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SUMMARY 

Arbuscular mycorrhizal (AM) fungi, Rhizobium bacteria and plant-growth-promoting rhizobacteria (PGPR) were 
isolated from a representative area of a desertified semi-arid ecosystem in the south-east of Spain. Microbial 
isolates were characterized and screened for effectiveness by a single-inoculation trial in soil microcosms. Anthyllis 
cytisoides L., a mycotrophic pioneer legume, dominant in the target mediterranean ecosystem, was the test plant. 
Several microbial cultures from existing collections were also included in the screening process. Two AM fungi 
(Glomus coronatum, native, and Glomus intraradices, exotic), two Rhizobium bacteria (NR4 and NR9, both native) 
and two PGPR (A2, native, and E, exotic) were selected. A further screening for the appropriate double and triple 
combinations of microbial inoculants was then performed. The parameters evaluated were biomass accumulation 
and allocation, N and P uptake, N2-fixation ("5N) and specific root length. Overall, G. coronatum, native in the field 
site was more effective than the exotic G. intraradices in co-inoculation treatments. In general, our results support 
the importance of physiological and genetic adaptation of microbes to the whole environment, thus local isolates 
must be involved. Many microbial combinations were effective in improving either plant development, nutrient 
uptake, N2-fixation or root system quality. Selective and specific functional compatibility relationships in plant 
response between the microbial inoculants, were observed. Despite the difficulty of selecting a multifunctional 
microbial inoculum, appropriate microbial combinations can be recommended for a given biotechnological input 
related to improvement of plant performance. This could be exploited in nursery production of target plant species 
endowed with optimized rhizosphere/mycorrhizosphere systems that can be tailored to help plants to establish and 
survive in nutrient-deficient, degraded habitats. The relevance of this microbial-based approach in the context of 
a reclamation strategy addressed to environmental sustainability purposes is discussed. 
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INTRODUCTION 

Desertification in mediterranean regions is the 
combined result of anthropogenic environmental 

impact and climatic characteristics, such as a long, 
dry and hot summer and scarce but torrential 
rainfalls which disrupt vegetation cover and soil 
structure, lixiviating nutrients from the top soil layer 
(Requena, Jeffries & Barea, 1996). In particular, the 
major plant nutrients P and N are very scarce in 
these ecosystems because P tends to be immobilized 
by Ca2" ions in such alkaline soil (Azc6n-Aguilar, 
Azc6n & Barea, 1979), and N can be easily lost by 
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leaching, denitrification or volatilization (Frey & 
Shiuepp, 1.993). Physicochemical and biological pro- 
perties, such as soil aggregation and microbial 
functioning, are also degraded (Jeffries & Barea, 
1994). These conditions limit natural revegetation 
processes, making the ecosystem more fragile and 
susceptible to further disturbance (Allen, 1989). 
Ecosystem functioning is largely governed by soil 
microbial activity because the biogeochemical cycles 
of major plant nutrients are carried out by micro- 
organisms (Jeffries & Barea, 1994; Kennedy & 
Smith, 1995). Microbial number and/or activities 
are reduced by desertification processes, and this 
reduction becomes critical for the re-establishment 
of the vegetation cover (Sylvia, 1990). In particular, 
symbiotic micro-organisms such as arbuscular 
mycorrhizal (AM) fungi and Rhizobium, have been 
reported to be key elements for plant establishment 
under xeric and nutrient-unbalanced conditions 
(Herrera, Salamanca & Barea, 1993; Roldan- 
Fajardo, 1994; Requena et al., 1996). 

Recently, the role of other micro-organisms, e.g. 
the so-called plant-growth-promoting rhizobacteria 
(PGPR), as modifiers of soil fertility and facilitators 
of plant establishment is being considered 
(Linderman, 1992; Mclnroy & Kloepper, 1994; 
Glick, 1995). Application of PGPR to different crop 
production systems has been proposed. However, 
little attention has been paid to these bacteria in 
other soil-plant systems, e.g. in revegetation or in 
forestry. Some PGPR have been described by several 
authors to promote emergence of host plants 
(Kloepper et al., 1986; de Freitas & Germida, 1990; 
Turner & Backman, 1991), and have been named 
emergence-promoting rhizobacteria (EPR). These 
effects may be of great use in encouraging plant 
emergence in soils with a poor structure, such as 
those in arid or semi-arid zones. Some authors have 
reported that PGPR can influence plant development 
not only directly (hormone production, P solubiliza- 
tion or asymbiotic N fixation), but also indirectly 
through modifications to the activity of other 
plant-microbe interactions, such as the mycorrhizal 
or the Rhizobium symbioses (Meyer & Linderman, 
1986; Pololenko et al., 1987; Garbaye, 1994; 
Linderman, 1994; Barea, Tobar & Azc6n-Aguilar, 
1996), or by inducing changes in the microbial 
population balance, for instance, exerting biological 
control against plant pathogens (Weller & 
Thomashow, 1994). Thus, since the final effect of 
soil micro-organisms is the result of the interactions 
among the different soil microbial components 
involved, the study of the antagonic or synergic 
effects of PGPR, AM fungi or Rhizobium when co- 
inoculated (Meyer & Linderman, 1986; Azc6n- 
Aguilar & Barea, 1992; Fitter & Garbaye, 1994; 
Puppi, Azc6n & Hoflich, 1994; Barea, Azc6n- 
Aguilar & Azc6n, 1997) is a crucial step in the 
development of a revegetation strategy. 

Anthyllis cytisoides is a woody legume which 
belongs to the natural succession of many 
mediterranean semi-arid ecosystems in south-east 
Spain, and is able to form a double symbiosis with 
AM fungi and Rhizobium. It has been proposed as a 
model plant for revegetation purposes (L6pez- 
Sanchez, Diaz & Honrubia, 1992; Herrera et al., 
1993; Puigdefabregas et al., 1994; Requena et al., 
1996). The role of mycorrhizal and nodulated 
legumes, and particularly of woody legumes in the 
case of semi-arid ecosystems, has been emphasized 
because of their intrinsic ability to increase soil N 
content and, consequently, to improve the 
nutritional status of other adjacent non-legumes. 

The aim of this study was to screen microbial 
interactions which would take place in the rhizo- 
sphere of the target plant, A. cytisoides, according to 
the functional compatibility of three groups of 
micro-organisms: AM fungi, Rhizobium and PGPR. 
The idea was therefore to approach the concept of 
multifactor combination inoculation and the mycor- 
rhizosphere effect (Linderman, 1988, 1992; Pfleger 
& Linderman, 1994), paying special attention to 
changes in the nutritional and developmental status 
of the plant. The objective was to ascertain the full 
potential of a multiple plant-microbe association 
within the context of a revegetation programme 
currently being developed in south-east Spain. 

