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Summary-Sorghum (S. bicolor L. Moench cv. Bok 8) plants were grown in soil or sand-perlite low in 
plant-available N and P. Plants were inoculated with a vesicular-arbuscular mycorrhizal (VAM) fungus, 
or a strain of Azospirillum bradense or both endophytes together. Plants received a nutrient solution 
which did not contain N or P. Increases in plant dry weight, shoot-to-root ratios, and the N content of 
dually-infected plants could be accounted for by summing the VAM and A~o~~ir~llurn effects. For sorghum 
inoculated with both endophytes. the presence of A. bradense in the rhizosphere increased VAM 
colonization and biomass. while the N input due to Azospirilium decreased, possibly due to competition 
for carbohydrates. 

Comparisons between sorghum grown with or without VAM-fungal infection in four growth media 
showed that edaphic factors other than P availability determined the host response to VAM infection. 
The P-fixing capacity of the soil, rather than the amount of avaikibie (NaHCO~-extractabIe) P, in~uenc~ 
the balance between mutuahstic and parasitic VAM-fungal growth. 

Recent research on associations between the roots of 
graminaceous plants, such as sorghum, and associa- 
tive Nz-fixing bacteria (Barber et al., 1976) suggests 
that inoculation with Azospiriilum can increase crop 
productivity (Rai and Gaur, 1982). Dual inoculation 
with vesicular-arbuscular mycorrhizal (VAM) fungi 
and N,-fixing endophytes may provide enough P and 
N to enhance the growth and yields of cereals in 
marginal environments. Yield increases of 2040% 
have occasionally been obtained with Azospirillum 
under laboratory and field conditions (Smith et ul., 
1984). It is now generally concluded that N input due 
to N, fixation is only one effect following Azospiril- 
lum inoculation (Pacovsky et al., 198513). Bagyaraj 
and Menge (1978) and Barea et ul. (1975) found that 
inoculation with ~~~)f~)bu~ter ~~ro~c~~&u~ or 
phosphate-solubilizing bacteria in addition to a VAM 
fungus resulted in a synergistic host-response. They 
concluded that the production of phytohormones or 
growth regulators by these microbes may have had a 
greater effect on plant growth than the small increases 
in N and P availability. 

Improved P and N status in dually-infected 
legumes has resulted in increased photosynthesis that 
was capable of compensating for the increased respi- 
ratory demands of the microsymbionts (Paul and 
Kucey, 1981). This is indicative of the complexity of 
plant-microbial interactions involved in tripartite 
symbioses, For cereal roots infected with Azospiril- 
lum and a VAM fungus, both endophytes are present 

in the same cortical area of the root. This makes it 
possible to have direct interactions between the three 
symbionts which could range from enhancement of 
growth to competition for photosynthate. 

Response of a plant to colonization by my- 
corrhizae depends on many biotic (Carling et al., 
1979) and environmental (Rabatin, 1979) factors. 
Plant-available P is considered by most workers 
(Hayman and Mosse, 1971) to influence the degree of 
relative growth inhibition or enhancement in my- 
corrhizal symbioses (Mosse, 1973; Bethlenfalvay ed 
al., 1982a). Mycorrhizae proliferate when inoculated 
onto soybean roots in sand-perlite amended with 
hydroxyapatite (HAP) and grow parasitically on the 
host plant (Bethlenfalvay et al., 1983). This occurs 
when moderately-low P availability enhances VAM 
colonization, but in the absence of sorbed P the 
increased C requirements of the VAM fungus are not 
offset by increased P input. Colonization by VAM 
fungi reduces root exudation (Graham et al., 1981) 
and may reduce the release of malate and other 
organic acids from sorghum roots. These are pre- 
ferred carbon sources for A. brasifeme (Okon et al., 
1976). The study of Azospirillum-mycorrhiza-host 
interactions under various P levels should allow the 
Azospirillum or the VAM fungus to be highly com- 
petitive for photosynthate and so influence the 
growth and nutrition of this tripartite symbiotic 
association. Our study was initiated to examine the 
interactions between Azospirillum (AZO) and a VAM 
fungus relative to the growth response of sorghum. 
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MATERIALS AND METHODS 

