidly, 
and can double its biomass in less than three days 
in nitrogen-free nutrient solution [20]. The po- 
tential of the Azolla-Anabaena symbiosis to re- 
place part of the chemical nitrogen fertilizer for 

rice production has been well documented [20, 
21]. A number of environmental factors, how- 
ever, limit its widespread use. Some Azolla acces- 
sions are sensitive to high or low temperatures, all 
are limited by low phosphorous availability, and 
are susceptible to insect pests [21 ]. To overcome 
these factors, wild Azolla plants with their asso- 
ciated symbiotic cyanobacteria are being collected 
and screened for desirable agronomic traits. 

Sexual crossing of Azolla and cross-inoculation 
of microsymbionts has shown that it is possible 
to improve the performance of the symbiosis. Hy- 
brids between A. filiculoides and A. microphylla 
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showed temperature tolerance intermediate be- 
tween the parents and enhanced growth during 
the cool season [19]. Lin et al. [8] transferred the 
cyanobacterial microsymbiont from the high- 
temperature-tolerant species A. microphylla to the 
high-temperature-sensitive species A. filiculoides. 
This resulted in increased high-temperature tol- 
erance in A. filiculoides [22]. This indicates that 
the agronomic value of the Azolla-Anabaena sym- 
biosis can be improved by genetic manipulation 
of both the macrosymbiont and microsymbiont. 
These efforts have been hindered by difficulties in 
identifying Azolla-Anabaena accessions and 
strains of Anabaena azollae. 

The taxonomy of both Azolla and Anabaena 
azollae is poorly defined. The taxonomy of Azolla 
is based primarily on the structure of the me- 
gasporocarp [6, 17]. The genus Azolla is divided 
into two sections, Azolla and Rhizosperma. In 
the section Azolla, the megasporocarps have three 
floats and the currently recognized species are A. 
caroliniana Willdenow, A. filiculoides Lamarck, A. 
mexicana Presl, A. microphylla Kaulfuss, and A. 
rubra R. Brown. In the section Rhizosperma the 
megasporocarps have nine floats and the recog- 
nized species are A. pinnata R. Brown and A. 
nilotica De Caisne [ 11 ]. 

Species classification within the section Azolla 
is based upon details of the megasporocarp 
structure, including scanning electron micro- 
scopy of the perine architecture [ 11 ]. Many ac- 
cessions, however, do not develop sporocarps in 
culture collections, making their taxonomic as- 
signment doubtful. Different studies on the me- 
gasporocarp structure have also failed to give a 
clear species classification within section Azolla 
[6, 17]. 

Results using isozyme and restriction fragment 
length polymorphism (RFLP) analysis have given 
more consistent results [27-30]. Isozyme analy- 
sis of 9 enzymes showing 17 polymorphic loci 
indicated that A. filiculoides and A. rubra were 
both biochemically unique and recognizable as 
species, but principal component analysis did not 
indicate that A. microphylla, A. caroliniana, and A. 
mexicana were distinct species [28 ]. Zimmerman 
et al. [29, 30] screened 30 heterologous DNA 

clones and a partial genetic library ofA. mexicana 
to find DNA probes which would reveal RFLP 
differences. RFLP analysis confirmed the overall 
conclusions of the earlier isozyme analysis, and 
could also differentiate among accessions that 
were enzymatically closely related. 

Only one species of A. azollae is currently re- 
cognized [ 12]. Taxonomic studies have been lim- 
ited because it has not been possible to isolate 
and culture A. azollae [7]. It has only recently 
become possible to distinguish among strains of 
the cyanobacterial microsymbiont [ 14 ]. A. azollae 
remains associated with Azolla throughout vege- 
tative and reproductive growth, and is passed be- 
tween generations through the megasporocarp 
[12]. Plazinski etal. [13-16] developed DNA 
probes which could differentiate among several 
strains ofA. azollae and proposed a tentative phy- 
logenetic tree for A. azollae. The A. azollae strains 
isolated from A. caroliniana, A. mexicana, and A. 
microphylla were grouped together, but were 
separated from A. filiculoides strains. This paral- 
lels the relatedness of the macrosymbionts [29, 
30]. 