MATERIALS AND METHODS 

Soil and plant material 

The experimental soil was collected from the field 
site, where a revegetation programme is being 
developed (Requena et al., 1996) and was classified 
as an Eutric Regosol the main characteristics of 
which were: 68 920% sand; 5110% clay; 25 98%o 
loam; 041 % organic carbon; 0-100 nitrogen; 41 
C:N ratio; 26 ppm of P (Olsen); 201-9 ppm of K; 
0 28 0 CaCO3; pH (H20) 7-91; pH (KCl) 7 07. Soil 
P status was also analysed, by a sequential extraction 
procedure according to Hedley, Stewart & Chauhan 
(1982) (Table 1). The soil was sieved through 2-mm 

Table 1. Phosphorus removed in sequential extraction 
of the experimental soil 

Pi PO 
Extractant (mg P kg-') (mg P kg-') 

Resin 4-35 
05 M NaHCO3 7-17 1-4 
0 5 N NaOH 9-78 2 45 
Sonicate 01 NNaOH 6-21 0-17 
1 M HCl 96-01 
z P fractions 123 52 4-02 

Pi, Inorganic P; PO, Organic P. 
Total P recovered = 127 54 mg P kg-l. 
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mesh and steam-sterilized for 1 h on three con- 
secutive days. 

Anthyllis cytisoides L. seeds were collected from 
plants growing in natural conditions in the field 
site in May 1993, and scarified with sandpaper. 
Seeds were surface-sterilized with HgCl2 (0-25 %o) 
for 10 min then rinsed five times with sterile 
deionized water. Seeds were soaked in sterile tap- 
water overnight, then germinated on filter paper. 
After germination uniform seedlings were trans- 
planted (one per pot). 

Source and screening of micro-organisms 

Two AM fungi were used: Glomus intraradices 
(Schenk & Smith), previously demonstrated as the 
most infective and effective fungus from our culture 
collection on A. cytisoides, either under gnotobiotic 
conditions or in natural soil (Requena et al., 1996); 
and G. coronatum, isolated from the field site (BEG 
49). 

Rhizobium strains were isolated from nodules of 
A. cytisoides plants growing in the field site. After 
excision from roots, nodules were surface-sterilized 
with HgCl2 (0 25 %o) for 5 min, then rinsed with 
deionized water. Afterwards, they were crushed with 
a sterile cold glass rod and the nodule content was 
plated on Allen medium amended with cyclo- 
heximide (150 mg ml-1). Fifty-five individual col- 
onies were checked for nodule formation by in- 
oculating Anthyllis seedlings in sterilized quartz 
sand. The most efficient strains (nitrogenase activity 
by the acetylene reduction test) were selected to be 
screened using a microcosm system and the host 
legume. Rhizobial isolates were cryopreserved in 
25 0 glycerol at-80 'C. Strains were grown for 6 d 
in yeast extract mannitol (YEM) medium at 28 'C 
and the cells resuspended (1: 1, (v/v)) in saline 
solution (0-85 00 NaCl). A. cytisoides seedlings were 
individually transplanted into 150 ml pots containing 
sterile quartz sand. Each pot was inoculated with a 
cell suspension (c. 107 cells g-1 of sand). Five ml of 
Hewitt nutrient solution (N-free) were added twice a 
week. After 3 months in a growth chamber, plants 
were harvested, and their shoot and root d. wt 
determined. The number of nodules per plant was 
also recorded. 

Rhizobacteria were isolated either from the rhizo- 
sphere of A. cytisoides growing in the field site, or 
from Zea mays plants growing in an arable loamy soil 
from the Granada province. Roots were extensively 
washed with tap-water then chopped into 2-cm 
fragments. Approximately 0 5-1 g of fresh root were 
vortexed in 5 ml of phosphate buffer 0 1 M, pH 7 for 
5 min. Roots were then shaken for 2 h at 28 'C. 
Alliquots were plated on King B medium (KB) 
(King et al., 1954, cited by Sands, Schroth & 
Hildebrand, 1980) amended with 150 mg ml- of 
cycloheximide. Bacteria were cryopreserved in 25 00O 

glycerol at -80 'C. Root-colonizing ability was 
determined in an in vitro assay with 30 bacteria 
strains (Misaghi, 1990) using A. cytisoides as a test 
plant. From this experiment (unpublished data), 
eight bacteria, five of them isolated from A. cytisoides 
rhizosphere and three from Z. mays, were selected 
and screened for plant promotion ability. Bacteria 
were grown in KB and cells were resuspended in 
saline solution (0-85 0) to reach a final concentration 
of 109 cells ml-'. Seedling roots of A. cytisoides were 
soaked in this suspension for 2 h, then transplanted 
to 100 ml pots containing steam-sterilized soil col- 

lected in the areas, and grown for 45 d in the 

glasshouse. 
Four of the eight bacteria isolated were screened 

for emergence promotion of A. cytisoides. Ten seeds 
were scarified and placed in small plastic pots 
containing 100 ml of either natural or steam-sterilized 
soil collected in the field from the top 2 cm. Ten 
replicates per treatment were prepared. Pots were 
placed in the glasshouse and watered daily with 
deionized water. Seedling emergence was checked 
every 2 d. 

AM fungi-Rhizobium-PGPR interactions 

Single, double and triple inoculations of the three 
types of micro-organisms were assayed in a second 
experiment. The 15N methodology was used to 
assess changes in the plant isotopic N composition as 
affected by microbial interactions. Five 100-ml pots 
were filled with soil sieved through 2-mm pore mesh 
and which had been pasteurized by steaming for 1 h 
on three consecutive days. One A. cytisoides seedling 
per pot was transplanted. Mycorrhizal inoculum (G. 
intraradices or G. coronatum) was applied as 20 g of 
crude inoculum per pot thoroughly mixed with the 
rest of the soil. Two native Rhizobium strains NR4 
and NR9 were selected for this experiment, and 
grown in YEM medium in a rotary shaker for 6 d at 
28 'C. Two other rhizobacteria were also assayed: 
A2 from A. cytisoides rhizosphere, and EMR4 (E) 
from Z. mays rhizosphere, presumably characterized 
as Bacillus spp. These bacteria were grown in KB 
medium for 1 d in a rotary shaker at 28 'C. 
Rhizobium and rhizobacteria cultures were then 
centrifuged and the pellets resuspended in saline 
solution (NaCl 0 85 0o). Bacteria were applied at a 
final concentration of c. 1 o8 cells g-1 of soil. Nitrogen- 
15 was applied as (15NH4)2SO4 with a 100% atomic 
excess at a concentration of 4 mg N kg-' of soil 
(equivalent to 10 kg N ha-'). 

Plants were grown in the glasshouse for 4 months, 
harvested and their shoot growth and root length 
measured. Plants were dried at 60 'C for 24 h and 
their d. wt determined. Specific root length (SRL) was 
studied, as it is a parameter which can be correlated 
with morphological features taking place in root 
architecture derived from changes in the branching 
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pattern of the root (Berta et al., 1995; Barea et al., 
1996). It was calculated thus: total root length/total 
d. wt. A root aliquot was used to calculate the 
extension of AM colonization by clearing and 
staining with trypan blue (Phillips & Hayman, 1970; 
Giovannetti & Mosse, 1980). Shoot dry matter was 
determined and the P and N content analysed. The 
15N atomic excess in plant tissues was calculated by 
mass spectrometry in a FINNIGAN MAT 251 
spectrometer coupled to a FISONS NA 1500 NC 
mineralizator according to the Dumas method 
(Hardarson, 1990). 

