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Genetic evidence for the occurrence of assimilatory nitrate reductase 
in arbuscular mycorrhizal and other fungi 

Abstract Using primers synthesized from two con- 
served regions and employing PCR, a DNA segment 
coding for part of the apoprotein of assimilatory nitrate 
reductase could be amplified from the fungi Aspergillus 
nidulans, Pythium intermediurn, Phytophthora infes- 
tans, Phytophthora megasperma and Glornus D13. Se- 
quencing of the amplificates as well as DNA hybridiza- 
tion revealed strong homologies with the nitrate reduc- 
tase gene in all cases. The digoxigenin-labeled amplifi- 
care from Glornus hybridized with DNA isolated from 
Glornus spores. The data from these gene probing ex- 
periments are generally in accord with the published re- 
sults from enzyme measurements. Thus assimilatory ni- 
trate reductase occurs in saprophytic, parasitic as well 
as arbuscular mycorrhizal fungi. No amplificates with 
these primers were obtained with DNA isolated from 
Mucor mucedo and Saprolegnia ferax. Such results 
agree with the failure to detect nitrate assimilation 
physiologically in these two organisms. 

Key words Nitrate reductase �9 Gene amplication 
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Introduction 

Colonization of plant roots by arbuscular mycorrhizal 
(AM) fungi is known to improve the mobilization of 
nutrients from soils, and this often results in an en- 
hancement of plant productivity and health (Harley 
and Smith 1983). Roots colonized by AM fungi have 
been amply demonstrated to mobilize phosphate more 
efficiently than control plants (Hayman 1983; Smith 
and Gianinazzi-Pearson 1988), and data for nitrate uti- 
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lization have also been reported (Azcon et al. 1992; Jo- 
hansen et al. 1992). Nitrate could be reduced inside the 
fungal cells by the assimilatory reduction pathway, 
implying that AM fungi have the gene set for assimila- 
tory nitrate reduction. However, this is not a trivial 
statement, since many microorganisms, even Escheri- 
chia coli (Stewart 1988), cannot perform assimilatory 
nitrate reduction. Nitrate mobilized from soils by an 
AM fungus could be transferred directly as the anion to 
the root cells where reduction could proceed. However, 
two short communications of activity measurements in- 
dicate that spores of AM fungi might possess nitrate re- 
ductase (Ho and Trappe 1975; Sundaresan et al. 
1988). 

In the present study, the occurrence of the gene for 
assimilatory nitrate reductase was tested in AM and 
non-AM fungi. The PCR technique allows amplifica- 
tion of gene segments provided suitable oligonucleo- 
tides of conserved DNA regions can serve as primers. 
In the case of nitrate reductase, amplificates of about 
i kb length could be obtained by this technique, and 
cloning and sequencing as well as DNA-DNA hybridi- 
zations showed that a gene homologous to the apopro- 
tein of nitrate reductase occurs in five out of seven fun- 
gi tested. 

Materials and methods 

Organisms and their growth 

Aspergillus nidulans (= Erneriella nidulans) DSM 820, Mucor mu- 
cedo DSM 809, Pythium intermedium DSM 62950 and Saproleg- 
nia ferax DSM 964 were obtained from the Deutsche Sammlung 
yon Mikroorganismen und Zellkulturen, Braunschweig, Germany 
(DSM). Phytophthora infestans and Phytophthora megasperma 
were kindly supplied by Dr. D. Scheel, Max-Planck-Institut flit 
Zt~chtungsforschung, Cologne, Germany. A. nidulans, M. mucedo 
and S. ferax were grown in 2 x Y T  medium (Sambrock et al. 
1989). Stock cultures of Pythiurn intermedium, Phytophthora in- 
festans and Phytophthora megasperrna were grown on V-8 agar 
(20% V-8 juice, Campbell, 0.3% CaCO3; 1.5% Bacto-agar, me- 
dium taken from the DSM catalogue). For DNA preparations, 
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Fig. 1 a Amplification of DNA segments from nitrate reductase 
by PCR; b Southern hybridization of the gel shown in a using the 
amplificate from Pythium intermedium as probe. Lanes: Aspergil- 
lus nidulans (2), Glomus D13 (3), Zea mays (4), Mucor mucedo 
(5), Phytophthora infestans (6), Phytophthora megasperma (7), 
Pythium intermedium (8) and Saprolegnia ferax (9). Lanes 1 and 
10 are molecular weight markers (1-kb ladder, Lift Technologies, 
Eggenstein, Germany). In lane 3, only a weak but clearly discer- 
nible signal is seen due to the weak homology between the Py- 
thium probe and Glomus DNA. In lane 2, the signal is even weak- 
er, but was visible on the fresh original filter 

