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Summary. Alfalfa (Medicago sativa, L. cv Aragdn)
plants were grown under greenhouse conditions in
pots of inert sand and vermiculite. The plants were in-
oculated with Rhizobium meliloti strain 102F28, with
Glomus fasciculatus or with a mixture of both micro-
organisms. Plants inoculated with both Rhizobium
and (Glomus had the highest shoot dry weight and the
lowest root-to-shoot ratio, Roots from dually in-
oculated plants also had a higher axygen uptake and
nodule nitrogenase activity than those from plants in-
oculated wilh either of the two microsymbionts alone.
However, the dry weight of the roots from only VAM-
infected plants was higher than those from Rhaizobium
or from Rhizobium plus Glomus-inoculated ones.
These differences did not correlate with succinate
dehydrogenase activity, which was similar between
treatments. Nutrient ¢lemeil concentrations were in-
creased in dually infected plants in comparison with
those of plants inoculated with only RAizobium or
Glomus. These data suggest that Rhiizobium may af-
fect fungal metabolism and that the effect is not
achieved via the tricarboxylic acid pathway.
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lLegumes are unique among higher plants in that they
can be infected by both Rhizobium and vesicular-ar-
buscular mycorrhizal (VAM) fungi. The advantages
that leguminous plants can obtain from the double
symbiosis have been well documented from a plant
ecological viewspoint as well as from crop production
aspects (Barca and Azcon-Aguilar 1983; Harley and
Smith 1983).

Since the pioneer work of Asai (1944), which in-
dicated that nodulation of some legumes was depen-
dent on the formation of mycorrhizas, the role that
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VAM fungi play in the N, {ixation process carried out
by Rhizobium has been the subject of numerous
studies (Barea and Azcén-Aguilar 1983). 1t is well
established that mycorrhizas supply phosphate to the
plant and that this improved P supply gives increased
Rhizobium activity (Asimi et al. 1980). Mycorrhizal
infection also increases the yield and N content of soy-
bean plants compared with nonmycorrhizal controls
(Ganry et al. 1985), and using "N, Kucey and Paul
(1982) showed that dually infected soybean plants fix
more N, that nodulated but non-mycorrhizal hosts.

In studies on the effect of the dual symbiosis on
legume nutrition and growth, most work has been
done in different types of soils and has been focused
on investigating the effect of mycorrhizal infection on
the development of nodulated legumes. In the present
paper we report the results of a series of experiments
carried out to assess the possible effects of Rhizobium
on VAM fungal metabolic activity.

Materials and methods

Seeds of alfalfa (Medicago sativa, L. cv Aragdn) were surface-
sterilized with HgCl, for 10 min and then thoroughly rinsed with
sterile water. After germination, scedlings were selected for unifor-
mity, then planted in autoclaved 500-g plastic pots containing a mix-
ture of purc sand and homoionic vermiculite (/:1 v/v) and grown
under greenhouse conditions: supplementary light (Svlvania in-
candescent and  cool-white lamps, 400nmolm 2 s7!
400700 nm), 16/8 h light/dark cycle, 27/17°C day/night tempera-
ture and 50% relative hunidity. All plants {two plants per pot) were
fed weekly with the nutrient solution described by Hepper and
O’Shea (1984) at pH 7.2. During the first 2 weeks the nutrient solu-
tion also contained 2 mA/ KNO;. Plants were inoculated at sowing
with R. meliloti alone, with G. fusciculatus alone, or with a mixture
of both microorganisms. The R. meliloti strain [02F28 was original-

field isolate. Bacteria were maintained asymbiotically on yeast-man-
nitol slopes and resuspended in sterile water (10S cells ml") before
using for inoculation. G. fasciculatus inoculum consisted of 3 g soil
from maize-plant stocks which contained spores, mycelium and in-
fected root fragments. Soil filtrate (filter paper Whatman no. 1)
from the rhizosphere of mycorrhizal-infected maize plants was add-
ed to each treatment. The filtrate contained common soil micro-
organisms but no propagules of Endogonaceae. No rhizobial or
mycorrhizal fungi infection was observed in control plants.



those infected with any of the two microorganisms or
the control plants. Single inoculation of plants with
cither K. meliloti or (i. fasciculatus also increased the
nutrient content over that of the uninoculated plants.