A novel tool for DNA fingerprinting has re- 
cently been proposed [2, 24, 26]. The strategy is 
based on amplification of characteristic DNA 
fragments by a thermostable DNA polymerase 
directed by a single oligonucleotide primer of ar- 
bitrary sequence in a thermocycling reaction. 
DNA amplification fingerprinting (DAF) uses 
very short primers (> 5 nucleotides in length) to 
generate complex fingerprint patterns when am- 
plification products are separated by polyacryla- 
mide gel electrophoresis and detected by silver 
staining [ 1, 2]. DAF has been very useful for dis- 
tinguishing among closely related genotypes of 
both eukaryotic and prokaryotic organisms [3]. 
We have established that DAF produces unique 
reproducible fingerprints for the intact Azolla- 
Anabaena symbiosis, and have defined the con- 
tribution of both the micro- and macrosymbiont 
to the fingerprints. Application of DAF for con- 
firming sexual hybridization and maternal trans- 
mission of the A. azollae strain was also demon- 
strated. 



Materials and methods 

Azolla-Anabaena cultures 

The Azolla-Anabaena symbiosis accessions used 
in this study are listed in Table 1. The Anabaena 
azollae strains used were freshly isolated from 
these accessions. The A. azollae strains are iden- 
tiffed in the text by a two letter abbreviation of the 
Azolla species and the accession code from which 
they were isolated (Table 1). The terminal 0.5 mm 
of several fronds were excised and surface ster- 
ilized by the method of Peters and Mayne [ 10]. 
The sterilized tissue was transferred to sterile 
IRRI nutrient solution [20] supplemented with 5 
mM KNO3 and incubated for at least one month. 
Cultures where the nutrient solution remained 
clear were propagated in N-free nutrient solution 
and used for DNA extraction. Azolla plants were 
grown in plastic Petri dishes in a growth cham- 

Table 1. List of Azolla-Anabaena accessions, isolated Ana- 
baena strains, and primer sequences. 

Azolla-Anabaena Isolated Anabaena Source a 
accession strains 

A. caroliniana W T  A. azollae CA WT G. Peters 
A. caroliniana C 1 - G. Peters 
A. pinnata P1 A. azollae PI PI G. Peters 
A. filiculoides 301 A. azollae FI 301 NARC 
A. microphylla 357 A. azollae MI 357 NARC 
Hybrid Rong Ping C 4 A. azollae RP C4 NARC 

Primer code b Sequence (5 ' -3 ' )  

7.7a CGAGCTG 
8.6i GTTACGCC 
8.6j CCTGGAGG 
8.61 GTAACCCC 
8.7b G C T G G T G G  
8.7d CCGAGCTG 
8.9a CGCGGCCA 

10.6e G T G A C G T A G G  

a G. Peters, Virginia Commonwealth University, Richmond; 
NARC, National Azolla Research Center, Fuzhou, Fujian, 
People's Republic of China. 

b The nomenclature for individual oligonucleotide primers 
gives the length, approximate G + C content, and an arbi- 
trary letter assigned to a specific sequence. For example, 
8.7b refers to an octamer, with 70-79% G + C .  
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ber at 25 °C with a photosynthetic photon flux 
density of 75/~mol m -  2 s-  1, with a 12 h light 
period. 