Biological materials 

Sorghum [Sorghum bicolor (L) Moench cv. Bok 81 
seeds (30 &- 5 mg) were surface sterilized and planted 
as described in Pacovsky et al. (1985a). Plants were 
inoculated with a VAM fungus alone, an AZ0 strain 
alone, or both endophytes together, or were left 
uninoculated (control). All treatments received an N- 
and P-free nutrient solution. Azospirillum brusilense 
strain 125A2 was cultured for 72 h in peptone- 
succinate-salt broth (Hylemon et al., 1973). An inoc- 
ulum of 5 ml of bacterial suspension (10’ cells) was 
applied at planting and again after 7 days. Plants that 
received the VAM fungus Glomus ,fasc.iculatum 
(Thaxter sense Gerd.) Gerd. and Trappe were inocu- 
lated with 40 cm3 of sand-perlite containing between 
170 and 250 fungal spores. Non-VAM plants were 
initially treated with a spore-free leachate of the 
original VAM-fungal cultures to establish a similar 
microflora in VAM and control pots. Each treatment 
was replicated six times in soil or four times in 
sand+perlite, and each pot contained 3 plants. 

Substrates 

Plants were grown in 1.5 1 pots containing 1.25 kg 
of limed (10 g CaCO, kg-’ soil) “Josephine” series 
soil (pH 6.8) sterilized with ethylene oxide or a 
growth medium without mineralizable N 
(sand-perlite, 2/l, v/v) that received 100 mg HAP 
(19 mg P) and 100 mg urea (47 mg N, Table 1). 
Sorghum was also grown in two other substrates: an 
unlimed Josephine series soil (pH 5.7) and a UC 
(University of California) type D soil mix (Matkin 
and Chandler, 1957). In the last two growth media, 
plants were infected with a VAM fungus or left 
uninoculated (control). There were five replicates per 
treatment. 

GroEath conditions 

Sorghum planted in Josephine soils or the UC mix 
was grown in a glasshouse in Albany, California, 
from July to September 1982. Temperature and rela- 
tive humidity varied within the day-night ranges of 
3422°C and 45-9004, respectively. Average photo- 
synthetic photon flux density was 900 PE mm2 s-’ on 
overcast days. Daylength was extended to 16 h by 
1000 W metal halide lamps. Sorghum planted in the 
HAP-amended sand-perlite was grown in a growth 
chamber (Scherer model CEL 3&10) with day-night 
temperatures of 30-25°C and relative humidity be- 
tween 45-85x. The photoperiod was 16 h, and the 
photosynthetic photon flux density ranged from 500 
to 400 p E m ~’ S ’ over the growing area. Plants were 
rotated daily to avoid positional effects. A nutrient 
solution lacking N and P was applied (Pacovsky et 
a/., 1985b). 

Etlaluations and assays 

Each set of sorghum treatments was harvested at 
9 weeks. Plant parts were dried at 70 C for 2 days, 
weighed, and the N, P and micronutrient contents 
were determined. Plant dry weights and total nutri- 
ents were expressed on a per pot basis. Soil available 
P (Watanabe and Olsen, 1965) was evaluated and 
StatiStiCal analyses were performed as in PdCovSky (J[ 

al. (1985a,b). Fungal infection and vesicle distribu- 
tion were measured microscopically (Bethlenfalvay 
and Pacovsky, 1983). The chitin content. a measure 
of VAM extraradical mycelium. was determined for 
30cm’ of UC potting medium (Pacovsky and Be- 
thlenfalvay, 1983) or 40cm’ of sand-perlite (Be- 
thlenfalvay CI ul., 1982b). To account for COII- 

tamination by chitin-containing organisms other 
than the VAM fungus substrate from control pots 
was subjected to the same analyses as VAM-plant 
substrate, and the difference between them was attrih- 
uted to VAM-fungal chitin. 