Pythium intermedium was grown in a medium containing in g/l: 
NH4C1 0.27, MgSO4-7H20 0.2, NaC1 0.1, CaC12"2H20 0.02, Na- 
MoO4"2HzO 0.02, MnSO4'H20 0.01, KHzPO4 0.61, KzHPO4 
0.78, FeSO4'7H20 0.0138, EDTA 0.0186 and sucrose 10. Phos- 
phates and Fe-EDTA were autoclaved separately and added after 
cooling, whereas sucrose was added after sterile filtration. The 
pH of the medium was adjusted to 5.0. 

The Glomus isolate D13 (kindly supplied by Dr. Dehne, 
Bayer AG, Leverkusen, Germany) was grown symbiotically with 
maize (Zea mays L. "Honeycomb" F-1 hybrid from Altofer Sa- 
men, Zt~rich, Switzerland). Details for the growth conditions in 
the greenhouse (Schmitz et al. 1991; Danneberg et al. 1992) and 
for the isolation of spores (Esch et al. 1994) were described pre- 
viously. 

DNA isolations 

The DNA from A. nidulans, Glomus, Pythium intermedium, Phy- 
tophthora infestans, Phytophthora megasperma or Z. mays was 
isolated as described by Raeder and Broda (1985). The method of 
Doyle and Doyle (1990) was employed for isolating DNA from 
M. mucedo and S. ferax. 

Computer analysis for conserved DNA sequences 
and synthesis of oligonucleotides 

Conserved DNA sequences were identified after alignment of 
published nitrate reductase protein sequences using a computer 
program (written by Dr. T. Kentemich and Dr. W. Zimmer in this 
laboratory). Oligonucleotides were synthesized by a Pharmacia 
LKB Gene Assembler Plus (Pharmacia LKB, Uppsala, Sweden). 
After removal from the column, the oligonucleotides were purif- 
ied by separation on a 1.5ml NAP-10 column (Pharmacia 
LKB). 

Polymerase chain reaction 

The assays contained in a final volume of 50 ~1: Taq polymerase 
(Boehringer Mannheim, Germany) 2 units, 10 • Taq polymerase 
buffer (Boehringer Mannheim) 5 Ixl, deoxynucleotides 10 nmol of 
each, synthesized oligonucleotides 50 pmol of each, fungal DNA 

2-10 ng. The reaction was performed in 32 cycles under the fol- 
lowing conditions: 30 s denaturation at 92 ~ C, 30 s annealing at 
52~ (in the case of A. nidulans) or 46~ (all other fungi and 
maize) and 60 s polymerization at 72 ~ C. 

DNA sequencing 

The amplified PCR products were cloned into pCRII (TA Clon- 
ing, Invitrogen, San Diego, Calif.). XbaI/HindIII fragments con- 
taining the entire PCR segments obtained from A. nidulans and 
Pythium intermedium were subsequently cloned into M13mp18 
and M13mp19. The segment amplified from Glomus DNA pos- 
sesses internal BamHI and HindIII restriction sites. Therefore, 
subcloning of a SacI/HindIII and a BamHI/XbaI fragment into 
M13mp18/M13mp19 gave M13 clones with an overlap of 29 nu- 
cleotides. The sequences of the inserts with sizes of 0.28 kb and 
0.79 kb, equivalent to about one-third of the gene (2.8-4.1 kb, de- 
pending on the introns), were determined by the dideoxy chain- 
termination technique using the TAQuence sequencing kit (Uni- 
ted States Biochemical Corporation, Cleveland, Ohio). 

