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Abstract 

This study set out to determine the effect of drought stress on nitrate reductase (NR, EC 1.6.6.1.) activity in mycorrhizal 
plants, and to see if the maintenance of this enzymatic activity under stress conditions is a factor involved in the drought 
tolerance of mycorrhizal plants. Lactuca sativa L. plants were inoculated with three arbuscutar mycorrhizal (AM) fungi, 
GIomus deserticola (Trappe. Bloss. and Menge), G. fasciculatum (Thax. and Gerd.) Gerd. and Trappe or G. mosseae (Nicol. 
and Gerd.) Gerd and Trappe or remained uninoculated (plus or less P fertilization). The plants were grown under controlled 
conditions at constant soil water potential (close to -0 .04  MPa) or at -0 .17 MPa during the last six weeks of plant growth. 
Results obtained showed that mycorrhizal plants had higher NR activity (NRA) than the uninoculated treatments, particularly 
under water stress conditions. Control plants had 57% less NRA than G. deserticola-colonized ones under well watered 
conditions, with a reduction in NRA of 79% when the plants were subjected to drought stress. Under well-watered 
conditions the P-fertilized plants showed similar or higher growth and P content than the G. mosseae and G. fasciculatum 
mycorrhizal ones, the NRA being lower in P-fertilized than in AM plants. These results suggest that either the AM fungi 
increase the NRA in the host plant (regardless of the P content) or the AM fungi have such enzymatic activity per  se. 
Besides, under the experimental conditions, plants colonized by different AM fungi showed different NR activities. It was 
concluded that drought stress decreased NRA, but much less in mycorrhizal than in uninoculated plants. This effect may be a 
factor in the drought tolerance of mycorrhizal plants. 
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1. Introduction 

Nitrate is the main nitrogen source for much of  
the higher plants that feed most of  the world. In fact, 
in most soils the major part of  the inorganic N pool 
consists of  nitrate because of  rapid nitrification of  

* Corresponding author. 

ammonium mineralized from organic material or ap- 
plied to the soil as fertilizers (Schmidt, 1982). The 
global rate of  nitrate assimilation by plants is roughly 
2 X 1013 kg nitrogen per year (Guerrero et al., 1981). 
This would be about in maximun of  10 fold greater 
than the rate of  biological N 2 fixation. Thus, the 
process of  nitrate assimilation is of  fundamental 
biological importance. 

NR is the first enzyme in the nitrate assimilation 
pathway and probably represents the rate-limiting 
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step in this process (Campbell, 1988). So, the con- 
version of nitrate to ammonia in plants is a process 
with two enzymatic steps. The first one is a two 
electron reduction of nitrate to nitrite, catalyzed by 
NR. The second step is a six electron reduction of 
nitrite to ammonium, catalyzed by nitrite reductase 
(Hoff et al., 1992). 

Nitrate can be reduced inside the AM fungal cells 
by the assimilatory reduction pathway, implying that 
AM fungi have the gene set for assimilatory nitrate 
reduction (Kaldorf et al., 1994). This fact is impor- 
tant because many microorganisms, even Es- 
cherichia coli (Stewart, 1988), cannot perform as- 
similatory 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, it has been proposed that spores 
of AM fungi possess NR (Smith et al., 1985; Sun- 
daresan et al., 1988). The ability of mycorrhizal 
roots to utilize nitrogen sources has been attributed, 
in most cases, to an indirect effect associated with an 
improved phosphorus nutrition (Oliver et al., 1983) 
because this enzyme requires phosphate which may 
complex with the molybdenum of the enzyme thereby 
facilitating its reduction (Hageman and Reed, 1980). 

Previously, Azc6n et al. (1992) studied the effect 
of mycorrhization on plant growth and nitrogen 
metabolism (including NRA) of lettuce plants culti- 
vated under well-watered conditions. However, NR 
levels fluctuate in response to environmental condi- 
tions such as temperature, pH, CO 2, light, nitrogen 
source and water potential (Guerrero et al., 1981). 
Thus NR activity may decrease in leaves experenc- 
ing dehydration caused by drought stress (Aparicio- 
Tejo and Sanchez-Diaz, 1982; Sanchez-Diaz and 
Aguirreolea, 1993) because of a lower flux of nitrate 
from the roots to the leaves; NR is probably the best 
characterized example of a plant enzyme induced by 
its substrate (nitrate). NR is thus responsive to the 
metabolic and physiological status of plants and can 
be used as a reporter to indicate stress or other 
changes in plant physiology, including drought 
(Srivastava, 1980). 