RESULTS 

Phytomass 

The total dry weight of plants infected with a VAM 
fungus or AZ0 alone was 16% greater than the 
control in both the limed and unlimed Josephine soil 
(Table 2). Sorghum plants colonized by both endo- 
phytes were 38:’ larger than the control and 
significantly (P < 0.05) larger than the plants co- 
lonized by only one endophyte. An analysis of vari- 
ance showed that the dry weight increase in the 
+VAM +AZO plants was not due to a 
VAM x AZ0 interaction, but could be accounted for 
by a summation of the two main effects. 

Sorghum grown in sand-perlite with HAP fertilizer 
responded positively to AZ0 inoculation (43”: 
growth increase), but VAM plants showed growth 
decreases ( 14:” less dry weight). Hosts inoculated 
with both the VAM fungus and AZ0 were 307: larger 
than the control in sand--perlite, and also showed no 
VAM x AZ0 synergism. Parasitism due to the VAM 
fungus was present in both artificial potting media 
regardless of the effect attributable to AZ0 (Table 2). 
These plants assimilated large amounts of P from the 
substrate, and under these conditions VAM infection 
resulted in yield decreases. Inoculation with one or 
both endophytes did not significantly alter shoot-to- 
root ratios in soil or sand--perlite (Table 2), but the 
relative shoot-to-root increase was different in the 
two artificial growth media. 

Glonmr-induced growth enhancement in Josephine 
soil was contrasted with parasitic growth of Glomus 
in sand-perlite and UC mix (Fig. 1). The greatest 
difference in growth response (positive or negative) 
between VAM and non-VAM plants occurred in the 

Table I. Characterstics of “Josephine” series SOIIS or artificial potting mixes at harvest 

Available P Total P NH:-N NOT-N 
Soil Total N 

Treatment PH (Mpg ‘1 (:;,I 

Josephine soil (hmed) 6.0 3.9 307 I.9 1.6 0.15 
Sand-perlite medium 6.6 3.3 60 0.1 0.28 0 02 
Josephine soil (unlimed) 5.3 2.1 302 Ii I.9 0.17 
UC mix (type D) 5.5 X.1 406 14.1 51.0 0 30 
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Table 2. Yields for sorghum inoculated with either a VAM fungus alone, Anpirillum (AZO) alone, 
both endophytes together, or with neither endophyte as a control’ 

Treatment 

Josephine soil (limed) 
- VAM - AZ0 
+ VAM - AZ0 
-VAM + AZ0 
+ VAM + AZ0 

Sand-perlite medium 
- VAM - AZ0 
+ VAM - AZ0 
- VAM + AZ0 
+ VAM + AZ0 

Josephine soil (unlimed) 
-VAM - AZ0 
+ VAM ~ AZ0 

UC mix (type D) 
~ VAM - AZ0 
+VAM - AZ0 

Shoot 
dry wt 

(6) 

6.76~ 
7.86b 
7.98b 
9.37c 

9.88, 
8.04~ 

14.092 
12.48~ 

4.62111 
5.5611 

11.41s 
10.83s 

Root 
dry wt 

(9) 

5.80a 
6.54b 
6.67b 
7.99c 

4.56~ 
4.08~ 
6.642 
6.4% 

3.91n 
4.45n 

11.80~ 
10.17s 

Total 
dry wt 

(9) 

12.56a 
14.40b 
14.65b 
17.36~ 

14.44x 
12.12w 
20.73~ 
18.92~ 

8.53111 
lO.Oln 

23.22r 
21 .oos 

Shoot/root 
ratio 

1.17a 
1.21a 
I .20a 
1.18a 

2.162 
I.982 
2.132 
I .942 

1.18m 
I. I5m 

0.97r 
I .06r 

‘Mean values for each measure and soil treatment having the same letters within a column are not 
significantly different at the 0.05 level by Student’s I-test. 