Labeling 

Purified EcoRI fragments of the pCRII vector, containing the 
subcloned PCR segments from Pythium intermedium or Glomus, 
were labeled by PCR as described above but with additionally 
1 nmol of Dig-dUTP (Boehringer Mannheim). 

DNA restriction, blotting and hybridization 

For each lane of the Southern blots, 5 ~g of DNA was digested 
overnight with 10 units of BamHI, EcoRI, HindIII, PstI, SalI or 
XbaI or by a combination of two of these enzymes. The digested 
DNA was separated on 0.7% (w/v) agarose gels and blotted onto 
Hybond-C nitrocellulose filters (Amersham Buchler, Braunsch- 
weig). After 16 h of transfer, DNA was immobilized by incubat- 
ing for 2 h at 60 ~ C. Hybridizations (without formamide at 68~ 
for 16 h) and colorimetric detection were performed according to 
the instructions of the manufacturer (Boehringer Mannheim). 

Results 

D N A  sequences  of  the  gene  cod ing  for  the  a p o p r o t e i n  
of  n i t r a t e  r e d u c t a s e  have  b e e n  c o m m u n i c a t e d  for  m a n y  
p lants ,  e.g. t o m a t o ,  sp inach ,  r ice,  ma ize  (Ca lza  et  al. 
1987; Choi  et  al. 1989; G o w r i  et  al. 1989; P ro s se r  and  
L a z a r u s  1990), for  the  a scomyce t e s  Aspergillus nidulans 
(Johnstone et al. 1990), A. niger ( U n k l e s  et  al. 1992) 
and  Neurospora crassa ( O k a m o t o  et  al. 1991), bu t  no t  
for  zygomyce te s .  T h e  p u b l i s h e d  s equences  werc  e x a m -  



Table 1 Gene amplification and cloning of DNA segments of the 
assimilatory nitrate reductase from several fungi. The sequence 
homology was shown by cloning and sequencing the PCR ampli- 
ficate. The homology in percent was referred to the niaD gene of 
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Aspergillus nidulans (Johnstone et al. 1990). Homology by DNA- 
DNA hybridization was shown with the cloned PCR segment of 
nitrate reductase from Pythium intermedium as probe 

Organism Class Size of the PCR amplificate Homology to the 
(kb) nitrate reductase gene 

Aspergillus nidulans Ascomycetes 1.05 100% (by sequencing) 
Pythium intermediurn Oomycetes 0,86 52% (by sequencing) 
Phytophthora infestans Oomycetes 0,90 DNA hybridization signal 
Phytphthora megasperma Oomycetes 0.90 DNA hybridization signal 
Saprolegnia ferax Oomycetes none -- 
Mucor mucedo Zygomycetes none -- 
Glomus D13 Zygomycetes 0.99 53% (by sequencing) 
Zea mays Gramineae none -- 

ined for conserved regions by computer analysis. Two 
regions located at a distance of about 1.05 kb on the 
gene of A. nidulans were chosen to develop a 26mer 
primer with the sequence 5 ' -GCA GGC AAC AGA 
CGG AAA GA(AGCT) CA(AG) AA-3'  and a 29mer 
with 5 ' -ACC CGG AAC CAA GGG TTG TTC ATC 
AT(AGCT) CC-3'. When DNA from A. nidulans, Py- 
thium intermedium, Phytophthora infestans, Phythoph- 
thora megasperma or Glomus D13 was used as tem- 
plate, the primers allowed amplification of a gene seg- 
ment varying between 0.86 and 1.05 kb depending on 
the length of the introns. Amplificates were not ob- 
tained with S. ferax, M. mucedo or Zea mays (Fig. la, 
Table 1), or when the standard conditions for the PCR 
(see Material and methods) were varied and the strin- 
gencies were lowered (data not shown). 