The objectives of this study were to determine if 
drought stress affects the NR activity in mycorrhizal 
plants in the same way as in similar sized P-fertilized 
control and in unfertilized control ones, and to ascer- 
tain if the maintenance of high levels of this enzy- 

matic activity is involved in the drought tolerance of 
mycorrhizal plants. 

2. Materials and methods 

2.1. Experimental design 

The experiment used was a randomized complete 
block design. The factors were: AM colonization (3 
AM isolates or two nonmycorrhizal treatments, one 
P-fertilized non-AM and one unfertilized non-AM 
control) and soil water potential (well watered or 
drought stressed). Five replicates per treatment were 
carried out, thus making a total of 50 experimental 
units. 

2.2. Soil and biological materials 

The loamy soil was collected from the grounds of 
the Estaci6n Experimental del Zaidfn (Granada), 
sieved (2mm), diluted with quartz sand (1/1 v / v )  
and autoclaved (100°C, 1 h on 3 consecutive days). 
The soil had: pH 8.1; 1.8% organic matter; and the 
following nutrient concentrations (mg kg- 1 ): N, 2.5; 
P (NaHCO 3 - extractable P), 6.24; K, 132; and a 
texture made up of 35.8% sand; 46.3% silt and 
20.5% clay. Pots were filled with 500g of sterilized 
soil/sand (1 / 1, v / v )  mixture 

Mycorrhizal inoculum from each endophyte was 
multiplied in an open pot culture of Lactuca sativa 
L. and consisted of soil, spores, hyphae and AM root 
fragments. The AM species, belonging to the collec- 
tion of the Estaci6n Experimental del Zaidfn (Ruiz- 
Lozano et al., 1995), were Glomus deserticola 
(Trappe. Bloss. and Menge), G. fasciculatum (Thax. 
and Gerd.) Gerd. and Trappe or G. mosseae (Nicol. 
and Gerd.) Gerd and Trappe. Five grams of each 
inoculum, having similar characteristics (an average 
of 30 spores g-~ and 75% of infected root), were 
placed directly below the seeds of Lactuca sativa L. 
cv. Romana. Nonmycorrhizal treatments received the 
same amount of autoclaved inoculum together with a 
2 ml aliquot of a filtrate (<  20 Ixm) of the AM 
inoculum in order to provide a general microbial 
population free of AM propagules. Four seeds were 
sown and thinned, after emergence, to one seedling 
per pot. 
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2.3. Growth conditions 

Plants were grown in a controlled environmental 
chamber with 70-80% RH, day/night temperatures 
of 25/15°C,  and a photoperiod of 16h. Photosyn- 
thetic photon flux (PPF) was 500 ixmol m -2 s- I, as 
measured with a light meter (LICOR, Lincoln, NE, 
USA, model LI-188B). 

Water was supplied daily to maintain constant soil 
water potential close to - 0 . 0 4 M P a  during the first 
six weeks of plant growth. At this stage half of the 
plants were allowed to dry until soil water potential 
reached - 0.17 MPa for further six weeks. 

Throughout the experiment, plants received 10ml 
Hewitt's nutrient solution lacking P (Hewitt, 1952) 
each week. Nonmycorrhizal P-fertilized plants re- 
ceived P as KH 2 PO4 (7 mg P pot-t  week-~). This P 
application was selected from a previous experiment 
to match growth and P concentration of AM plants. 

2.4. Determinations 

At harvest (12 wks after planting), the root system 
was separated from the shoot, and dry weights were 
recorded. Shoot water content was calculated as 
[(fresh mass - dry mass)/ fresh mass ] X 100. Concen- 
trations of foliar N (micro-Kjeldahl) and P (Olsen 
and Dean, 1965) were determined by colorimetry on 
a Technicon auto-analyzer, (Anon., 1974). 

The percentage of mycorrhizal root infection was 
estimated by visual observation of mycorrhizal infec- 
tion after clearing washed roots in 10% KOH and 
staining with 0.05% trypan blue in lactophenol (v/v) ,  
according to Phillips and Hayman (1970). Quantifi- 
cation was performed using the grid-line intersect 
method (Giovannetti and Mosse, 1980). 