Statistical analyses 

Data on PGPR and rhizobial screening were analysed 
by one-way ANOVA for a completely randomized 
design. Significant differences between treatments 
were separated by means of Duncan's test (P < 

0 05). Results from the emergence promotion assay 
were expressed with the SE of the treatment means 
for 95 % confidence limits. Data from the interaction 
experiment were analysed by three-way ANOVA for a 
completely randomized design. Significant dif- 
ferences were separated by use of least significant 
difference at P < 0 05. 

RESULTS 

Isolation and screening of micro-organisms 

Growth of Rhizobium was measured by inoculating 
3-ml tubes containing YEM medium with an initial 
optic density of 0 04 at 600 nm wavelength. Strain 
growth was checked every 12 h, by measuring its 

Table 2. Shoot d. wt (SW), root d. wt (RW) and 
number of nodules of Anthyllis cytisoides plants grown 
for 2 months, inoculated or non-inoculated with 
different rhizobial strains isolated from the field site 

Rhizobial SW RW Nodules 
treatments (mg per plant) (mg per plant) per plant 

None 242 c 275 bcd Od 
NR1 840 a 520 a 30 bc 
NR2 836a 515a 33bc 
NR3 870 a 397 ab 28 c 
NR4 730 ab 350bc 43 ab 
NR5 645 ab 325 bcd 18 c 
NR6 635 ab 333 bcd 21 c 
NR7 690 ab 348 bc 40 ab 
NR8 640 ab 300 bcd 29 bc 
NR9 695 ab 352 bc 51 a 
NR11 620 ab 305 bcd 29 bc 
NR12 700 ab 335 bc 40 ab 
NR B 635 ab 310bcd 31 bc 
NR C 575 b 255 bcd 24c 

Means (five replicates) sharing a letter are not signifi- 
cantly different according to Duncan's test (P < 0 05). 

optical density and plating corresponding aliquots of 
each culture to determine the number of colony- 
forming units (data not shown). All Rhizobium 
isolates grew very slowly, needing at least 72 h to 
reach the stationary phase. Strains were charac- 
terized as Rhizobium spp. according to their 16S 
DNA sequence and were demonstrated to belong to 
a very close genetic group (Requena, Sanjuan, 
Herrera-Cervera, Jeffries & Barea, unpublished). 
Strains NR1, NR2 and NR3 induced the highest 
biomass production, but NR9, NR4, NR7 and NR12 
proved more infective (number of nodules per plant) 
than NR1, NR2 and NR3. Strain NR C was the least 
effective of those assayed (Table 2). 

Several of the rhizobacteria characterized for their 
root-colonizing ability showed little or no effect on 
root or shoot promotion; thus these bacteria were 
discarded. Two bacteria isolated from the rhizo- 
sphere of A. cytisoides, A2 and Cl, clearly showed a 
promoting effect on either root or shoot development 
(Fig. 1). E, isolated from Z. mays, enhanced shoot 
growth but did not affect root development. 

Emergence of A. cytisoides uninoculated control 
plants was better than that of inoculated plants 
under sterile conditions, and nearly 1000% of seed 
had germinated and emerged 10 d after sowing. 
However, under non-sterile conditions, inoculation 
with any of the three selected bacteria resulted in a 
greater emergence rate than in the control plants, 
whereas germination was delayed by rhizobacteria 
inoculation on steam-sterilized soil (Fig. 2). 

Rhizospheric interactions 

The two AM fungi which were assayed colonized 
plant roots to very different extents (Table 3). In 
general G. intraradices produced a more extensive 
colonization than G. coronatum. Certain bacterial 
treatments significantly modified the extent of mycor- 
rhizal colonization. Thus the percentage of mycor- 
rhizal colonization by G. intraradices was increased 
when co-inoculated with the rhizobacterium A2 or 
with the combined treatment Rhizobium sp. NR9 
and rhizobacterium E. Only the inoculation with 
Rhizobium sp. NR9 increased mycorrhizal root 
colonization by G. coronatum, whereas the com- 
bination of the bacterium E and NR9 negatively 
affected mycorrhizal colonization. 

With regard to shoot development, rhizo- 
bacterium A2 and Rhizobium sp. NR9 were the most 
effective single inoculation treatments (Table 4), 
whereas the combination of G. coronatum and 
Rhizobium sp. NR9 produced the greatest shoot 
growth and P content of all treatments. Root weight 
was especially enhanced by inoculation with the 
rhizobacterium A2, either alone or in combination 
with Rhizobium sp. NR4. However, that variate was 
negatively affected by co-inoculation of the rhizo- 
bacterium E with C. coronatum (Table 5). Highest 
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Figure 1. Plant growth of Anthyllis cytisoides inoculated or not with different rhizobacterial isolates. Bars 

sharing a common letter are not significantly different according to Duncan's test (P < 0r05). 
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Filgure 2. Percentage emergence of Anthyllis cytisoides seedlings inoculated or not with the PGPR assayed 
under (a) non-sterile soil conditions, (b) sterile soil conditions. Bacterial treatments: 0, Control; 0, PGPR 
A2; A, PGPR Cl; E- , PGPR E. Bars indicate SE (n = 10). 

Table 3. Percentage of mycorrhizal colonization of 
Anthyllis cytisoides roots grown for 4 months, either 
inoculated or not with the different microbial treatments 

Mycorrhizal treatments 

Bacterial Glomus Glomus 
treatments intraradices coronatum 

None 50 b 24xy 
A2 68 c 20zy 
E 57 cb 19 zy 
NR4 50 ab 28 xy 
NR9 53 b 51 v 
A2 + NR4 38 a 34 wxy 
E+NR4 49 ab 18 zy 
A2+NR9 52b 34wxy 
E+NR9 66 c 13 z 

Means (five replicates) sharing a letter are not signifi- 
cantly different according to Duncan's test (P < 0 05). 

values of root lengths were observed when G. 
coronatum co-inoculated with the rhizobacterium E 
in combination either with Rhizobium sp. NR4 or 

NR9. Thus, these latter treatments showed the 
highest SRL (cmg-1) values (Table 6). Plants 
inoculated with G. coronatum alone or in com- 
bination with any of the bacteria, had greater 
shoot:root ratios than their respective non-mycor- 
rhizal controls, but such increase was not significantly 
different from that in plants inoculated with any of 
the PGPR alone. 