One half of the amplified segment from A. nidulans 
was sequenced and the region analyzed was identical to 
the published sequence (Johnstone et al. 1990). The 
amplificates of Pythium interrnedium and Glomus D13 
were sequenced from both sides until the overlapping 
regions (Fig. 2). A comparison of the deduced amino 
acid sequences showed that the homology was highest 
between Glomus and A. nidulans among the fungi, 
whereas Pythium showed only 40-50% sequence ho- 
mology either with the other fungi or with plants. The 
sequence analysis indicated that the Glomus amplifi- 
cate was derived from fungal DNA and not from plant 
material. The presence of introns in the DNA se- 
quences from GIornus and A. nidulans indicated that 
the amplificates did not originate from bacterial con- 
taminants. 

The 0.86-kb segment from Pythium intermediurn was 
cloned into pCRII and used as a probe for hybridiza- 
tions with genomic DNA from the organism digested 
by restriction enzymes. The map obtained from this re- 
striction analysis (Fig. 3) can be taken as another indi- 
cation that the segment amplified by PCR is indeed 
part of the nitrate reductase gene of Pythium interme- 
dium. 

The PCR amplificates of the different organisms 
separated on the agarose gels (Fig. la) were blotted 
onto nitrocellulose filters. For DNA hybridizations 

with these amplificates, the 0.86-kb segment from Py- 
thiurn intermedium labeled with digoxigenin served as a 
probe (Fig. lb). Positive hybridization signals were ob- 
tained in the case of A. nidulans, Glornus D13, Phy- 
tophthora infestans, Phytophthora megasperma and Py- 
thium intermedium, corroborating the evidence that 
these organisms possess the nitrate reductase gene. No 
hybridization bands could be detected with M. mucedo, 
S. ferax and Z. mays with this probe under the condi- 
tions of Fig. lb. 

In the case of Glomus D13, DNA was originally iso- 
lated from about 10000 spores of uniform size (proba- 
bly representing Glomus intraradices) to obtain a PCR 
amplificate of 0.99 kb. The same amplificate was subse- 
quently obtained also from only 10 spores. It apparent- 
ly contained at least one intron of 0.13 kb, indicating 
that the DNA segment did not stem from contaminant 
bacteria living in or on the spores. To ascertain that the 
segment indeed originated from Glomus, it was labeled 
with digoxigenin and taken as a probe for hybridization 
with DNA extracted from about 5 x 106 Glomus spores 
of uniform size. The amount of DNA isolated from 
these spores (about 5 ~xg) was just sufficient to give a 
faint but clearly discernible signal in a Southern blot 
(data not shown). 

Discussion 

Both the sequence analysis and the DNA-DNA hybrid- 
ization patterns strongly indicate that the amplificates 
of the nitrate reductase gene stem from the different 
fungi assayed. With the PCR method, small amounts of 
contaminant DNA are sometimes amplified, but this 
can be ruled out for the present study from the se- 
quence data. The amplification products often contain 
a few false DNA bases which do not count in the se- 
quence comparisons. The data show that even parasitic 
fungi possess the nitrate reductase gene. The sequence 
analysis revealed a coincidence between the properties 
of this gene and the taxonomic affinities of the fungi 
investigated (Table 2). The nitrate reductase gene is ab- 
sent in M. mucedo and S. ferax, unless the conserved 
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Aspergillus nidu ~ ~ 