Soil water potential was determined by a pressure 
plate apparatus (Soilmoisture Equipment Corp. 15 
Bar Ceramic Plate Extractor, Cat. No 1500) and soil 
water content was measured by weighing the soil 
before and after drying at 110°C for 24h (Bethlen- 
falvay et al., 1990). 

2.4.1. Preparation of crude extracts 
Leaves (1 g fresh weight) from mycorrhizal and 

nonmycorrhizal plants were harvested 6h after the 
commencement of the light period (Murphy, 1984) 
and homogenized in 10ml of a medium containing 

50 mM tris (hydroxymethyl)-aminomethane (pH 8.0), 
3 mM EDTA-Na, 250 mM sucrose, 1 tzM 
NaaMoOa(H20) 2, 5 IxM flavin adenine dinucleotide 
(FAD), 2 mM dithiothreitol (DTT), 1.5 mM phenyl- 
methyl-sulfonyfluorid (PMSF) and 10mM cysteine, 
with 0.5% (w/v )  insoluble polyvinylpolypirrolidone 
(PVPP) in a Sorvall omni-mixer (3 min at 
10000rpm). Homogenates were filtered through 4 
layers of nylon cloth, centrifuged at 30000g for 
20min at 2°C and the supernatants were used for 
assaying the nitrate reductase (NR, EC 1.6.6.1) activ- 
ity. 

2.4.2. Nitrate reductase activity and protein assay 
An in vitro method of nitrate reductase assay was 

used because, once the enzyme had been extracted, 
no further production of the enzyme could be in- 
duced by the phosphate in the assay medium, as 
might have occurred if an in vivo method had been 
used. Besides, Hageman and Reed (1980) found that 
in vitro NRA assays give results up to ten times 
higher than in vivo assays on the same plant mate- 
rial. The difference has been attributed to the lack of 
NADH in living tissues. 

NRA was measured according to Becana et al. 
(1985) as modified by Caba et al. (1990). Protein 
content was determined by the method of Bradford 
(1976), using BSA (fraction V) to standardize the 
assay. 

2.5. Statistics 

Data were subjected to analysis of variance 
(ANOVA) with AM treatments and water status as 
factors. When the main effects were significant (P < 
0.05), differences among means were evaluated for 
significance by Duncan's multiple range test 
(Duncan, 1955) in an orthogonal design. For the 
percentage values an Arcsin transformation was made 
before the statistical analysis. 

3. Results 

When the plants were grown under well-watered 
conditions, the shoot dry weight was higher in AM 
plants than in unfertilized non-AM ones. Plants fer- 
tilized with P made the same growth as G. fascicula- 
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Table 1 
Shoot and root dry weight (g), shoot water content (%) and radical 
colonization (%) of mycorrhizal (G. mosseae, G. Jasciculatum or 
G. desertlcola) or uninoculated (control and P-fertilized) lettuce 
plants grown under well-watered ( -  0.04 MPa) or drought stressed 
( - 0.17 MPa) conditions. 

Treatments Dry weight Water AM 

Shoot Root content colonization 

- 0.04 MPa 
Control 2.7d 
P-fertilized 4.2b 
G.mosseae 3.6c 
G. fasciculatum 4.2b 
G. desertfcola 4.6a 
- 0 . 1 7 M P a  
Control 0.6f 
P-fertilized 1.4e 
G. mosseae 2.6d 
G. fasciculatum 2.8d 
G. desert[cola 3.9bc 

1.2b 82.3b 0c 
1 . 2 b  83.8a 0 c  

1.5a 84.6a 81.9b 
1.6a 84.8a 82.7b 
1.4a 84.1a 92.5a 

0.3e 74.7d 0c 
0.5d 77.9c 0c 
0.7cd 82.3b 80.1b 
0.8c 81.9b 80.0b 
0.9c 81.6b 90.2a 

Whitin each column, means followed by the same letter are not 
significantly different (P < 0.05) using Duncan's multiple range 
test (n = 5). 

turn-colonized plants and both treatments increased 
yield compared to G. mosseae ones. Plants colonized 
by G. deserticola showed the highest growth (Table 
1). The water deficit ( - 0 . 1 7 M P a )  decreased the 
plant growth in all treatments. However, although in 
uninoculated plants this decrease was 78% (control) 
and 67% (P-fertilized), in AM plants it was only 
38% (G. mosseae), 33% (G. fasciculatum) and 15% 
(G. deserticola) (Table 1). The root dry weight 
(Table t) showed a similar trend to the shoot dry 
weight but there were no significant differences 
among the three mycorrhizal treatments. 