low-fertility media (Table 1). In the Josephine soil 
there was a 45% increase in plant dry weight resulting 
from liming; this percentage increase was similar 
regardless of whether Gfomus was present. Liming did 
not affect the shoot-to-root ratio, but there was 
greater shoot production in the HAP-fertilized 
sand-perlite medium (Table 2). Non-VAM plants 
grown on the UC medium had significantly greater 
root dry weights than the VAM-infected sorghum. 
This again demonstrates that VAM-fungal co- 
lonization decreases root weights in sorghum. 

Elemental composition 

In the limed Josephine soil, shoot N concentrations 
were highest in plants colonized by AZ0 alone (Table 
3). Sorghum inoculated with the VAM endophyte 

had low shoot and root N concentrations due to 
nutrient dilution following increased growth without 
concomitant N input. Total N was less in the dually- 
inoculated plants (Josephine soil) as compared to the 
AZO-alone treatment, which suggests the presence of 
VAM decreased the N input due to Azospirillum. 
Hosts inoculated with AZ0 alone contained 28% 
more total N than uninoculated plants, although dry 
weight increased only 19% (Table 2). This amounted 
to 9 mg more N per plant in the +AZO treatments. 

Shoot N concentration in the plants grown in the 
sand-perlite medium was highest in the +AZO treat- 
ment, but the highest root N concentration was 
found in the +VAM -AZ0 treatment, possibly as 
a result of reduced host growth due to fungal para- 
sitism. Compared to non-VAM plants, infection by 

UNUMED 

+20 
JOSEPHINE LIMED 

JOSEPHINE 
2 
0 
E 
8 +10 

9 UC MEDIUM 
0 

Ll 

-20 SAND/ PERUTE 

Fig. 1. Relative host plant response to VAM colonization. Sorghum plants were either inoculated 
with a VAM fungus or left uninoculated (control). Treatments were grown in two soils or two inert 
potting media. Growth of VAM plants relative to controls was calculated as percent differences: 

([VAM plant - control]/control) x 100. 
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Table 3. Elemental composltmn for sorghum inoculated with ather a VAM fungus alone, A:osprri/lum (AZO) 
alone, both endophytes together. or with nather endophyte as a control 

Treatment 

N concentration 

Show Root 

mi:,,) - 

Total 
plant N 

0%) 

Total 
plant P 

(w) 

Josephine rod (limed) 
VAM ~ AZ0 

+VAM AZ0 
O.XZb 
0.66a 

~ VAM + AZ0 0.9lc 
,m VAM + AZ0 0.67:~ 

0 71b 
0.5lb 
0.77b 
0 54a 

9hab 
X6a 

l24c 
IOhb 

O.OXa 
0.13h 
0.07a 
O.l?.b 

0.0&d 
0.08b 
O.Ohd 
0.07ab 

XSa 
15.2b 
9.13 

I7 Ic 

Sand perlito medium 
~~ VAM ~ AZ0 
+VAM PAZ0 
PVAM + AZ0 
+ V.AM + AZ0 

Josephme so11 (unlimed) 
- V4M ~ AZ0 
+VAM ~ AZ0 

UC Inix (type D) 
VAM ~ AZ0 

+ VAM ~ AZ0 

0.35y 
0.48y7 
0.51: 
0.612 

Ll4m 
0.72n 

O.hYI 

0.7Or 

0.40x 
0.617 
0.46~~ 
OSOy 

O.XHm 

0.5hn 

0.54r 

0.54r 

s3a 0.09xv 0.07vr 
63b 0.12r’ 0.06; 