DNA extraction 

DNA was extracted from the intact Azolla- 
Anabaena symbiosis or from Azolla roots by the 
method of Dellaporta et al. [5]. Anabaena cells 
were isolated from Azolla leaves by the gentle 
roller technique and purified by sucrose step gra- 
dient centrifugation [ 10]. Azolla-Anabaena sym- 
biosis plants were floated in a minimum volume 
of IRRI nutrient solution (10 ml) supplemented 
with 0.5 g of water insoluble polyvinylpyrrolidone. 
A sterile flask cap was used as a rolling pin to 
gently express the Anabaena cells into the solu- 
tion. The suspension was filtered through 4 and 
then 8 layers of cheesecloth. The cells were spun 
down and resuspended in water before layering 
onto a sucrose step density gradient. The inter- 
face at the top of the 2.5 M sucrose layer was 
microscopically examined and found to be essen- 
tially free of contamination with plant ceils or 
chloroplasts. The Anabaena cells were incubated 
with lysozyme (200 #g/ml) for 10 min at 37 °C 
and then Triton X-100 was added to 0.01~o to 
lyse bacterial cells that are known to be coinhab- 
itants of the Azolla leaf cavity [ 12]. The Anabaena 
cells were pelleted, washed, and resuspended in 
500 #1 DNA extraction buffer. The cells were then 
lysed by vortexing for 2-3 minutes with 0.1 g of 
glass chips. Subsequent steps followed the pro- 
cedure of Dellaporta et al. [5]. Before amplifica- 
tion the template DNA was reprecipitated and 
dissolved in deionized water to remove EDTA 
which interferes with amplification. 

DNA amplification 

Amplification was done in a 25 #1 reaction vol- 
ume with 5 ng of template DNA, 0.25 #g of oli- 
gonucleotide primer, 0.2 units of  a truncated 
DNA polymerase from Thermus aquaticus (Stof- 
fel fragment, Perkin-Elmer/Cetus, Norwalk, CT) 
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in reaction buffer (10mM Tris-HCl pH 8.3, 
50 mM KC1, 2.5 mM MgCI2 containing 200 #M 
of each dNTP). Primer sequences are given in 
Table 1. The reaction mix was overlaid with 
2 drops of mineral oil and amplified in an Eri- 
comp thermocycler (Ericomp, San Diego, CA) 
for 35 cycles (1 s at 96 °C and 1 s at 30 °C, with 
heating and cooling rates of 23 ° C per minute and 
14 °C per minute respectively). DNA concentra- 
tion after the amplification reaction was typically 
in the range of 100-130 ng/#l. Approximately 
30 ng DNA was loaded for electrophoresis. Am- 
plification products were separated by electro- 
phoresis in either 4.8~o or 6~o polyacrylamide 
with an acrylamide/piperazine diacrylamide ratio 
of 20:1. DNA products were detected by silver 
staining [1]. Initial template and amplified DNA 
concentrations were determined by fluorometry 
(Hoefer Scientific Instruments, San Francisco, 
CA). 

Fingerprint interpretation 

Amplification reactions were done at least in du- 
plicate. Using optimized amplification conditions 
the generated fingerprints were reproducible be- 
tween different amplifications and gel runs. Dif- 
ferent DNA preparations from the same source 
produced identical fingerprint patterns. 

All bands both of weak and strong intensity, 
within the well resolved portion of the gel, were 
scored and compared. In the 6~  and 4.8~o poly- 
acrylamide gels only products of less than 500 
nucleotides and 1000 nucleotides were consid- 
ered, respectively. Positions of bands were mea- 
sured from the bottom of the loading wells for 
band comparison. 

lections. DNA extracts containing both prokary- 
otic Anabaena DNA and eukaryotic Azolla DNA 
were prepared from intact symbioses because this 
was the easiest approach and most suitable for 
use in maintaining a large culture collection. Four 
primers; 8.7b, 8.7d, 8.9a, and 10.6e were used to 
direct amplification (Table 1). All four primers 
yielded fingerprints which easily distinguished 
amongA, caroliniana WT, A. microphylla 357, and 
A. pinnata P~ (data not shown). Primer 8.7b was 
selected for further study because it showed the 
greatest proportion of monomorphic bands, and 
primer 10.6e because it showed the greatest pro- 
portion of polymorphic bands. 