At - 0 . 0 4 M P a  of soil water potential, the shoot 
water content (Table 1) was similar for mycorrhizal 
and P-fertilized plants, with unfertilized control plants 
having the lowest water content. The mycorrhizal 
plants had slightly decreased water content as a 
consequence of water stress (nearly 3 units percent 
as average), with more pronounced decreasing (9%, 
control and 7%, P-fertilized) in uninoculated plants. 

The three AM fungi actively colonized the radi- 
cale system of the host plants and the water stress 
application did not affect this parameter, G. deserti- 
cola being the most colonizing fungus (Table 1). 

The shoot NRA (Table 2) showed differences 
between mycorrhizal and nonmycorrhizal plants both 

under well-watered and drought stressed conditions. 
Thus, at - 0 . 0 4 MP a  (well-watered) control plants 
had 57% less total NRA than G. deserticola-col- 
onized ones. Drought stress ( - 0 . 1 7  MPa) decreased 
this enzymatic activity in all the treatments, particu- 
larly in control plants. The decrease in the total 
activity of uninoculated plants was 57% (control) 
and 40% (P-fertilized) but in mycorrhizal plants it 
was only 18% (G. fasciculatum) and 13% (G. deser- 
ficola). In the case of G. mosseae, the NRA reduc- 
tion was as high as in control plants (42%). In spite 
of this detrimental effect of drought stress on the 
NRA mycorrhizal plants also showed, at this water 
level, more activity than non-AM ones. In fact, 
control plants had 79% less NRA relative to G. 
deserticola-colonized ones. In the case of specific 
NRA (Table 2), the results are quite similar to those 
on total NRA. 

The protein concentration was the same in all the 
treatments, regardless of mycorrhizal presence or 
water regime. 

Data on N uptake (Table 3) showed that plants 
grown under well-watered conditions took up N 
more efficiently than stressed ones. Only G. deserti- 
cola-colonized plants had greater N content than the 

Table 2 
Total NR activity (mol NO 2- g F W -  i h -  i), specific NR activity 
(mol NO 2- m g -  ~) and protein content (mg ml -~ ) of  mycorrhizal 
( G. mosseae, G. fasciculatum or G. desertlcola) or uninoculated 
(control and P-fertilized) lettuce plants grown under well-watered 
( - 0.04 MPa) or drought stressed ( - 0.17 MPa) conditions. 

Treatments Total NR Specific NR Proteins 
( X l 0  -7)  ( X l 0  -3)  ( X l 0  -3)  

- 0.04 MPa 
Control 18.2d 10.1 cd 0.18a 
P-fertilized 19.2d 11.3c 0.17a 
G. mosseae 36.8b 21.6b 0.17a 
G. fasciculatum 25.6c 15.1 c 0.17a 
G. deserticola 42.2a 24.8a 0.17a 
- 0 . 1 7 M P a  
Control 7.8f 4.6d 0.17a 
P-fertilized 11.6e 7.3d 0.16a 
G. mosseae 21.4d 12.6c 0.17a 
G. fasciculatum 21.0d 12.4,: 0.17a 
G. desertlcola 36.6b 21.5b 0.17a 

Whitin each column, means followed by the same letter are not 
significantly different (P < 0.05) using Duncan's multiple range 
test (n = 5). 
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Table 3 
N and P concentration (%) and total content (mg p l an t - ' )  of  
mycorrhizal (G. mosseae, G. fasciculatum or G. desertlcola) or 
uninoculated (control and P-fertilized) lettuce plants grown under 
well-watered ( -  0.04MPa) or drought stressed ( -  0.17 MPa) con- 
ditions. 

Treatment Nitrogen Phosphorus 

% content % content 

- 0.04 MPa 
Control 1.2c 31.5c 0.04f 2.8e 
P-fertilized 0.8d 34.0c 0.14bc 6.2b 
G. mosseae 0.9d 31.8c 0.09e 3.5d 
G. fasciculatum 0.8d 34.2c 0.16ab 6.6b 
G. desert[cola l . lc  49.7a 0.19a 7.8a 
- 0 . 1 7 M P a  
Control 1.8a 18.5e 0.10de 1.1f 
P-fertilized 1.4b 18.7e 0.1 Ode 1.4f 
G. mosseae 0.8d 21 .Ode 0.1 Ode 2.8e 
G. fasciculatum 0.9d 24.8d 0.15bc 4.2c 
G. desertfvola 1. I c 42.4b 0.12cd 4.0c 

Whitin each column, means followed by the same letter axe not 
significantly different (P < 0.05) using Duncan's  multiple range 
test (n = 5). 

rest of the treatments. The negative effect of drought 
on this nutrient was lower in mycorrhizal plants 
(particularly in those colonized by G. deserticola) 
than in uninoculated ones. 