I ozc 0.08x 0.06y 
IO8c 0 IOy 0.087 

87n O.l?m 0.07m 
68m 0. IO11 0.09n 

142r 0.12r 0.08r 
l2Yr 0. I3r 0.1 Is 

l2.3a 
12.sa 
lS.Ob 
17.6~ 

8.4m 
9.3m 

23.4r 
24.2~ 

the VAM fungus resulted in higher root N concen- 
tration and total N in plants in grown sand-perlite 
(Table 3). This was in contrast to sorghum grown in 
the limed Josephine soil, and it indicated that in 
sand-perlite there was additional N input by the 
VAM fungus and not just reduced growth. Co- 
lonization by AZ0 increased root and total plant N. 
Hosts infected with VAM alone contained approxi- 
mately 10 mg more N than the controls. The + AZ0 
plants showed an increase of 17 mg N per plant over 
the seed and sand-perlite contribution. This was 
roughly twice the additional N input due to AZ0 
inoculation in Josephine soil. 

Shoot and root N content were inversely propor- 
tional to the growth differences between VAM and 
control plants in the four soil comparisons. The 
presence of VAM appeared to reduce N uptake in 
soils containing a moderate to high concentration of 
available N, but increased N uptake in the N deficient 
sand--perlite. Total plant N was highly correlated 
(r = 0.92) with total soil N. 

Shoot P concentration was significantly higher for 
plants colonized by Glomus in Josephine soil (Table 
3) resulting in an 80:; increase in plant P even though 
dry weight increased only 19%. Sorghum colonized 
by AZ0 showed a positive growth response and had 
shoot P concentrations that were less than the 
-AZ0 treatments. Seed P amounted to 1 mg P (3 
seeds), and the Josephine soil was able to contribute 
7 mg NaHCO,-extractable P (Watanabe and Olsen, 
1965). VAM plants contained twice as much P as 
non-VAM plants, and this was nearly twice the 
amount of Olsen-available P. The dually-infected 
treatment acquired the greatest amount of P in 
sand--perlite (Table 3). 

Sorghum grown without Glomus took up almost 
90% of the NaHCO,-extractable P in the potting 
mix while VAM plants assimilated 125% of the 
available P. Plants colonized by the VAM fungus 
in sand-perlite acquired relatively less P than VAM 
plants in the Josephine soil. This was one reason for 
the relatively poor host-plant response to VAM 
colonization in the inert medium. 

Micronutrients 

Improved growth in the singly- or dually-infected 
plants usually diluted their trace mineral content 
(Tables 2 and 4). Shoot Mn tended to increase in 
VAM or AZO-colonized plants in the Josephine soil 
while root Mn decreased (Table 4). In general, root 
Cu concentrations were significantly higher in VAM- 
colonized roots, while inoculation with AZ0 had no 
effect upon the amounts of plant Zn or Cu (Table 4). 
There was less Mn, but more shoot Zn and root Cu 
in VAM plants grown in the UC potting mix. Shoot 
Mn concentration showed a negative correlation 
(r = -0.65) with total plant dry weight. This implies 
that high concentrations of Mn interfered with plant 
growth. 

VAM colonization and biomass 

Sorghum grown in sand--perlite or UC mix had 
increased amounts of fungal infection and more 
vesicles than the corresponding treatments grown in 
Josephine soil (Table 5). Fungal infection was in- 
creased 30% and the amount of vesicles by 7O”/d in the 
presence of AZ0 in soil or sand-perlite. Increases in 
intraradical VAM biomass was greatest for dually- 
infected plants grown in the Josephine soil. Roots of 
the VAM-only plants contained proportionately 
more extra- to intraradical mycelium (Table 5). 

Mycorrhizal biomass represented approximately 
l’?(; of the root weight in the VAM-only plants, but 
increased to 2.6-4.0:; in the presence of AZ0 (Table 
5). The percent biomass was higher in the plants 
raised in sand-perlite due to the comparably smaller 
root mass (Table 2). although total VAM biomass 
supported by sorghum in the UC mix was nearly four 
times larger than the amount found in the 
sand-perlite. 