Using primer 8.7b, 52% (12 out of 23) of the 
A. microphylla 357 bands (less than 500 nucle- 
otides in length) were monomorphic with A. car- 
oliniana WT bands (Fig. 1). In contrast, only 9~o 
of the A. microphylla 357 bands were monomor- 
phic with A. pinnata P~. With primer 10.6e, again 
several A. microphylla 357 bands (26~o) were 
monomorphic with A. caroliniana, but only 5 
were monomorphic with A. pinnata P~. This re- 
sult was not surprising as A. pinnata belongs to 

Results 

lntact symbioses 

Initial experiments examined the possibility of 
using DAF to distinguish and identify accessions 
of the Azolla-Anabaena symbiosis in culture col- 

Fig. 1. Silver-stained polyacrylamide gel of DNA amplifica- 
tion products generated from intact Azolla-Anabaena symbio- 
sis DNA templates with primer 8.7b or 10.6e. DNA reference 
size markers (nucleotides) are given on the right margin. Ac- 
cession identification: 1, A. caroliniana WT; 2, A. caroliniana 
C1; 3, A. microphylla 357; 4, A. pinnata P1. 
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the Rhizosperma section of the Azolla genus and 
A. microphylla and A. caroliniana both belong in 
the Azolla section. 

The fingerprints for A. caroliniana C1 and A. 
caroliniana WT were 100~o monomorphic with 
primer 8.7b and 96Yo monomorphic with primer 
10.6e as only one polymorphic product (250 nu- 
cleotides in length) was seen. This was the ex- 
pected result as these were duplicate cultures ob- 
tained from the same source. Culture A. 
caroliniana WT, however, had been obtained 8 
years earlier, and had been used as the wild-type 
parent in a mutation induction project. This in- 
dicates that DAF fingerprints were reproducible 
and stable over relatively long periods of time. 

Isolated Anabaena azollae 

Unique fingerprints were obtained using DNA 
prepared from A. azollae freshly isolated from 
three different species of Azolla (Fig. 2). Out of 30 
clear bands in the A. azollae MI 357 pattern gen- 
erated with primer 8.7b, 27~o appeared mono- 
morphic with A. azollae FI 301 and 17~o ap- 

peared monomorphic with A. azollae PI P1. 
Similarly, 25~o of the A. azollae MI 357 bands 
generated with primer 10.6e were monomorphic 
with A. azoUae FI 301 and 17~ with A. azollae 
PI P1- 

Azolla-Anabaena accession Rong Ping C4 is a 
sexual hybrid between A. filiculoides 301, and A. 
microphylla 357, maternal parent [23]. Maternal 
transmission of the microsymbiont is clearly il- 
lustrated by the identical fingerprints with primer 
8.7b for the Anabaena isolates from Rong Ping Ca 
and A. microphylla 357 (Fig. 2). The fingerprints 
for these two Anabaena isolates with primer 10.6e 
also showed a high proportion of monomorphic 
bands. However, three clear polymorphic prod- 
ucts of 290, 240, and 220 nucleotides in length 
were detected. 

There are several potential sources for these 
observed polymorphisms. Because primer 10.6e 
preferentially amplified Azolla DNA sequences 
(see below), it seems most likely that these poly- 
morphisms represent minor contamination by 
Azolla DNA. Although unlikely, we cannot rule 
out that the observed polymorphic products could 
result from the contribution of DNA from bacte- 
ria or minor cyanobacterial co-symbionts which 
have been reported to be present in the leaf cav- 
ity [7, 12]. Precautions to minimize the presence 
of bacterial DNA were taken by using surface 
sterilized Azolla cultures, purification of Anabaena 
cells by sucrose step-gradient centrifugation, and 
lysozyme treatment of isolated A. azollae cells. 
Gerhardt and Nierzwicki-Bauer [ 7 ] could not de- 
tect the presence of minor cyanobacterial sym- 
biont DNA in preparations from freshly isolated 
A. azollae cells using conventional DNA hybrid- 
ization techniques, even with extensive exposure 
times during autoradiography. Thus it seems un- 
likely that minor cyanobacterial co-symbionts 
would make a large contribution to the finger- 
prints. 