Pythium intermedium 

Glomus D13 

GCAGGCAACAGACGGAAAGAGCAAAACACAGTACGGAAATCGAAAGGCTTCTCATGGGGCTCGGCCGCTCT 

GCAGGCAACAGACGGAAAGAGCAGAACATGATCAAGAAGTCGATCGGCTTCAGTTGGGGAGCCGGTGCTGC 

A@AGACAACAGACGGAAAGAGCAGAACATGGTCCGAAAATCACAAGGGTTCTCTTGGGGTCCTGCTGGTCT 

GTCTACTGCGCTCTTCACCGGGCCCATGATGGCCGATATCATAAAGAGCGCCAAGCCCCTGCGAAGA ...... GCAAAGTATGTCTGCATGGA 

GTCCAcCGCGGTCTGGACTGGGATcCCGCTGCAcGTTCTGCTTGCTCACTGcGGCGTCGACCGTCGAAAA---GCGCGCTTTGTGTGGTTTGA 

CTCAAcATCCT•TGACAGA---CCTATGCTTTGCGACATTCTCGCATTAGCAAAGCCAGACCGGCGGCGCGGGGCTCGATATGTGTGTTTCGA 

GGGTGC•GATAA•TTGgtatgtccgcgtgaat•aagccctgtcttagaggatcagggttagttgatccgtctaacgtttatagCCGAACGGAA 

AGGCGCAGACGCCGTC CCAAAGAACA 

GGGTGGAGATACTCTT CCCACAGGAG 

ATTA•GGGA•AT••AT•AAACTCAACTGGGCCATGGC••GAATAGAGGCATTATGCTCGCGCACAAGATGAACGGCGAAGACCTCAGACCAAG 

ACTACGGCACGTGCATCCCAGCTCACGTGGCGCTGGATCCGTcCTGCGATGTGCTCGTGGCGTGGAAGATGAACGGCGAGCACTTGAGTCCGG 

CTTATGGGACAAGCTTGAAGCTGAGCTGGTGCATGGATCCTATTcGGGGGATcATGCTCGCCTACAAGCA@AACGGCGAAATGTTGACACCAG 

ACCACGGTCGTCCGCTGAGGGCCGTCGTACCGGG•CAGATTGGAGGGCGCAGTGTCAAGTGGCTGAAGAAGCTTATCATCACCGACGCGCCCA 

AcCAcGGGTTc•cG•TG•GTcTcATTGTTCCTGGcCACATTGcGGGG•GGATGGTCAAGTGG•TcA•GcGGATccAcGTcAGcGAG•GcGAGT 

ATcATGGAAGAcCAATTAGAGTTGTGGTGCcGGGAATGATTGGGGGGcGAAGTGTGAAGTGGTTGAAGAAAATTATcATcTcGGAccAGcCGA 

GCGATAACTG•TAC•ATATTTATGACAACAGGGT•CTACCgtacgtctcatctcgttgactgttatttctcactcatactaatggtctgcagT 

CTGACAACCACCACCACCTGCACGACAACCGCGTGCTTCC A 

GCACGAATTATTACCACTACTACGACAATAAAGTCATGCC G 

ACAATGGT•ACGCCA•••GATATGTC•TCCCAAAA•CCGTCA---TGGTGGCGCGATGAACGCTACGCCATCTACGATCTGAACGTCAATTCC 

TCCATGTGGACGCTG---A@AGAGCTACGGCGAGAATTG ...... TGGCCAAGCCTGAGTCGC ...... ATCCAG@AGCTCAACGTCAACTCG 

ACACATGTcACACC•CAGATTGCGAGTA@TGAGGAGGGAAAGAAGTTCTGGATGGATGAGAAGTGGTGTATCTTTGACTTGAATGTCAACAGC 

GCCGCCGTCTACCCCCAGCACAAGGAAACCCTGGATCTG ...... GCCGCCGCGAGGCCGTTC .................. TACACA---GCA 

GCTGCTGTCTCCAGCTCACACGGAGGAACTGAACCTGAACAATTTCTCAGTGCGTCGGGGTCACAAATGATGTTCCCGTCATACAAA---GTG 

GCCATTGCGTATCCGGCACATGATGAGGTCTTGGAAATCGCCCCCAAAGCAGAGGAGATGGAG ......... GTGGAAGAATATGTACACATT 

~J%AGGGTATG~TATGCAGGAGGCGGACGAAGAATAA~CCGTGTCGAGATCTCGCTGGATAAGGGCAAATgtacgcttcctaactaccaagcc 