Rhizobium sp. NR9 was more efficient than 
Rhizobium sp. NR4, with an N fixation of 140 0 of 
that of NR4 as determined by 15N (Table 7). Plants 
inoculated with rhizobacterium E showed a greater 
N content than control plants. Such an increase was 
correlated with a decrease in the 15N enrichment, 
indicating that E might be a N2-fixing free-living 
bacterium. Co-inoculation of G. coronatum with 
Rhizobium sp. NR9 was the most effective treatment 
for improving N content, whilst G. intraradices was 
also very effective when co-inoculated with 
Rhizobium sp. NR4. This lack of beneficial effect of 
the association could be related to the already high N 
content obtained by the inoculation with G. intra- 
radices on its own. 
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Table 4. Shoot d. wt (SW) and shoot P content (P) of Anthyllis cytisoides plants grown for 4 months, either 
inculated. or non-inculated with the different microbial treatments 

Mycorrhizal treatments 

None Glomus intraradices Glomus coronatum 

SW P SW p SW p 
Bacterial (mg (jag (mg (jag (mg (jag 
treatments per plant) per plant) per plant) per plant) per plant) per plant) 

None 180 96 393 477 310 367 
A2 593 424 385 519 335 375 
E 446 340 305 464 215 211 
NR4 400 251 653 510 295 242 
NR9 640 466 428 479 862 543 
A2 + NR4 570 378 412 380 776 536 
E + NR4 460 246 540 529 688 425 
A2 + NR9 546 362 385 380 544 536 
E + NR9 382 238 590 529 808 425 

LSD (P < 0 05) for SW = 183; for P = 119. 

Table 5. Root d. wt (RW) and root length (RL) of Anthyllis cytisoides plants grown for 4 months, either 
inoculated or not with the different microbial treatments 

Mycorrhizal treatments 

None Glomus intraradices Glomus coronatum 

Bacterial RW RL RW RL RW RL 
treatments (mg per plant) (m per plant) (mg per plant) (m per plant) (mg per plant) (m per plant) 

None 144 0-92 141 1-37 171 1-07 
A2 241 1-57 160 0-88 129 1-31 
E 199 1-52 137 1-47 89 1-17 
NR4 157 1-48 208 1 66 93 087 
NR9 233 1.90 175 1-49 191 1-78 
A2+NR4 263 1-87 156 1-55 192 2-41 
E+NR4 177 2-36 202 1-63 199 2-88 
A2+NR9 190 2 15 156 1-46 156 1-96 
E+NR9 134 1-40 197 1-63 181 2 50 

LSD (P < 0 05) for RW = 53; for RL = 0-63. 

Table 6. Shoot root ratio (S/R) and specific root length (SRL) of Anthyllis cytisoides plants grown for 
4 months, either inoculated or not with different microbial treatments 

Mycorrhizal treatments 

None Glomus intraradices Glomus coronatum 

Bacterial SRL SRL SRL 
treatments S/R (cm mg-') S/R (cm mg-') S/R (cm mg-1) 

None 1 25 064 2-79 097 1-81 063 
A2 246 065 241 055 2-60 1-02 
E 2-24 0-76 2-23 1-07 242 1 31 
NR4 255 095 3 14 080 3-17 093 
NR9 2-75 0-81 2-45 0-85 4-51 0 93 
A2+NR4 217 071 264 100 404 125 
E+NR4 2-60 1-33 2 67 0-81 3-46 1-45 
A2+NR9 2-87 1 13 247 093 3 49 1-26 
E+NR9 2-85 1 04 2-99 0-89 4-46 1-38 

LSD (P < 0 05) for S/R = 0-68; for SRL = 0-41. 
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Table 7. N content (mg per plant) and atom percent 15N excess (a.e.) in the shoot of Anthyllis cytisoides plants 
grown for 4 months either inoculated or not with the different microbial treatments 

Mycorrhizal treatments 

None Glomus intraradices Glomus coronatum 
Bacterial 
treatments N a.e 15N N a.e 15N N a.e 15N 

None 1-13 0 577 7-22 0 300 3-23 0-332 
A2 6-37 0 500 6-66 0-566 2-60 0-496 
E 5-64 0-287 3 59 0-380 2-25 0-636 
NR4 4-96 0-352 7 09 0-189 4-24 0 409 
NR9 7-76 0-249 6-86 0 509 10-75 0-203 
A2 + NR4 6-62 0-366 6-10 0-381 8-93 0-225 
E + MR4 4-64 0 339 7 40 0-245 6-82 0-259 
A2 + NR9 6-73 0-424 4 90 0-381 7 90 0-267 
E + NR9 4-10 0 433 8-08 0-175 6-82 0-259 

LSD (P < 0 05) for N = 1-88; for a.e. 15N = 0-108. 

DISCUSSION 

Plant response to any microbial treatment is the 
result of the complex interactions with the rest of soil 
microbial inhabitants. In the case of PGPR, one of 
the main constraints on their large-scale use as 
inoculants is their inconsistent behaviour, especially 
under field conditions, resulting from the complex 
nature of the interactions with the host plant and the 
soil environment (Bethlenfalvay & Linderman, 1992; 
Garbaye, 1994; Weller & Thomashow, 1994). In 
fact, many of the bacteria initially selected as growth 
promoters under laboratory conditions failed to 
improve plant biomass in the glasshouse or in the 
field. In contrast to the symbiotic micro-organisms, 
these bacteria have to survive in the rhizosphere and 
multiply without the relative protection that a niche 
such as the nodule (in the case of Rhizobium) or the 
root (AM fungi) might provide (Garbaye, 1994). 
These considerations led us to select only those 
bacteria that consistently promoted shoot and/or 
root growth. The selected PGPR were noticeably 
effective in promoting plant emergence under non- 
sterile conditions. Several mechanisms have been 
described for the action of EPR (emergence-pro- 
moting rhizobacteria) (Kloepper et al., 1986, 1991; 
H6fte, Boelens & Vstraete, 1991). Emergence pro- 
motion has been related either to processes of 
biological control of plant pathogens or to phyto- 
hormone production. In the present study, the 
possibility of a hormonal effect on seed germination 
is not very likely because the emergence promotion 
effect was not seen in sterilized soil. On the contrary, 
the emergence rate was actually reduced in the 
presence of PGPR. The final population size of the 
introduced bacteria has been reported to be critical 
for the promotion of plant growth by PGPR (Holl & 
Chanway, 1992; Kloepper & Beauchamp, 1992). 
Thus, we believe that in the case of non-sterilized 
soil the competitiveness with the rest of soil 

microbiota might have reduced the size of the 
population to an optimal cell concentration. On the 
contrary, the same number of cells might be too high 
for an optimal effect on plant growth when inocu- 
lated under sterilized-soil conditions. Thus, a bio- 
control mechanism against other micro-organisms 
that are in some way inhibiting or delaying seed 
germination could explain the positive effect of these 
bacteria on plant emergence in non-sterilized soil 
(Kloepper, 1992; Lemanceau, 1992). Obviously, the 
promotion of root and (often) hypocotyl growth in 
the early stages of plant development could confer an 
advantage to the plant at a critical growth stage (Noel 
et al., 1996). Our finding could be of relevance to the 
massive nursery production of A. cytisoides plants, 
using non-sterile substrates, for revegetation, since 
this would avoid the bothersome process of substrate 
tindalisation or disinfection, reducing production 
costs, as has been suggested for other plants of 
interest in revegetation such as Parthenium 
argentatum in Mexico (Olsen & Misaghi, 1984), or in 
reforestation with Pseudotsuga menzeisii in Western 
Europe (Garbaye, 1994). 