Fig. 2. DNA amplification products generated from isolated 
Anabaena DNA templates with primer 8.7b or 10.6e. DNA 
reference size markers (nucleotides) are given on the right 
margin. Strain identification: 1, A. azollae FI 301; 2, A. azollae 
RP Ca; 3, A. azollae MI 357; 4, A. azollae PI PI. 

Contribution of Anabaena 

When amplified with primer 8.7b, almost all of the 
bands from the intact symbiosis fingerprint for A. 
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microphylla 357 were monomorphic with bands in 
the A. azollae MI 357 pattern (compare lanes 3, 
8.7b, of Fig. 1 and Fig. 2). Only two products of 
about 210 and 220 nucleotides in length were 
absent in the A. azollae MI 357 pattern. This 
indicates that Anabaena DNA sequences were 
heavily represented in the fingerprint of the intact 
symbiosis. In contrast, the fingerprints generated 
from these two templates with primer 10.6e were 
distinctly different (compare lanes 3, 10.6e, of 
Fig. 1 and Fig. 2). 

To examine further the contribution of the Ana- 
baena DNA to the fingerprint of the intact sym- 
bioses, DNA prepared from isolated Anabaena, 
intact symbioses, and the roots of A. caroliniana 
WT was amplified using primers 8.7b and 10.6e. 
All of the bands in the intact symbiosis pattern 
were monomorphic with either an Anabaena band 
or with an Azolla root band (Fig. 3). Although 
several of the Anabaena or Azolla products were 
not detected in the fingerprint of the intact sym- 
biosis, there were no unique new bands. Thus the 
contribution of either Anabaena or Azolla to the 
fingerprint of the intact symbiosis could be ex- 
pressed as a percentage of the intact symbiosis 
bands (Table 2). 

Table 2. Contribution of Anabaena and Azolla to the DNA 
amplification fingerprint of intact Azolla-Anabaena symbioses 
with oligonucleotide primers differing in length or sequence. 

Intact symbiosis Primer 
template 

% monomorphic bands a 

Anabaena Azolla 

A. caroliniana W T  8.7b 77 23 
10.6e 29 71 

A. pinnata P1 7.7a 0 100 
8.6i 59 41 
8.61 50 50 
8.7j 36 64 

a Proportion of bands in the fingerprint of the intact symbiosis 
that were monomorphic with bands in the fingerprints of the 
individual symbiosis components. 

With primer 8.7b, Anabaena bands again dom- 
inated the fingerprint of the intact A. caroliniana 
WT symbiosis (Fig. 3, Table 2). In contrast, with 
primer 10.6e the intact A. caroliniana WT symbi- 
osis DNA fingerprint was dominated by root 
DNA bands. Similar results were obtained with 
A. pinnata P1 (data not shown). These results 
suggested that shorter primers would preferen- 
tially amplify DNA sequences from the prokary- 
otic microsymbiont. 

To test this hypothesis, the three DNA tem- 
plates from the A. pinnata P1 symbiosis were am- 
plified using three additional octamer primers and 
one heptamer primer. Among the four octamer 
primers tested, Anabaena products accounted 
for 36 to 77~o of the bands in the intact symbi- 
osis fingerprint (Fig. 3 and 4, Table 2). With the 
heptamer 7.7a, however, none of the intact sym- 
biosis bands were monomorphic with an Ana- 
baena band (Fig. 4, Table 2). Primer sequence 
was apparently more important than primer 
length for determining whether prokaryotic or eu- 
karyotic bands were amplified from the DNA 
mixture. 