Discussion

Although earlier work established that inoculation of
leguminous plants with a combined treatment of VAM
fungi and Rhizobium increased plant growth (Harley
and Smith 1983), the present study extends that find-
ing to alfalfa plants grown in an inert rooting medium
(Table 1). Our data contrast with the apparent absence
of any mycorrhizal effect on soybeans inoculated with
G. fasciculatus and grown in a similar medium for 9
weeks (Bethlenfalvay et al. 1982). It is possible that the
amount of P applied to the rooting medium (0.8 mg
throughout the experiment) was sufficient to avoid
competition between the host plants and the fungal
microsymbiont for P, thus preventing the depressive
effect on plant growth described by other authors.

Dually inoculated alfalfa plants showed the lowest
root-to-shoot ratio (Table 1) and the highest nitroge-
nase activity (Table 3) and nutrient content (Table 4).
These results agree with those reported in 7Trifolium
subterraneym (Smith 1982), which indicated that the
double symbiosis increased N, fixation and P uptake
and that it also provided a well balanced nutrient
supply to the plants.

Alfalfa plants inoculated with either . fascicula-
tus alone or with G. fasciculatus plus R. meliloti
102F28 showed no significant differences in the per-
centage root length infected (Table 2), but the total
mass of the infected roots was much higher in the
plants inoculated with G. fascicularus alone (Table 2).
Nonetheless, I’ concentration and oxygen uptake were
higher in the plants infected with both microorganis-
ms (Tables 3 and 4). These observations suggest that
Rhizobium may affect VAM fungal metabolism so
that the fungus provides an increased supply of P
which, in turn, improves the symbiotic performance of
Rhizobium (Bergersen 1971).

The succinate dehydrogenase assay can indicate
the metabolically active sites of the fungal infection
(MacDonald and TLewis 1978). Since succinate de-
hydrogenase activity in the present study was nearly
equal with both treatments (Table 2), the observed ¢ -
fect of Rhizobium on the VAM fungus metabolism
could not have been reached via the tricarboxylic acid
pathway. Other biochemical pathways, such as the
pentose phosphate cycle, which is present in the VAM
fungi (MacDonald and Lewis 1978), could be involved
in this phenomenon.

Despite the relatively low levels of VAM infection
found in the inert medium used in this study (lTable 2)
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in comparison with those obtained for allalfa grown in
sotl (68% —81%; Ocampo and Barea 1985), the meth-
od is suitable for study of the basic physiology and
ecology of tripartite associations between leguminous
plants and Rhizobium and Glomus.
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Nitrogenase activity (acetylene reduction assay) was determined
on detached root systems excised at the cotyledonary node as previ-
ously described (Bedmar and Olivares 1980). These root systems
were incubated with 4 mM of 10% C,H, in air before sampling for
C,H, at 5 and 10 min. Oxygen uptake by detached root nodules
was determined amperometrically on a Gibson oxygraph equipped
as described by Del Rio et al. (1977). The final reaction volume was
3ml of SOmM TES (N-tris{hydroxymethyllmethyl-2-aminoethane-
sulfonic acid) buffer at pH 7.0, containing 0.2 g nodule fresh weight.

Mycorrhizal infection was estimated by clearing and staining the
roots (Phillips and Hayman 1970) and the percentage root length in-
fected was measured by the grid-line intersect method (Giovanuetti
and Mosse 1980). Succinate dehydrogenase activity in the fungal
mycelium was detected by the reduction of tetrazolium salt at the ex-
pense of added succinate (MacDonald and Lewis 1978), and mea-
sured according to Ocampo and Barea (1985). All plants were
harvested after 7 weeks of growth. Plant dry weight was determined
on plants that had been heated at 70°C for 48 h. Reduced N and
P, K, Ca and Mg contents of the alfalfa plants were estimated as de-
scribed by Azcoén and Ocampo (1981). The experiments were
repeated twice under the experimental conditions described and
mean values of six replicates are reported. Data were examined by
one-way analysis of variance in order to assess significant treatment
effects.