In the case of Rhizobium, despite the potential 
great benefits of inoculating legumes with com- 
patible Rhizobium strains, many attempts to select an 
appropriate symbiont have been unsuccessful owing 
to the failure of the selected strains to survive under 
adverse natural conditions such as low P content or 
low moisture, and/or to compete for nodule oc- 
cupancy with the native strains, usually better 
adapted to such environments (Bottomley, 1992; 
Giller & Cadisch, 1995). A simple but efficient 
strategy, already described by Paau (1989), for 
solving this problem is based in the isolation and 
screening of competitive and effective Rhizobium 
strains from the pool of native soil bacteria which, 
supposedly are adapted to the particular climatic 
conditions of an area. Accordingly, all the rhizobia 
strains were isolated from the area in which they are 
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planned to be reintroduced. All strains showed a 
very slow growth rate, as described for soils with low 
P content (Graham, 1992). 

In the interaction experiment, tissue of mycor- 
rhizal, but non-nodulated, plants showed an 
increased N content (although in the case of G. 
coronatum it was less significant), accompanied by a 
decrease in the atomic enrichment in 15N. This 
means that these fungi are improving N-uptake from 
a non-labelled source, suggesting an increased ex- 
ploration of N pools in soil, as previously described 
(Ames et al., 1984; Barea, Azcon-Aguilar & Azcon, 
1991; Azcon-Aguilar et al., 1993; Johansen, 
Jakobsen & Jensen, 1992; 1993). These authors 
demonstrated that AM plants had a lower 15N/14N 

ratio than P-fertilized control plants of similar 
growth rate. Our results suggest that mycorrhizal A. 
cytisoides plants might be either using available N 
sources more efficiently (Johansen & Jensen, 1996) 
or using N sources which are less available to non- 
mycorrhizal plants (Ames et al., 1984; Barea El- 
Atrach & Azcon, 1989). This fact might be crucial in 
the ecosystem studied here, because of its low 
content of available N. 

Johansen et al. (1993) demonstrated that N 
acquisition by the plant through the hyphal network 
might not be very important when the rate of N 
transport due to mass flow is high. However, under 
low water potential, the normal situation in semi- 
arid areas, such hyphal N transport might be of great 
importance, even when NO3 ions are involved, as 
shown by using 15N (Tobar, Azcon & Barea, 1994). 
It has been shown that different AM fungal isolates 
might differ in their efficiency of hyphal N transport 
to the plant (Frey & Shiuepp, 1993). The increased N 
content of plants inoculated with G. intraradices 
appears to coincide with an improved general plant 
development, seen in growth parameters (biomass 
production, shoot: root ratio), as well as in a higher P 
content. However, the atomic 15N enrichment values 
in plant tissue were similar for both AM fungi 
assayed. Because G. coronatum showed a non- 
significant, but greatly reduced SRL compared with 
G. intraradices, such similarity in the 15N atomic 
excess might be due either to a more extensive 
mycelial network or greater efficiency of hyphal 
transport of N to the plant. Both hypotheses are in 
accordance with the fact that Glomus coronatum is a 
native fungus from semi-arid areas, and it is probably 
adapted to be more efficient under the constraining 
climatic and edaphic conditions. This idea is 
supported by the findings of Requena et al. (1996) in 
which they highlighted the importance of the AM 
mycelium network in maintaining mycorrhizal in- 
fectivity in the rhizosphere of A. cytisoides. 

It is well known that the magnitude of plant 
response to any microbial inoculation is greatly 
affected by the P and N content of the soil (Paula et 
al., 1992). In particular, P deficiency has been 

described as a main factor in restricting not only 
plant development but other biological processes 
such as the biological nitrogen fixation (BNF), owing 
to the high requirement of P (as ATP) for the N2 
fixation process (Singleton et al., 1985; Israel, 1987; 
Giller & Cadisch, 1995). The analyses of the P 
fractions of the soil showed that most of the P is 
present in less available forms, it could thus be a 
factor limiting for bacterial survival. In this context, 
the role of the AM fungi as P suppliers to the plant, 
and particularly to the nodule, appears to be of great 
relevance. Because mycorrhizal status benefits the 
uptake of immobile ions, the symbiotic N2 fixation 
results were favoured by the increased P content in 
plant tissues (Barea & Azcon-Aguilar, 1983; Barea, 
Azcon-Aguilar & Azcon, 1987; Azcon, Rubio & 
Barea, 1991). Some other non-P-mediated effects 
might also be involved (Ames & Bethlenfalvay, 
1987; Johansen et al., 1993). Thus, increases in P 
content of plants inoculated with several specific 
associations of micro-organisms (i.e. Rhizobium sp. 
NR9 and G. coronatum) can be also associated with 
higher N contents due to increased N fixation, 
corroborated by using 15N. On the other hand, it has 
also been observed that increases in the N content 
through BNF improve the nutritional balance of the 
plant, thereby affecting its physiological activity. For 
example, improved photosynthesis effectivity even- 
tually benefits fungal activity (Puppi et al., 1994). 
Thus, whereas G. coronatum was not a very effective 
fungus when singly inoculated, its co-inoculation 
with Rhizobium sp. NR 9 produced the highest effect 
on either plant growth or nutrient uptake, together 
with a noticeable increase in mycorrhizal root 
colonization. Interactions between AM fungi and 
Rhizobium strains are well documented (Barea et al., 
1997). In spite of frequent reports of mutualistic 
influences, antagonistic relationships between micro- 
symbionts have been also found (Bethlenfalvay, 
Brown & Stafford, 1985). 

Nevertheless, the magnitude of all these effects 
seems to depend largely on the specific fungus- 
bacteria combination used (Azc6n et al., 1991). This 
is clear from our results, where G. intraradices 
appeared to be more effective with Rhizobium sp. 
NR4, whereas G. coronatum was more effective when 
co-inoculated with strain NR9. Such specificity in 
the interaction between mycorrhiza and other soil 
micro-organisms has also been described for the 
interaction with PGPR (Paulitz & Linderman, 1989; 
Vosatka, Gryndler & Prikryl, 1992; Garbaye, 1994), 
and for the mycorrhiza-Rhizobium-PGPR inter- 
action (Meyer & Linderman, 1986; Azcon, 1993). In 
all cases of double fungus-PGPR inoculation, both 
AM fungi produced a better effect on plant growth 
when associated with the rhizobacterium A2, which, 
in the case of G. intraradices, even promoted 
mycorrhizal colonization. It is obvious from our 
results that, as suggested by others (Linderman, 
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1992; Barea et al., 1997), certain microbial inter- 
actions might be less effective than when inoculated 
separately. Thus, it was noticeable that the effect of 
the bacteria-bacteria association in the case of the 
PGPR E and any of the Rhizobium strains assayed 
was negative. It has been suggested that certain 
PGPR are plant-specific (Chanway & Holl, 1993) 
and a certain bacteria-bacteria specificity should 
occur. However, such negative effects on plants were 
probably a result of competition for P, since it was 
reversed in mycorrhizal plants. 