Fig. 3. DNA amplification products generated from DNA 
templates: 1, isolated A. azollae CA WT; 2, intact A. carolin- 
iana W T  symbiosis; 3, roots ofA. caroliniana WT, with primer 
8.7b or 10.6e. DNA reference size markers (nucleotides) are 
given on the right margin. 

Verification of sexual crosses 

Fingerprints produced from root DNA showed 
that Rong Ping C4 was a sexual hybrid between 



Fig. 4. DNA amplification products generated from DNA 
templates: 1, isolated A. azollae PI P1; 2, intact A. pinnata P1 
symbiosis; and 3, roots ofA. pinnata P1, with primer 7.7a or 
8.7j. DNA reference size markers (nucleotides) are given on 
the right margin. 

A.filiculoides 301 and A. microphylla 357 (Fig. 5). 
The fingerprint of Rong Ping C 4 w a s  easily dis- 
tinguishable from either of the individual parents. 
However, the contribution of each parent to the 
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hybrid fingerprint was clearly observed. In the 
fingerprints generated with primer 8.7b, three 
bands corresponding to products of 310, 250, and 
220 nucleotides in length were monomorphic be- 
tween A. fdiculoides 301 and A. microphylla 357. 
All three monomorphic bands were also present 
in the hybrid fingerprint. Five bands correspond- 
ing to products of 520, 480, 440, 420, and 170 
nucleotides in length were clearly inherited from 
A. filiculoides 301, and two bands corresponding 
to products of 150 and 140 nucleotides in length 
were inherited from A. microphylla 357. There was 
also one clear example of an amplification prod- 
uct of about 370 nucleotides in length in the A. 
microphylla 357 fingerprint which was not inher- 
ited by Rong Ping C4. This uninherited band 
probably represents a heterozygous chromosomal 
DNA sequence. Because A. microphylla 357 was 
the female parent in this cross, a chloroplast or 
mitochondrial sequence would almost certainly 
have been inherited in the hybrid progeny. 

Examination of fingerprints produced with 
primer 10.6e gave similar results. Three amplifi- 
cation products of 200, 190, and 130 nucleotides 
in length were inherited from A. filiculoides 301 
and five amplification products of 600, 360, 340, 
320, and 220 nucleotides in length were inherited 
from A. microphylla 357. 

Fig. 5. DNA amplification products generated from DNA 
templates extracted from the roots of: 1, A. filiculoides 301; 2, 
hybrid Rong Ping C4; and 3, A. microphylla 357, with primer 
8.7b or 10.6e. DNA reference size markers (nucleotides) are 
given on the right margin. 

Discussion 

Maintenance of culture collections 

A simple technique for positive identification of 
Azolla-Anabaena accessions would be a valuable 
tool for maintenance of large culture collections. 
Accessions must be maintained vegetatively, and 
with each transfer, the probability that a culture 
has been mislabeled increases. Also, it is desir- 
able to eliminate duplications to control costs. 
DAF offers the possibility that DNA can be ex- 
tracted from a new accession and stored for con- 
firming its identity at a later time. 

At the beginning of this work there was no 
information available to indicate whether Ana- 
baena DNA sequences would contribute to the 
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fingerprint if DNA was extracted directly from 
the intact symbiosis. Zimmerman et al. [27] had 
shown that the contribution of Anabaena to 
isozyme patterns was negligible. Techniques such 
as extraction of DNA from roots, to obtain Azolla 
DNA without Anabaena DNA, require additional 
labor and would be less suitable for maintaining 
culture collections. For these reasons, the possi- 
bility of using DNA extracted from intact Azolla- 
Anabaena symbioses for identification of acces- 
sions was tested. 