Resuits

Table 1 shows that inoculation of alfalfa plants with
either R. meliloti 102F28 alone or G. fasciculatus
alone significantly increased the root and shoot dry
weights in comparison with the uninoculated ones,
and that plants dually inoculated with both
microorganisms averaged the highest dry weight. On
the other hand, the dry weight of only VAM-infected
roots was statistically higher than that of the roots in-
oculated with the combined addition of R. meliloti
102F28 and . fasciculatus. Finally, although plants
inoculated with either of the two microorganisms
alone showed a lower root-to-shoot ratio than the con-
trol plants, the lowest root-to-shoot ratio for all
treatments was found in dually inoculated plants.

Table 2 shows that the percentage of VAM-infected
roots and the percentage of VAM mycelium with
metabolic activity, as indicated by succinate dehydro-
genase assay, were similar between plants inoculated
with G. fasciculatus alone or with R. meliloti plus G.
Jfasciculatus. Nevertheless, the dry weight of the roots
from the former treatment was higher than that of the
dually inoculated roots.

Table 3 shows that the oxygen consumption rates
of roots from dually inoculated plants were higher
than those of roots from plants inoculated with either
R. meliloti alone or with G. fasciculatus alone.
Similarly, acetylene-dependent ethylene production by
Rhizobium-nodulated plus Glomus-infected roots was
twice as high as that from roots inoculated with R
meliloti alone.

Table 4 shows that the nutrient content (N, P, K,
Ca, and Mg) of alfalfa plants inoculated with both
microsymbionts under study was always higher than in

Table 1. Root-to-shoot {R/S) ratio and shoot and root dry weights
of alfalfa plants inoculated with G. fasciculatus alone (M), with R.
meliloti 102F28 alone (R), with G. fasciculatus plus R. meliloti
102F28 (M + R), or uninoculated (C)

Treatments Dry weight (mg plant ') R/S
Shoot Root

C 63 105 1.67

M 170 296 1.74

R 113 194 1.72

M+ R 185 199 1.07

1.SD (0.05) 12 27 0.25

LSD, least significant difference

Table 2. Mycorrhizal infection of alfalfa plants inoculated with G.
Jasciculatus alone (M), with R. meliloti 102F28 alone (R), with G.
Sfasciculatus plus R. meliloti (M + R}, or not at all (C)

Treatments Infected roots Root length  Mycelium with
(mg plant~™"y infected (%) SDH activity (%)
( 0 0 0
M 108 40 23
R 0 0 0
M+R 74 37 27
LSD (0.05) 9 5 7

SDH, succinate dehydrogenase

T'able 3. Acetylene reduction and oxygen uptake of alfaifa roots in-
oculated with G. fasciculatus alone (M), with R. meliloti 102F28
alone (R), with G. fasciculatus plus R. meliloti 102F28 (M +R), or
not at all (C)

Treatments ARA

Oxygen uptake
(umol CyH, [umol O, (mg nod.
plant~' h ™" fresh wt.)™' ' m™ 1
C 0 0.70
M 0 1.19
R 0.51 0.99
M+R .17 1.95
LSD (0.05) 0.27 0.22

ARA, acetylene reduction assay; nod fresh wt., fresh weight of
nodules

I'able 4. Nutrient content (expressed as percentage dry weight) of
alfalfa plants inoculated with G. fascicufatus alone (M), with R.
melifoti 102F28 alone (R), with G. fasciculatus plus R. meliloti
102F28 (M + R), or not at all (C)

Treatments Nutrient

N P K Ca Mg
C 0.94 0.04 2.45 {.14 0.58
M 1.42 0.12 4.28 2.79 1.05
R 2.90 0.10 3.26 1.90 0.95
M+ R 4.62 0.19 5.39 3.55 1.47

LSD (0.05) 0.28 0.03 0.41 0.36 0.27