DISCUSSION 

The growth-promoting effect of bacterial inocu- 
lation on cereals may be linked to factors other than 
N, fixation (Barea et al., 1983). The possibility exists 
that Azospirihm increased N mineralization in the 
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Table 4. Micronutrient concentrations in sorghum plants inoculated with either a VAM fungus alone, Axwpirillum (AZO) alone. 

both endophytes together, or neither endophyte as a control 

Fe Mll Zll cu 

Shoot Root Shoot Root Shoot Root Shoot Root 
Treatment __~_--_(~gg~‘)__-_-_ 

Josephine soil (limed) 
- VAM - AZ0 42.8~ 361% 62.9a 234b lS.la 25.8ab 3.9a l2.4a 
+ VAM - AZ0 42.4bc 2845b 85.7b 219ab 17.lab 32.6bc 5.6b l9.3b 
- VAM + AZ0 35.8a 2760b 91.3b 2Ola l9.k 22.3a 5.0ab l0.9a 
+ VAM + AZ0 38.4ab 2423a 80.8b 2l2ab 17.6bc 34.2~ 5.8b 21.2b 

Sand-perlite medium 
- VAM - AZ0 38.9y 2Olxy 22.5~~ 23x 17.6~~ 63.1~ 0.9x 3.9yz 
+VAM - AZ0 43.lyz 190.x 19.3x 3OY 18.82 47.9y 2.4yz 4.92 
- VAM + AZ0 41.5yz 239~ 30.82 34yz 15.9.x 44.2y I .8y 3.oy 
+ VAM + AZ0 45.82 3082 23.9~ 352 I6.57.y 40.8~ 3.12 4.32 

Josephine soil (unlimed) 
-VAM ~ AZ0 46.3m 5380m 129.lm 359m 27.4m 47.7m 7.0111 15.2m 
+VAM - AZ0 42.7m 2990n IO1 sn 268n 23% 27.9n 5.Sn 21.611 

UC mix (type D) 
- VAM - AZ0 35.4r 417r 64.3r 62r 21.7r 36.3r 4.61 8.2r 
+ VAM - AZ0 39.2r 370s 52.0s 45s 29.as 41.4r 5.2r 10.8s 

Conventions as in Table 2 

Josephine soil and may have increased the uptake of 
N from urea in sand-perlite, but in these N-deficient 
environments, fixation of N, was more likely the 
source of additional N. Differences in the amount of 
N provided by Azospirillum in the two growth media 
appear to be linked to edaphic factors (Charyulu and 
Rao, 1980). Greater amounts of VAM infection and 
extensive vesicle formation in roots also containing 
A. brasilense may have been due to improved host 
nutrition or production of growth-promoting sub- 
stances (Brown, 1976; Barea et al., 1975). The devel- 
opment of vesicles following Azospirillum inoculation 
indicated a greater availability of carbohydrates to 
the fungal endophyte, possibly due to N-dependent 
increases in photosynthesis. Sorghum inoculated with 
both endophytes in limed Josephine soil or 
sand-perlite acquired less total N than if inoculated 
with A. brasilense alone. This suggests a competition 
for root metabolites between the two endophytes. If 
the tripartite association is dependent on N, fixation 
for N input, then the reduced carbohydrate allocation 
to the rhizosphere following VAM-fungal co- 
lonization may result in N stress. 

Micronutrient concentrations in plants colonized 

by the VAM fungus or Azospirillum are different than 
the controls as a result of plant growth and altered 
mineral uptake. There was no limitation on Fe 
availability for plants grown in the acidic, iron-rich 
Josephine soil (Kannan, 1981) and in this environ- 
ment plant roots will accumulate Fe without trans- 
porting excessive quantities to the shoots. 