To determine if DAF could produce unique 
fingerprints which could differentiate among 
Azolla-Anabaena accessions, A. caroliniana WT 
and A. microphylla 357 were compared to A. pin- 
nata with the arbitrary primers 8.7b and 10.6e. A. 
caroliniana and A. microphylla are closely related 
and may in fact belong to the same species [28, 
29, 30]. In contrast, A. pinnata belongs to the 
other section of the genus Azolla (Rhizosperma). 
Both primers easily distinguished between A. car- 
oliniana WT and A. microphylla 357. Also, as ex- 
pected the proportion of monomorphic bands be- 
tween these two accessions was 5-6 fold higher 
than between A. pinnata P1 and A. microphylla 
357. This suggests that DAF may be applicable 
in assessing the relatedness among Azolla-Ana- 
baena accessions. 

The second critical function of an identification 
technique in maintenance of a culture collection 
would be to eliminate duplications. Basically this 
requires that the patterns must be highly repro- 
ducible and stable over time. To test DAF in this 
respect, a duplicate culture of one accession was 
obtained from the original source after a lapse of 
8 years. A. caroliniana WT had been used as the 
wild type parent in a mutation breeding project 
that produced a mutant which is partially tolerant 
to Propanil, the most common rice herbicide (H. 
Brunner and D.L. Eskew, unpublished results). 
At the start of that project a single apex was 
dissected out and propagated vegetatively to pro- 
duce a uniform population. A. caroliniana Ca was 
obtained as a duplicate culture. The fingerprints 
produced with primer 8.7b from these two tem- 
plates were 100 ~o monomorphic, and with primer 
10.6e they were 96~  monomorphic. A minor 

amount of polymorphism between these cultures 
could be expected as both were subjected to 75- 
100 subculturings during the 8-year period. From 
these studies we can conclude that these two cul- 
tures are indeed duplicates, and that DAF is a 
suitable technique for establishing the identity of 
Azolla-Anabaena accessions. 

Anabaena strain identification 

DAF is a major advance in the identification of 
A. azollae strains. It has only recently been pos- 
sible to distinguish among strains of A. azollae 
[12, 13]. Liu et al. [9] used monoelonal antibod- 
ies to confirm that the A. azollae strain from A. 
microphylla had been transferred to A. filiculoides. 
After screening 13 hybridoma lines they were able 
to find one monoclonal antibody that reacted with 
only one of the Anabaena strains. To confirm this 
transfer by RFLP analysis, Plazinski et al. [15] 
screened 25 restriction enzymes, 40 genomic 
clones ofA. azollae MI, and 120 genomic clones 
of A. azollae FI. In contrast, DAF was able to 
distinguish easily between A. azollae strains using 
either of the two primers tested. 

Azolla taxonomy 

DAF easily distinguished between closely related 
accessions of the Azolla-Anabaena symbiosis, and 
the proportion ofmonomorphic bands was higher 
between closely related species than between dis- 
tantly related species (Fig. 1). These results sug- 
gested that DAF could help to resolve the taxon- 
omy in the Azolla section of the genus Azolla. 
While DNA templates prepared from intact sym- 
bioses were acceptable for identification of acces- 
sions in culture collections, the question of the 
contribution ofAnabaena DNA sequences to the 
Azolla-Anabaena fingerprint required a thorough 
examination before these templates could be used 
for taxonomic purposes. Our DAF analyses have 
shown that representation Anabaena DNA se- 
quences in the Azolla-Anabaena fingerprint was 
variable and depended on primer sequence. 



Williams et al. [25] performed an analogous 
comparison by mixing eukaryotic DNA from Gly- 
cine soja and prokaryotic DNA of the cyanobac- 
teria PCC6803. Fingerprints generated with a 
decamer primer indicated that the prokaryotic 
DNA was not amplified even when it was present 
in a 460-fold molar excess. They suggested that 
better primer-template matches occurred in the 
more complex G. soja genome than in the simpler 
cyanobacterial genome and that this suppressed 
the amplification of prokaryotic sequences. They 
also calculated that a shorter primer of approxi- 
mately 7.5 nucleotides would amplify more bands 
from a prokaryotic template. Although our results 
with the octamer 8.7b and the decamer 10.6e were 
in agreement with their suggestions, examination 
of one heptamer and three additional octamer 
primers showed that primer sequence was more 
important than length (Table 2). 