It was also interesting to notice that the interaction 
of both Glomus species with any of the PGPR 
showed a general tendency for decreased N content 
in the plant shoots which was significant in the case 
of G. coronatum with the rhizobacterium E, whereas, 
when assayed singly, any of the bacteria produced a 
greater N content than in a non-inoculated control. 
In some cases, when the available C and N sources 
are scarce, micro-organisms might compete for 
nutrient uptake, producing a temporary nutrient 
starvation in plants (Johansen & Jensen, 1996). Such 
a hypothesis is corroborated by the results obtained 
in the triple interaction treatments, where the 
inoculation of any of the Rhizobium species NR4 or 
NR9 reversed the negative effects induced by the 
interaction of the PGPR with G. coronatum or G. 
intraradices, possibly because Rhizobium strains 
might fix enough N2 to compensate the plant for the 
temporary N-starvation effect. 

In summary, the final results of the microbial 
interactions in our experiments show that soil 
microbial components can play an essential role in 
helping the plant to establish and thrive. Thus, it 
seems not only feasible but also necessary to take into 
account the specific functional compatibility relation- 
ships between selected components of the three 
types of beneficial micro-organisms studied, which 
can improve plant performance in nutrient-deficient 
and degraded habitats. Particular microbial combina- 
tions might determine which interactions can be 
exploited to enable inoculated plants to behave in a 
more competitive way and to survive when es- 
tablished in the field. Considering that restoration of 
vegetation cover in degraded sites is the first step in 
slowing down desertification processes in semi-arid 
ecosystems, it follows that a revegetation strategy 
based on the management of arbuscular mycorrhizas, 
Rhizobium and PGPR, appears worthwhile. 

ACKNOWLEDGEMENTS 

We thank Dr R. Nuniez and Custodia Costa for their 
technical assistance in 15N analyses, and Dr M. Lachica 
and Dr M. D. Mingorance for the nutritional analyses of 
plants. Financial support was obtained from the project 
AMB95-0699 (CICYT, Spain), and from the European 
Commission project REDEEM (EV-5V-CT 94-0488). 

REFERENCES 

Allen MF. 1989. Mycorrhizal and rehabilitation of disturbed arid 
soils: processes and practices. Arid Soil Research 3: 229-241. 

Ames RN, Bethlenfalvay GJ. 1987. Localized increase in 
nodule activity but no competitive interaction of cowpea 
rhizobia due to pre-establishment of vesicular-arbuscular 
mycorrhiza. New Phytologist 106: 207-215. 

Ames RN, Porter LK, StJohn TV, Reid CPP. 1984. Nitrogen 
sources and 'A' values for vesicular-arbuscular and non- 
mycorrhizal sorghum grown at three rates of 15N-ammonium 
sulphate. New Phytologist 97: 269-276. 

Azc6n R. 1993. Growth and nutrition of nodulated mycorrhizal 
and non-mycorrhizal Hedysarum coronarium as a result of 
treatment with fractions from a plant growth-promoting 
rhizobacterium. Soil Biology and Biochemistry 25: 1037-1042. 

Azc6n R, Rubio R, Barea JM. 1991. Selective interactions 
between different species of mycorrhizal fungi and Rhizobium 
meliloti strains and their effects on growth, N2 fixation (15N) and 
nutrition of Medicago sativa L. New Phytologist 117: 399-404. 

Azc6n-Aguilar C, Alba C, Montilla M, Barea JM. 1993. 
Isotopic (15N) evidence of the use of less available N forms by 
VA mycorrhizas. Symbiosis 15: 39-48. 

Azc6n-Aguilar C, Azc6n R, Barea JM, 1979. Endomycorrhizal 
fungi and Rhizobium as biological fertilizers for Medicago sativa 
in normal cultivation. Nature 279: 325-327. 

Azc6n-Aguilar C, Barea JM. 1992. Interactions between 
mycorrhizal fungi and other rhizosphere microorganisms. In: 
Allen MJ, ed. Mycorrhizal Functioning: an Integrative Plant- 
Fungal Process. New York: Chapman and Hall, 163-198. 

Barea JM, Azc6n-Aguilar C. 1983. Mycorrhizas and their 
significance in nodulating nitrogen-fixing plants. In: Brady 
NC, ed. Advances in Agronomy, vol. 36. New York: Academic 
Press, 1-54. 

Barea JM, Azc6n-Aguilar C, Azc6n R. 1987. Vesicular- 
arbuscular mycorrhizas improve both symbiotic N2 fixation and 
N uptake from soil as assessed with a N technique under field 
conditions. New Phytologist 106: 717-725. 

Barea JM, Azc6n-Aguilar C, Azc6n R. 1991. The role of 
vesicular-arbuscular mycorrhizae in improving plant N ac- 
quisition from soil as assessed with 15N. In: IAEA-SM 313/67 
ed. Stable Isotopes in Plant Nutrition, Soil Fertility and 
Environmental Studies, Vienna: International Atomic Energy 
Agency, 209-216. 

Barea JM, Azcon-Aguilar C, Azc6n R. 1997. Interactions 
between mycorrhizal fungi and rhizosphere micro-organisms 
within the context of sustainable soil-plant systems. In: Gange 
AC, Brown VK, eds. Multitrophic Interactions in Terrestrial 
Systems. 36th Symposium of The Bristish Ecological Society. 
Cambridge: Blackwell Science, 65-77. 

Barea JM, El-Atrach F, Azc6n R. 1989. Mycorrhiza and 
phosphate interactions as affecting plant development, N2 
fixation, N-transfer and N uptake from soil in legume-grass 
mixtures by using a 15N dilution technique. Soil Biology and 
Biochemistry 21: 581-589. 

Barea JM, Tobar RM, Azc6n-Aguilar C. 1996. Effect of a 
genetically modified Rhizobium meliloti inoculant on the 
development of arbuscular mycorrhizas, root morphology, 
nutrient uptake and biomass accumulation in Medicago sativa. 
New Phytologist 134: 361-369. 

Berta G, Trotta A, Fusconi A, Hooker JE, Munro M, Atkinson 
D, Giovanetti M, Morini S, Fortuna P, Tisserant B, 
Gianinazzi-Pearson V, Gianinazzi S. 1995. Arbuscular 
mycorrhiza induced changes to plant growth and root system 
morphology in Prunus cerasifera. Tree Physiology 15: 281-293. 

Bethlenfalvay GJ, Linderman RG. 1992. Mycorrhizae in 
sustainable agriculture. Madison: ASA Special Publication. 

Bethlenfalvay GJ, Brown, MS, Stafford AE. 1985. Glycine- 
Glomus-Rhizobium symbiosis. II. Antagonistic effects between 
mycorrhizal colonization and nodulation. Plant Physiology 79: 
1054-1058. 

Bottomley PJ. 1992. Ecology of Bradyrhizobium and Rhizobium. 
In: Stacey G, Burris RH, Evans HJ, eds. Biological Nitrogen 
Fixation. London: Chapman and Hall, 293-348. 