Under well-watered conditions ( -0 .04MPa)  P- 
fertilized plants equalized the P concentration and 
content (Table 3) with plants inoculated with G. 
fasciculatum. Both treatments had a greater P con- 
centration and content than plants colonized by G. 
mosseae and, obviously, unfertilized non AM plants. 
However, under drought stress conditions the P fer- 
tilization was ineffective and P-fertilized plants only 
equalized the P concentration with G. mosseae-col- 
onized plants. So, the P nutrition was lower in this 
P-amended treatment than in plants colonized by G. 
fasciculatum or G. deserticola. 

4. Discussion 

NR is found in most plants, especially when 
nitrate is the nitrogen source. Nitrate reduction takes 
place in green tissues and in roots of plants. How- 
ever, NRA is highest in plant leaves (Campbell, 
1988). For this reason, the present study used such 
tissue to determine the NRA. 

NR seems to be highly sensitive to the metabolic 

and physiological plant status, so it can be used as a 
stress index (Srivastava, 1980). However, the active 
contribution of mycorrhizae to nitrate uptake and 
assimilation has been recently evidenced (Azc6n et 
al., 1992; Tobar et al., 1994; Cuenca and Azc6n, 
1994). 

Results show that mycorrhizal plants had higher 
NRA than the uninoculated treatments. This finding 
agrees with results by Tobar et al. (1994) found, 
under reduced soil water availability, improved N 
uptake and assimilation by external hyphae of AM 
fungus. This finding indicates an especial capability 
of mycorrhizal plants to assimilate nitrate when the 
environmental conditions are limiting for vegetative 
development and it should result in higher biomass 
production as well as higher N content 
(Venkataramana et al., 1987). The present study tried 
to relate parameters such as NRA, plant development 
and plant N content. The treatment with the highest 
NRA (G. deserticola) also showed the highest 
biomass and N content under both well-watered and 
drought stressed conditions. In contrast, the uninocu- 
lated treatments decreased considerably plant growth, 
NRA and, consequently, the plant N content, as a 
consequence of drought. 

The fact that mycorrhizal plants had higher NRA 
than nonmycorrhizal ones can be related to the phos- 
phate requirements of this enzyme (Hageman and 
Reed, 1980). However, the present study included a 
P-fertilized control and, under well-watered condi- 
tions, this treatment showed higher (G. mosseae) or 
equal (G. fasciculatum) growth and P content as 
some of the mycorrhizal ones. Nevertheless, the 
NRA was lower than in mycorrhizal plants. These 
results indicate that either the AM fungi increases 
the NRA in the host plant (regardless of the P 
content) or the AM fungi have such enzymatic activ- 
ity, per se. Both possibilities have been proposed 
(Ho and Trappe, 1980; Plassard et al., 1985). The 
capacity to assimilate nitrate is possessed by certain 
bacteria, some fungi, and virtually all algae and 
higher plants (Hoff et al., 1992). Most higher plants 
and algae contain NADH-specific NR (EC 1.6.6.1). 
A NAD(P)H-bispecific NR (EC 1.6.6.2.) has been 
identified in a limited number of higher plants. The 
third NR type, NADPH-specific (EC 1.6.6.3), is 
present in fungi, but has not been found in higher 
plants (Guerrero et al., 1981; Hoff et al., 1992). 
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It is known that NRA decreases in leaves exposed 
to dehydration because of a lower flux of nitrate 
from roots to the leaves (Aparicio-Tejo and 
Sanchez-Diaz, 1982; Sanchez-Diaz and Aguirreolea, 
1993). This fact may also help explain the higher 
NRA in mycorrhizal than in nonmycorrhizal plants, 
because the plant water content was considerably 
higher in the AM plants, probably as a result of the 
better plant water relations in those plants (Ruiz- 
Lozano et al., 1995). 