AGCGGCTATGCGTACTCTGGCGGTGGACGGCGCATCATCCGCGTCGAAGTCACGCTGGACGACGGCGCGA 

GCGGGCTACGCATATGGGGGTGGCGGAAGGAGGATTCAGAGAGTGGAAATCTCCCTCGACAAAGGAAAGTaccatagcctccacaattatttc 

cataaatctgcatcccgttgaatccactgctaacatcttacagCATGGCGCCTTGCGCGGATC---GAATACGCCGAAGACAAATACCGCGAC 

CCTGGGACAACTGCCGCATC---AACTACAAGGAG---AAGCCCAACGCC 

atgaatatcatctaatcttgtttgctacag CATGGCGCCCTGCCTCCATCACCAACTAC---GAAGACAAATACCGCTCA 

TTCGAAGGTACG ............ CTCTATGGCGGCCGCGTCGACATGGCCTGGCGAGAAGCCTGCTTCTGCTGGTCCTTCTGGTCCCTCGAC 

........................... TACGGG ............ AAGATGTGG ............... TGCTGGGTGCAGTACGAGCT~G 

ATGAACATCCCCGAAAACACTCACCTCTTCGGGGGCAAACTCGACGTCGGCTGGCGTGATACCTGTTTCTGCTGGTGTTTCTGGGACTTATCC 

ATTCC•GT•TCGGAACTCGCAAGCAGTGAT•••GCcCTACTC---GTCCGCGCAATGGACGAAGCACTTAGTCTCCAACCAAAGGATATGTAC 

ATCCCACTCCAGCGCCTGACTCAAGCAAGC•••GAGATCTG••••GTG•GCGC•TGGGACTCGTCGATGAACACCCAGCCAGAGTTCCCGACC 

GTCCCTcACTCcGACCTTGCCTCATCAAACGTTGAAGACATTGTCGTTCGTGCAATGGATGAAGCCCTCAATACCCAGCCAAGGGACATGTAC 

TGGTCTGTCCTTGGTATGATGAACAACCCTTGGTTCCG 

TGGAACGTCATGGGCATGATGAACAACCCTTGGTTCCG 

TGGTCTTTACTCGGGATGATGAACAACCCTTGGTTCCG Fig. 2 Alignment of 1072 bp ofthe niaD gene from Aspergillus ni- 
dulans (Johnstone et al. 1990) and the DNA sequences of PCR 
segments obtained from Pythium intermediurn and Glomus D13 
with oligonucleotide primers for assimilatory nitrate reductase. 
Bases 1-285 and 821-1049 of the amplificate from A. nidulans 
have been sequenced and found to be identical to the published 
sequence (Johnstone et al. 1990) 
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Fig. 3 Map of the restriction sites in the Pythium intermedium 
DNA region adjacent to the locus identified by the 861-bp PCR 
segment of the gene for assimilatory nitrate reductase from Py- 
thiurn intermedium. Barn BamHI, Eco EcoRI, Hind HindIII, Pst 
PstI, Sal SalI, Xba XbaI. The expected size and orientation of the 
nitrate reductase gene are shown by the arrow below the map 

regions used for the pr imer  synthesis happen  to be  
strongly modif ied in the genes of these two organisms. 