Chanway CP, Holl FB. 1993. Ecological growth response 
specificity of two Douglas-fir ecotypes inoculated with co- 
existent beneficial rhizosphere bacteria. Canadian Jfournal of 
Botany 72: 582-586. 



676 N. Requena and others 

de Freitas JR, Germida JJ. 1990. Plant growth promoting 
rhizobacteria for winter wheat. Canadian Journal of Micro- 
biology 36,: 265-272. 

Fitter AH, Garbaye J. 1994. Interactions between mycorrhizal 
fungi and other soil organisms. Plant and Soil 159: 123-132 

Frey B, Schuepp H. 1993. Acquisition of nitrogen by external 
hyphae of arbuscular mycorrhizal fungi associated with Zea 
mays L. New Phytologist 124: 221-230. 

Garbaye J. 1994. Helper bacteria: a new dimension to the 
mycorrhizal symbiosis. New Phytologist 128: 197-210 

Giller KE, Cadisch G. 1995. Future benefits from biological 
nitrogen fixation: an ecological approach to agriculture. Plant 
and Soil 174: 255-277. 

Giovannetti M, Mosse B. 1980. An evaluation of techniques for 
measuring vesicular-arbuscular mycorrhizal infection in roots. 
New Phytologist 84: 489-499. 

Glick BR. 1995. The enhancement of plant growth by free-living 
bacteria. Canadian Yournal of Microbiology 41: 109-117. 

Graham PH. 1992. Stress tolerance in Rhizobium and Brad- 
yrhizobium and nodulation under adverse soil conditions. 
Canadian Yournal of Microbiology 38: 475-484. 

Hardarson G. 1990. Use of nuclear techniques in studies of 
soil-plant relationships. Vienna: Training courses series n02 
IAEA International Atomic Energy Agency. 

Hedley MJ, Stewart JWB, Chauhan BS. 1982. Changes in 
inorganic and organic soil phophorus fractions induced by 
cultivation practices and by laboratory incubations. Soil Science 
Society of America Journal 46: 970-976. 

Herrera MA, Salamanca CP, Barea JM. 1993. Inoculation of 
woody legumes with selected arbuscular mycorrhizal fungi and 
rhizobia to recover desertified mediterranean ecosystems. 
Applied and Environmental Microbiology 59: 129-133 

Hofte M, Boelens J, Vstraete W. 1991. Seed protection and 
promotion of seedling emergence by the plant growth beneficial 
Pseudomonas strain 7NSK2 and ANP15. Soil Biology and 
Biochemistry 23: 407-410. 

Holl. FB, Chanway CP. 1992. Rhizosphere colonization and 
seedling growth promotion of lodgpole pine by Bacillus 
polymyxa. Canadian Journal of Microbiology 38: 303-308. 

Israel DW. 1987. Investigation of the role of phosphorus in 
symbiotic dinitrogen fixation. Plant Physiology 84: 835-840. 

Jeffries P, Barea JM. 1994. Biogeochemical cycling and arbu- 
scular mycorrhizas in the sustainability of plant-soil systems. 
In: Gianinazzi S, Shiiepp H, eds. Impact of Arbuscular 
Mycorrhizas on Sustainable Agriculture and Natural Ecosystems. 
Basel: Birkhiiuser-Verlag, 101-115. 

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

Johansen A, Jakobsen I, Jensen. 1993. External hyphae of 
vesicular-arbuscular mycorrhizal fungi associated with Trif- 
olium subterraneum L. 3. Hyphal transport of 32P and 15N. New 
Phytologist 124: 61-68. 

Johansen A, Jensen ES. 1996. Transfer of N and P to barley 
interconnected by an arbuscular mycorrhizal fungus. Soil 
Biology and Biochemistry 28: 73-81. 

Kennedy AC, Smith KL. 1995. Soil microbial diversity and the 
sustainability of agricultural soils. Plant and Soil 170: 75-86. 

Kloepper JW. 1992. Plant growth promoting rhizobacteria as 
biological control agents. In: Marcel Decker ed. Soil Microbial 
Ecology. Applications in Agriculture, Forestry and Environmental 
Management. New York: Dekker, 255-274. 

Kloepper JW, Beauchamp CJ. 1992. A review of issues related 
to measuring colonization of plant roots by bacteria. Canadian 
Journal of Microbiology 38: 1219-1232. 

Kloepper JW, Scher FM, Lalibert EM, Tipping B. 1986. 
Emergence-promoting rhizobacteria: description and impl- 
ications for agriculture. In: Swinburne TR, ed. Iron, Side- 
rophores and Plant Diseases. New York: Plenum Press, 155-164. 

Kloepper JW, Zablotowicz RM, Tipping EM, Lifshitz R. 
1991. Plant growth promotion mediated by bacterial rhiz- 
osphere colonizers. In: Keister DL, Cregan PB, eds. The 
Rhizosphere and Plant Grow-th. The Netherlands: Kluwer 
Academic Publishers, 315-326. 

Lemanceau P. 1992. Effets benefiques de rhizobacteries sur les 
plants: exemple des Pseudomonas spp. flRuorescents. Agronomie 
12: 413-437. 

Linderman RG. 1988. Mycorrhizal interactions with the rhiz- 
osphere microflora: the mycorrhizosphere effect. Phytopa- 
thology 78: 366-371. 

Linderman RG. 1992. Vesicular-arbuscular mycorrhizae and 
soil microbial interactions. In: Bethlenfalvay GJ, Linderman 
RG, eds. Mycorrhizae in Sustainable Agriculture. Madison: 
ASA Special Publication, 65-77. 

Linderman RG. 1994. Role of VAM fungi in biocontrol. In: 
Pfleger FL, Linderman RG, eds. Mycorrhizae and Plant Health. 
St Paul, MN, USA: APS Press, 1-26. 

L6pez-Sanchez ME, Diaz G, Honrubia M. 1992. Influence of 
vesicular-arbuscular mycorrhizal infection and P addition on 
growth and P nutrition of Anthyllis cytisoides L. and Brac- 
hypodium retusum (Pers.) Beauv. Mycorrhiza 2: 41-45. 

Mclnroy JA, Kloepper JW. 1994. Studies on indigenous 
endophytic bacteria of sweet corn and cotton. In: O'Gara F, 
Dowling DN, Boesten B, eds. Molecular Ecology of Rhizosphere 
Microorganisms: Biotechnology and the Release of GMOs. 
Winheim: VCH Verlagsgesellschaft, 19-28. 

Meyer JR, Linderman RG. 1986. Response of subterranean 
clover to dual inoculation with vesicular-arbuscular myco- 
rrhizal fungi and a plant growth-promoting bacterium, Pseu- 
domonas putida. Soil Biology and Biochemistry 18: 185-190. 

Misaghi IJ. 1990. Screening for root colonizing ability by a rapid 
method. Soil Biology and Biochemistry 22: 1085-1088. 

Noel TC, Sheng C, Yost CK, Pharis RP, Hynes MF. 1996. 
Rhizobium leguminosarum as a plant growth promoting rhiz- 
obacterium: direct growth promotion of canola and lettuce. 
Canadian Journal of Microbiology 42: 279-283. 