V6zina et al. (1989) found, in ectomycorrhizas, 
that mycorrhizal infection altered the enzymatic ac- 
tivities involved in nitrogen assimilation by pine 
trees and that the nature of these changes depended 
on the fungal associate. Similar results were found 
by Sarjala (1990). The preent results are also consis- 
tent with the finding by Sundaresan et al. (1988) that 
the NRA differs in various AM fungal species. They 
showed that all 12 AM fungi tested reduced nitrate 
to nitrite but the efficiency of reduction was signifi- 
cant in only three of the isolates. Under the experi- 
mental conditions of the present work, plants colo- 
nized by each AM fungus also showed different NR 
activities which was not related with their particular 
ability to improve growth and nutrition (particularly 
in the case of G. mosseae-colonized plants). 

In conclusion, drought stress decreased the NRA 
but it was maintained considerably higher in mycor- 
rhizal than in uninoculated plants, this fact being 
related to the increase in growth and N content 
(higher drought tolerance) of mycorrhizal plants, par- 
ticularly when G. deserticola was the colonizing 
fungus. 

Acknowledgements 

The authors thank J. Garcia-Tello, anomynous 
referees and an Editor in chief for improvements to 
earlier drafts of this papers. This study was sup- 
ported by CICYT-Spain (Project AGR 91-0605-C02- 
O1). 

References 

Anon., 1974. Technicon autoanalyzer II. Continuous-flow analyti- 
cal instrument. Technical Publication UA4, 010A00. 

Aparicio-Tejo, P. and Sanchez-Diaz, M., 1982. Nodule and leaf 
nitrate reductases and nitrogen fixation in Medicago sativa L. 
under water stress. Plant. Physiol., 69: 479-482. 

Azc6n, R., G6mez, M. and Tobar, R.M., 1992. Effects of nitrogen 
source on growth, nutrition, photosynthetic rate and nitrogen 
metabolism of mycorrhizal and phosphorus-fertilized plants of 
Lactuca satioa L. New Phytol., 121: 227-237. 

Becana, M., Aparicio-Tejo, P.M. and Sanchez-Diaz, M., 1985. 
Nitrate and nitrite reduction in the plant fraction of alfalfa root 
nodules. Physiol. Plant., 65: 185-188. 

Bethlenfalvay, G.J., Brown, M.S. and Franson, R.L., 1990. The 
Glycine-Glomus-Bradyrhizobium symbiosis. X. Relationships 
between leaf gas exchange and plant soil water status in 
nodulated, mycorrhizal soybean under drought stress. Plant 
Physiol., 94: 723-728. 

Bradford, M.M., 1976. A rapid and sensitive method for the 
quantification of micrograms of protein, utilizing the principle 
of protein-dye binding. Anal. Biochem., 72: 248-254. 

Caba, J.M., Lluch, C., Hervas, A. and Ligero, F., 1990. Nitrate 
metabolism in roots and nodules of Vicia faba in response to 
exogenous nitrate. Physiol. Plant., 79: 531-539. 

Campbell, W.H., 1988. Nitrate mductase and its role in nitrate 
assimilation in plants. Physiol. Plant., 74: 214-219. 

Cuenca, G. and Azc6n, R., 1994. Effects of ammonium and nitrate 
on the growth of vesicular-arbuscular mycorrhizal Erythrina 
peoppigiana O.I. Cook seedlings. .  Biol. Fertil. Soils, 18: 
249-254. 

Duncan, D.B., 1955. Multiple range and multiple F tests. Biomet- 
rics, l l :  1-42. 

Giovannetti, M. and Mosse, B., 1980. An evaluation of techniques 
for measuring vesicular-arbuscutar infection in roots. New 
Phytol., 84: 489-500. 

Guerrero, M.G., Vega, J.M. and Losada, M., 1981. The assimila- 
tory nitrate-reducing system and its regulation. Annu. Rev. 
Plant Physiol., 32: 169-204. 

Hageman, R.H. and Reed, A.J., 1980. Nitrate mductase from 
higher plants. Met. Enzymol., 49: 270-280. 

Hewitt, E.J., 1952. Sand and water culture methods used in the 
study of plant nutrition. Tech. Commun. n ° 22, Faruham 
Royal. Commonwealth Agricultural Bureau, Bucks. U.K., 547 

PP. 
Ho, I. and Trappe, J.M., 1980. Nitrate reductase activity of 

nonmycorrhizal Douglas-fir rootlets and of some associated 
mycorrhizal fungi. Plant Soil, 54: 395-398. 