The  occurrence of the nitrate reductase gene in pa- 
rasitic fungi is somewhat  surprising. The  observat ion is, 
however,  generally in accord with the results f rom en- 
zyme measurements  published years ago. Pythium in- 
termediurn but not M. rnucedo were repor ted  to reduce 
nitrate (Lilly and Barre t t  1951). These data should, 
however,  be  taken with some caution, since in this pub- 
lication several  fungi were claimed to pe r fo rm N2 fixa- 
tion, p robably  due to insufficiencies of the methods  em- 
ployed at that  time. According to Webs te r  (1983), A. 
nidulans but not S. ferax and M. mucedo per fo rm ni- 
t rate reduction, whereas  no data are available for Phy- 
tophthora infestans or Phytophthora megasperma. For  
arbuscular fungi, circumstantial  evidence was for- 
warded that  spores and hyphae of G. rnosseae and G. 
macrocarpus reduce nitrate to nitrite (Ho  and Trappe  
1975), al though the reaction could have been per form-  
ed by contaminant  bacter ia  in these assays. 

In compar ison to the biochemical  assay for nitrate 
reductase,  the pr imers  synthesized and P C R  as well as 
hybridization with the developed gene p robe  allowed 
faster  screening for nitrate reductase in fungi using 
smaller amounts  of cell material .  At  present,  the molec- 

Table 2 Comparison of the amino acid sequences deduced from 
the DNA sequences of nitrate reductase genes. The total length 
of the segment amplified between the two primers is 287-296 am- 
ino acids, depending on the organism 

Source of the No. of common Homology 
nitrate reductase amino acids (%) 

Tomato + spinach 244 85 
Tomato + rice 224 78 
Tomato + Aspergillus 134 48 
Aspergillus + Neurospora 194 68 

Pythium + tomato 150 52 
Pythiurn + Aspergillus 133 46 

Glomus + Aspergillus 192 65 
Glornus + Pythiurn 122 42 
Glornus + tomato 137 47 

Pythium, tomato, Glomus 
and Aspergillus 94 32 

EGO 

Xba Pst I Hind 

I I I I 
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ular approach is of course more  expensive. The  present  
investigation showed that  both  approaches  come to the 
same conclusions in the case of fungi, and confirmed an 
earlier repor t  that D N A  can be isolated f rom spores of 
arbuscular fungi for molecular  applications (Cummings 
and Wood  1989). 

The  observat ion that  Glomus possesses the gene 
coding for assimilatory nitrate reductase does not rule 
out the possibility that the plant root  cells mainly re- 
duce nitrate in the arbuscular mycorrhizal  symbiosis. 
The deve lopment  of a gene p robe  that specifically re- 
cognizes the fungal nitrate reductase sequence will pre- 
sumably allow specific labeling of the expression of the 
nitrate reductase gene by in situ hybridization. Future 
work  will also show which fungal structures (e.g. arbus- 
cules) are the most  active sites of nitrate reduction. 

Acknowledgements The authors are indebted to Heike Kerne- 
beck and Barbara Hundeshagen for skillful technical assistance. 
Financial support by the Bundesministerium far Forschung und 
Technologie (through BEO of the KFA Jiilich, project no. 
0318961B9) is gratefully acknowledged, 

References 

Azcon R, Gomez M, Tobar R (1992) Effects of nitrogen source 
on growth, nutrition, photosynthetic rate and nitrogen meta- 
bolism of mycorrhizal and phosphorus-fertilized plants of Lac- 
tuca sativa L. New Phytol 121:227-234 

Calza R, Huttner E, Vincentz M, Rouz6 P, Galagan F, Vauchert 
H, Cherel I, Meyer C, Kronenberger J, Caboche M (1987) 
Cloning of DNA fragments complementary to tobacco nitrate 
reductase mRNA and encoding epitopes common to the ni- 
trate reductase from higher plants. Mol Gen Genet 209:552- 
562 

Choi HK Kleinhofs A, An G (1989) Nucleotide sequence of rice 
nitrate reductase genes. Plant Mol Biol 13:731-733 

Cummings B, Wood T (1989) A simple and efficient method for 
isolating genomic DNA from endomycorrhizal spores. Gene 
Anal Technol 6: 89-92 