Roots colonized by Glomus contained more inter- 
nal VAM biomass relative to external biomass in the 
presence of Azospirillum, a situation similar to the 
VAM parasitic growth observed in an inert medium 
(Bethlenfalvay et al., 1983). The fact that the tri- 
partite association did not inhibit host-plant growth 
to a greater extent than VAM colonization alone 
suggests that VAM-fungal propagation in response 
to A. brasilense was an effect of enhanced host 
nutrition. 

Data from the soil comparisons indicate fertilizer 
P-availability was not the only edaphic factor that 
determined the host response to VAM infection. 
Mosse (1972) found that soil type was more critical 
in determining host response to VAM infection than 
was fungal-host compatibility. In our experiment, 
VAM-plants displayed differences in growth in- 

Table 5. VAM fungal colonization of sorghum roots inoculated with a VAM fungus alone or in combination with 
Azospiritlum (AZO) 

Treatment 

Fungal 
infection 

(%) 

Extradical 
Intraradical 7” biomass VAM 

Vesicles Chitin VAM biomass (VAM/root) biomass 
(%) (mg g-l) (mg) (X) (mn) 

Josephine soil (limed) 
+ VAM - AZ0 
+ VAM + AZ0 

Sand-perlite medium 
+VAM - AZ0 
+VAM + AZ0 

Josephine soil (unlimed) 
+ VAM - AZ0 

UC mix (type D) 
+VAM - AZ0 

33Sby 
49.4a 

46.0~~ 
67.4d 

25.22 

62.7~ 

26.5by 
44.3a 

35.ocx 
61.3d 

IO.52 

48.Ow 

l.3bz 
2.3a 

2.8~~ 
3.5d 

I.12 

3.1x 

87by 
206a 

54cz 
257d 

552 

60~ 

I .4bz 
2.6a 

1.2cz 
4.0d 

I .22 

3.5v 

ND’ 
ND 

44cz 
l35d 

ND’ 

309v 

‘Extraradical VAM biomass could not be measured on the “Josephine” series soil due to its high hexosamine content. 
Conventions as in Table 2. 
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hibition or enhancement over a narrow range of P 
availability (Fig. 1). 

Fungal proliferation increased the competition for 
host carbohydrates without stimulation due to en- 
hanccd P status in sand-perlite. Phosphorus stress 
and the magnitude of host response to VAM fungal 
infection (positive or negative) decreased with in- 
creases in available P (Fig. 1). Plant-available P in a 
soil is determined by P mineralization and P sorption. 
Numerous studies have confirmed that VAM fungi 
do not substantially increase P dissolution or “tap 
pockets of P unavailable to the plant” (Tinker, 
1975). The advantage conferred on the host by the 
endophyte is a result of thorough permeation of the 
soil by the extraradical mycelium (Graham et al., 

1982). In a non-sorbing medium, P concentration 
depends on the distance between HAP or P-fertilizer 
grains, and the VAM fungi provide little advantage 
to the host (Bethlenfalvay pr (I/., 1983). The crucial 
factor determining available P in the Josephine soil is 
not mineralization but sorption of P. Fungal myce- 
lium may be able to intercept. then convert to 
biomass or transport and transfer P that otherwise 
would be fixed. Proliferation of intraradical myce- 
lium relative to extraradical mycelium correlated with 
the observed amount of growth depression in the 
inert media. 

It is concluded that for a specific hosttfungal 

endophyte combination there is an amount of P 
taken up by a VAM fungus that otherwise would be 
fixed, and this P promotes mycotrophic growth. 
Source-sink relationships in the host, balanced by soil 
P sorption and availability, determine the growth of 
the fungal endophyte and the response of the host. 
The results show that some synergism exists between 
the microsymbionts in a tripartite association, but for 
many plant growth measurements, the observed 
effects could be attributed to a summation of separate 
VAM and AZ0 effects. 
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