Hoff, T., Stummann, B.M. and Henningsen, K.W., 1992. Struc- 
ture, function and regulation of nitrate reductase in higher 
plants. Physiol. Plant., 84: 616-624. 

Kaldorf, M., Zimmer, W. and Bothe, H., 1994. Genetic evidence 
for the occurrence of assimilatory nitrate mductase. Mycor- 
rhiza, 5: 23-28. 

Murphy, A.T., 1984. A ISN study of the effects of nitrate, 
ammonium and nitrate + ammonium nutrition on nitrogen as- 
similation in Zea mays. L.M. Sc. Thesis, University of 
Capetown, SA. 

Oliver, A.J., Smith, S.E., Nicholas, D.J.D., Wallance, W. and 
Smith, F.A., 1983. Activity of nitrate reductase in Trifolium 



J.M. Ruiz-Lozano, R. Azc6n / Agriculture, Ecosystems and Environment 60 (1996) 175-181 181 

subterraneum. Effects of mycorrhizal infection and phosphate 
nutrition. New Phytol., 94: 63-79. 

Olsen, S.R. and Dean, L.A., 1965. Phosphorus. In, C.A. Black 
(Ed.), Methods" of Soil Chemical Analysis. Part 2. American 
Society of Agronomy, Madison, pp. 1035-1049. 

Phillips, J.M. and Hayman, D.S., 1970. Improved procedure of 
cleating roots and staining parasitic and vesicular-arbuscular 
mycorrhizal fungi for rapid assessment of infection. Trans. Br. 
Mycol. Soc., 55: 159-161. 

Plassard, C., Scheromm, P. and Llamas, H., 1985. Nitrate assimi- 
lation by maritime pine and ectomycorrhizal fungi in pure 
culture. In, V. Gianinazzi-Pearson and S. Gianinazzi (Eds). 
Physiological and Genetical Aspects of  Mycorrhizae, INRA, 
Paris, pp. 383-394. 

Ruiz-Lozano, J.M., Azc6n, R. and G6mez, M., 1995. Effects of 
arbuscular-mycorrhizal GIomus species on drought tolerance: 
Physiological and nutritional plant responses. Appl. Environ. 
Microbiol., 61: 456-460. 

Sanchez-Diaz, M. and Aguirreolea, J., 1993. Efectos fisiol6gicos 
que causa la falta persistente de agua en los cultivos. Phytoma, 
51: 26-36. 

Sarjala, T., 1990. Effect of nitrate and ammonium concentration 
on nitrate reductase activity in five species of mycorrhizal 
fungi. Physiol. Plant., 79: 65-70. 

Schmidt, E., 1982. Nitrification in soil. In: F.J. Stevenson (Ed.), 
Nitrogen in agricultural soils. American Society of Agron- 
omy, Madison, pp. 253-287. 

Smith, S.E., John, B.J.St., Smith, F.A. and Nicholas, D.J.D., 1985. 
Activity of glutamine synthetase and glutamate dehydrogenase 
in Trifolium subterraneum L. and Allium cepa L. Effects of 
mycorrhizal infection and phosphate nutrition. New Phytol., 
99:211-227. 

Srivastava, H.S., 1980. Regulation of nitrate reductase activity in 
higher plants. Phytochem., 19: 725-731. 

Stewart, V., 1988. Nitrate respiration in relation to facultative 
metabolism in enterobacteria. Microb. Rev., 52: 190-232. 

Sundaresan, P., Ubalthoose-Raja, N., Gunasekaran, P. and Lak- 
shaman, M., 1988. Studies on nitrate reduction by VAM 
fungal spores. Curr. Sci., 57: 84-85. 

Tobar, R.M., Azc6n, R. and Barea, J.M., 1994. Improved nitrogen 
uptake and transport from 15N-labelled nitrate by external 
hyphae of arbuscular mycorrhiza under water-stressed condi- 
tions. New Phytol., 126:119-122. 

Venkataramana, S., Naidu, K.M. and Singh, S., 1987. Membrane 
thermostability and nitrate reductase activity in relation to 
water stress tolerance of young sugar-cane plants. New Phytol., 
107: 336-340. 

V6zina, L.P., Margolis, H.A., McAfee, B.J. and Delaney, S., 
1989. Changes in the activity of enzymes involved with 
primary nitrogen metabolism due to ectomycorrhizal symbio- 
sis on jack pine seedlings. Physiol. Plant., 75: 55-62. 