The mathematical probability of finding perfect 
matches for a decamer primer in the more com- 
plex genome of a eukaryote is indeed higher than 
in the simpler prokaryotic genome, but Caetano- 
Anoll~s et al. [4] have shown that the 8 bases at 
the 3' end of a primer condition the pattern pro- 
duced and that the additional bases at the 5' end 
of a decamer have only a limited effect. Also, 
since the primer is present in a large excess there 
is no reason to assume that primer competition 
would result in the exclusion of prokaryotic prod- 
ucts using decamer primers. Only a few nano- 
grams of DNA are required to perform DAF, and 
sufficient DNA for several amplifications was ex- 
tracted from 0.1 g fresh weight of Azolla roots. 
This amount of root material can be harvested 
from a single 150 mm x 20 mm Petri dish culture 
of Azolla. Thus, there is no reason to avoid the use 
of pure Azolla DNA for taxonomic studies. 

Sexual hybridization 

Because there are few reliable morphological 
markers to differentiate among Azolla accessions, 
it has been necessary to use isozyme or RFLP 
analyses to confirm sexual hybridization. Com- 
parison of the DAF fingerprints using root DNA 
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as the template provided convincing evidence that 
Rong Ping C 4 w a s  a sexual hybrid between A. 

filiculoides 301 and A. microphylla 357 (Fig. 5). 
Thus DAF can also be used for this purpose to 
great advantage. 

Interpretation of the differences in the finger- 
prints between the parents and the hybrid is com- 
plex because DAF markers are inherited co- 
dominantly [25]. The contribution of organelle 
DNA to DAF fingerprints has not yet been dem- 
onstrated, but it is likely that organelle DNA is 
present and amplified. Thus, it is not possible to 
interpret all the bands observed in Fig. 5. The 
presence of several bands from the fingerprints of 
each of the parents in the pattern for the hybrid, 
however, provides strong evidence that sexual hy- 
bridization has occurred. 

Conclusions 

DAF offers several advantages over isozyme and 
RFLP analyses for identification of accessions of 
the Azolla-Anabaena symbiosis. Isozyme analysis 
requires live healthy cultures, and that the iden- 
tity of these cultures is reliable. RFLP work re- 
quires 1000-fold larger amounts of DNA, requires 
much more preliminary work to identify specific 
probes, and requires the use of radioisotopes for 
optimum sensitivity. In contrast, DNA prepara- 
tions for DAF can be stored indefinitely, and with 
little preliminary work it was possible to identify 
and differentiate accessions of Azolla and also 
strains of Anabaena. The primers used in this 
work were selected on the basis that they worked 
well with many different organisms, and presum- 
ably would work equally well with a wider range 
of Azolla or Anabaena strains. 

DAF [2] and other related techniques [24, 26] 
are similar in many aspects. Although the ampli- 
fication reaction conditions are significantly dif- 
ferent, all use single, short primers of arbitrary 
sequence to amplify discrete fragments of tem- 
plate DNA. However, DAF uses shorter primers, 
polyacrylamide gel electrophoresis and silver 
staining to produce, separate and detect a more 
complex array of DNA products. Because of this, 
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DAF is able to produce a more informative fin- 
gerprint for each genotype examined. The addi- 
tional bands present in a silver stained DAF gel 
may be more difficult to interpret in genetic stud- 
ies, but are clearly more informative for establish- 
ing the unambiguous identity of an accession. An- 
other advantage is that the plastic backed 
polyacrylamide gels can be stored indefinitely 
after they are dried, and the bands can be dis- 
sected out, reamplified, and used as hybridization 
probes [4]. 

A greater number of Azolla-Anabaena acces- 
sions will have to be examined and more primers 
screened, before the full potential of the DAF 
technique can be assessed. The current results 
clearly indicate that DAF should help to accel- 
erate progress in improving this agronomically 
important symbiosis. 
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