Danneberg G, Latus C, Zimmer W, Hundeshagen B, Schneider- 
Poetsch HJ, Bothe H (1992) Influence of vesicular-arbuscular 
mycorrhiza on phytohormone balances in maize (Zea mays 
L.). J Plant Physiol 141 : 33-39 

Doyle JJ, Doyle JL (1990) Isolation of plant DNA from fresh tis- 
sues. Focus 12:13-15 

Esch H, Hundeshagen B, Schneider-Poetsch HJ, Bothe H (1994) 
Demonstration of abscisic acid in spores and hyphae of the 
arbuscular mycorrhizal fungus Glomus and in the N2-fixing 
cyanobacterium Anabaena variabilis. Plant Sci 99:9-16 

Gowri G, Campbell WH (1989) cDNA clones for corn leaf 
NADH: nitrate reductase and chloroplast NAD(P) § : glyceral- 
dehyde-3-phosphate dehydrogenase. Plant Physiol 90:792- 
798 

Harley JL, Smith SE (1983) Mycorrhizal symbiosis. Academic 
Press, London 

Hayman DS (1983) The physiology of vesicular-arbuscular my- 
corrhizal fungi. Can J Bot 61:944-963 



28 

Ho I, Trappe JM (1975) Nitrate reducing capacity of two vesicu- 
lar-arbuscular mycorrhizal fungi. Mycologia 67:886-888 

Johansen A, Jakobsen I, Jensen ES (1992) Hyphal transport of 
15N-labelled nitrogen by a vesicular-arbuscular mycorrhizal 
fungus and its effect on depletion of inorganic soil N. New 
Phytol 122: 281-288 

Johnstone IL, McCabe PC, Greaves P, Gurr S J, Cole GE, Brow 
MAD, Unkles SE, Clutterbuck A J, Kinghorn JR, Innis MA 
(1990) Isolation and characterization of the crnA-niiA-niaD 
gene cluster for nitrate assimilation in Aspergillus nidulans. 
Gene 90:181-192 

Lilly VG, Barnett HL (1951) Physiology of the fungi. McGraw- 
Hill, London 

Okamoto PM, Fu YH, Marzluf GA (1991) Nit-3, the structural 
gene of nitrate reductase in Neurospora crassa: nucleotide se- 
quence and regulation of mRNA synthesis and turnover. Mol 
Gen Genet 227:213-223 

Prosser JM, Lazarus CM (1990) Nucleotide sequence of spinach 
nitrate reductase cDNA. Plant Mol Biol 15:187-190 

Raeder U, Broda P (1985) Rapid preparation of DNA from fila- 
mentous fungi. Lett Appl Microbiol 1 : 17-20 

Sambrock J, Fritsch EF, Maniatis T (1989) Molecular cloning: a 
laboratory manual, 2nd edn. Cold Spring Harbor Laboratory, 
Cold Spring Harbor, NY 

Schmitz O, Danneberg G, Hundeshagen B, Klingner A, Bothe H 
(1991) Quantification of vesicular-arbuscular mycorrhiza by 
biochemical parameters. J Plant Physiol 139:106-114 

Smith SE, Gianinazzi-Pearson V (1988) Physiological interactions 
between symbionts in vesicular-arbuscular mycorrhizal plants. 
Annu Rev Plant Physiol Plant Mol Biol 39:221-244 

Stewart V (1988) Nitrate respiration in relation to facultative me- 
tabolism in enterobacteria. Microb Rev 52:190-232 

Sundaresan P, Rata NV, Gunaseka P, Laksman N (1988) Studies 
on nitrate reduction by VAM fungal spores. Curr Sci 57:84- 
85 

Unkles SE, Campbell EI, Punt PJ, Hawker KL, Contreras R, 
Hawkins AR, Van den Hondel CAM, Kinghorn JR (1992) 
The AspergiUus niger niaD gene encoding nitrate reductase: 
upstream nucleotide and amino acid sequence comparison. 
Gene 11 : 149-155 

Webster J (1983) Pilze. Springer, Berlin Heidelberg New York 