Olsen MW, Misaghi IJ. 1984. Responses of guayule (Parthenium 
argentatum) seedlings to plant growth promoting fluorescent 
pseudomonads. Plant and Soil 77: 97-101. 

Paau AS. 1989. Improvement of Rhizobium inoculants. Applied 
and Environmental Microbiology 55: 862-865. 

Paula MA, Urquiaga S, Siqueira JO, Dobereiner J. 1992. 
Synergistic effects of vesicular-arbuscular mycorrhizal fungi 
and diazotrophic bacteria on nutrition and growth of sweet 
potato (Ipomoea batatas). Biology and Fertility of Soils 14: 
61-66. 

Paulitz TC, Linderman RG. 1988. Interactions between 
fluorescent pseudomonads and VA mycorrhizal fungi. New 
Phytologist 113: 37-45. 

Pfleger FL, Linderman RG. 1994. Mycorrhizae and plant 
health. St Paul, MN, USA: APS Press. 

Phillips JM, Hayman DS. 1970. Improved procedures for 
clearing and staining parasitic and vesicular-arbuscular myco- 
rrhizal fungi for rapid assessment of infection. Transactions of 
the British Mycological Society 55: 158-161. 

Pololenko DR, Scher FM, Kloepper JW, Singleton CA, 
Lalibert EM, Zaleska I. 1987. Effects of root colonizing 
bacteria on nodulation of soybean roots by Bradyrhizobium 
japonicum. Canadian Journal of Microbiology 33: 498-503. 

Puigdefabregas J, Aguilera C, Alonso JM, Brenner A, Clark 
S, Delgado L, Domingo F, Cueto M, Gutierrez L, Incoll L, 
Lazaro R, Nicolau JM, Sanchez G, Sole A, Vidal S. 1994. 
The Rambla Honda field site: interactions of soil and vegetation 
along a catena in semi-arid SE Spain. In: Thornes J, Brandt J, 
eds. Mediterranean Desertification and Land Use. London: John 
Wiley & Sons. 

Puppi G, Azc6n R, Hoflich G. 1994. Management of positive 
interactions of arbuscular mycorrhizal fungi with essential 
groups of soil microorganisms. In: Gianinazzi S, Shiiepp H, 
eds. Impact of Arbuscular Mycorrhizas on Sustainable Agri- 
culture and Natural Ecosystems. Basel: Birkhauser-Verlag, 
201-215. 

Requena N, Jeffries P, Barea JM. 1996. Assessment of natural 
mycorrhizal potential in a desertified semiarid ecosystem. 
Applied and Environmental Microbiology 62: 842-847. 

Roldan-Fajardo BE. 1994. Effect of indigenous arbuscular 
mycorrhizal endophytes on the development of six wild plants 
colonizing a semiarid area in south-east Spain. New Phytologist 
127: 115-121. 

Sands DC, Schroth MN, Hildebrand DC. 1980. Pseudomonas. 
In: Schaad MW, ed. Laboratory Guide for Identification of Plant 
Pathogenic Bacteria. St Paul, Mn, USA: American Phyt- 
opathological Society, 36-44. 

Singleton PW, Abdel-Magid HM, Tavares JW. 1985. Effects 



PGPR, arbuscular mycorrhizas and Rhizobium interactions in the rhizosphere 677 

of phosphorus on the effectiveness of strains of Rhizobium 
japonicum. Soil Science Society of America Journal 49: 613-616. 

Sylvia DM. 1990. Inoculation of native woody plants with 
vesicular-arbuscular mycorrhizal fungi for phosphate mine 
land reclamation. Agriculture, Ecosystems and Environment 31: 
253-261. 

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

Turner JT, Backman PA. 1991. Factors relating to peanut yield 

increases following Bacillus subtilis seed treatment. Plant 
Disease 75: 347-353. 

Vosatka M, Gryndler M, Prikryl Z. 1992. Effect of the 
rhizosphere bacterium Pseudomonas putida, arbuscular myco- 
rrhizal fungi and substrate composition on the growth of 
strawberry. Agronomie 12: 859-863. 

Weller DM, Thomashow LS. 1994. Current challenges in 
introducing beneficial microorganisms into the rhizosphere. In: 
O'Gara F, Dowling DN, Boesten B, eds. Molecular Ecology of 
Rhizosphere Microorganisms: Biotechnology and the Release of 
GMOs. Winheim: VCH Verlagsgesellschaft, 1-13. 


	Article Contents
	p. [667]
	p. 668
	p. 669
	p. 670
	p. 671
	p. 672
	p. 673
	p. 674
	p. 675
	p. 676
	p. 677

	Issue Table of Contents
	New Phytologist, Vol. 136, No. 4 (Aug., 1997), pp. 543-726
	Volume Information [pp. 721-726]
	Front Matter
	Tansley Review No.94. Thioredoxins: Structure and Function in Plant Cells [pp. 543-570]
	High Densities of Arbuscular Mycorrhizal Fungi Maintained During Long Fallows in Soils Used to Grow Cotton Except When Soil is Wetted Periodically [pp. 571-580]
	Growth, Phosphorus Uptake, and Water Relations of Safflower and Wheat Infected with an Arbuscular Mycorrhizal Fungus [pp. 581-590]
	Water Uptake by Safflower and Wheat Roots Infected with Arbuscular Mycorrhizal Fungi [pp. 591-601]
	Abscisic Acid (ABA) Relations in the Aquatic Resurrection Plant Chamaegigas intrepidus Under Naturally Fluctuating Environmental Conditions [pp. 603-611]
	Responses of Ground Vegetation to Prolonged Simulated Acid Rain in Sub-Arctic Pine-Birch Forest [pp. 613-625]
	Seasonal Changes in Root and Soil Respiration of Ozone-Exposed Ponderosa Pine (Pinus ponderosa) Grown in different Substrates [pp. 627-643]
	Physiological Changes on Agricultural Crops Induced by Different Ambient Ozone Exposure Regimes. I. Effects on Photosynthesis and Assimilate Allocation in Spring Wheat [pp. 645-652]
	Patch Formation and Developmental Polarity in Mycelial Cord Systems of Phanerochaete velutina on a Nutrient-Depleted Soil [pp. 653-665]
	Interactions between Plant-Growth-Promoting Rhizobacteria (PGPR), Arbuscular Mycorrhizal Fungi and Rhizobium spp. in the Rhizosphere of Anthyllis cytisoides, a Model Legume for Revegetation in Mediterranean Semi-Arid Ecosystems [pp. 667-677]
	A Comparative Study of Leaf Nutrient Concentrations in a Regional Herbaceous Flora [pp. 679-689]
	The Biology of Mycorrhiza in the Ericaceae. XIX. Fungal Mycelium as a Nitrogen Source for the Ericoid Mycorrhizal Fungus Hymenoscyphus ericae and Its Host Plants [pp. 691-701]
	The Relation of HS Release to SO Fumigation of Lichens [pp. 703-711]
	Natural N Abundance in Fruit Bodies of Ectomycorrhizal Fungi from Boreal Forests [pp. 713-720]
	Back Matter





