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Summary-Interactions between vesicular-arbuscular (VA) mycorrhizal fungi and phosphate-soiubihz- 
ing bacteria were studied in a low-phosphate alkaline soil amended with 0, O.l”, and OY’,, rock phos- 
phate. Endogone (E3 and yellow vacuolate spore types) and two bacteria able to solubilize rock phos- 
phate in rirro and produce plant growth regulating substances were used as inocula. Lavender (Ltrrtmdrr- 
Ire spictr var. vera L.) plants with mycorrhiza plus bacteria (either E3 plus bacteria or “yellow vacuolate” 
plus bacteria treatments) took up more total P than plants with either Endogow or bacteria separately 
at each concentration of rock phosphate. Plants not inoculated with bacteria or Enrh~one derived 
no benefit from the rock phosphate. 

INTRODL’CTlON 

In a previous study (Barea et al., 1975) we found inter- 
actions between vesicular-arbuscular (VA) mycorrhi- 
zal fungi (En&gorle spp.) and phosphate-dissolving 
bacteria in the rhizospheres of plants inoculated with 
these microorganisms which affected phosphate up- 
take and plant growth in low-phosphate soils. That 
study showed: (i) the inoculated bacterial population 
remained higher in the rhizospheres of mycorrhizal 
than of non-mycorrhizal plants for 30 or 45 days, 
so that the metabolic activities of the bacteria were 
probably maintained for a longer period; and (ii) 
plants inoculated with bacteria and Endogone to- 
gether took up significantly more P than plants in- 
oculated with either microorganism separately in 
one out of four tests. In that one positive test. but 
not in the other three. the bacteria enhanced mycor- 
rhizal development. 

As Sanders and Tinker (1971) and Hayman and 
Mosse (1972a) indicated. mycorrhizal plants take up 
P from the same source of readily soluble P as non- 
mycorrhizal plants. VA mycorrhiza does not increase 
phosphate uptake by dissolving complex soil phos- 
phates (Hayman and Mosse. 1972b). Although Daft 
and Nicolson (1966). Murdoch er al. (1967) and Jack- 
son er trl. (1972) showed that VA mycorrhiza seemed 
to hydrolyse rock phosphate. these results could be 
due to a more efficient uptake of chemically disso- 
ciated phosphate ions by fungal hyphae. Ross and 
Gilliam (1973) showed that mycorrhizal plants given 
rock phosphate in soil grew better than non-mycor- 
rhizal ones. but both series of plants exhibited symp- 
toms of P-deficiency. Plants with mycorrhiza did not 
yield more seed than plants without. 

Some bacteria can hydrolyse insoluble phosphate 
in rirro (Greases and Webley. 1965: Barea er (11.. 1970: 
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Tardieux-Roche and Tardieux. 1970) including rock 
phosphate (Ramos et ul., 1966). However, it is uncer- 
tain whether bacteria with this ability. when intro- 
duced into the rhizosphere, might dissolve rock phos- 
phate added to soil and so benefit the plant. The etio- 
lated stems of plants inoculated with phosphate-solu- 
bihzing bacteria and growing in sand plus rock phos- 
phate (Gerretsen, 1948) may be a hormonal effect 
rather than the result of improved phosphate nutri- 
tion. 

Swaby and Sperber (1959) list soils where microbial 
solubilisation of phosphate is most likely to occur. 

The present study is concerned with aspects of 
mycorrhizal stimulation of the bacterial population 
in the rhizosphere and tests the possibility that 
phosphate-solubilizing bacteria and Endogonr inocu- 
lated separately or together might enhance the ability 
of a plant to use P from sparingly soluble rock phos- 
phate added to soil. 

MATERIALS AND METHODS 

Two Endogone species. E3 and YV (yellow vacuo- 
late) spore types (Mosse, 1973) provided by Dr. B. 
Mosse at Rothamsted, were used. These are probably 
synonymous with Glomus fosciculotus and G. mosseue. 
respectively. as described by Gerdemann and Trappe 
(1974). Two bacterial species. a Pseudomonas sp. and 
an Agrobncterium sp.. which were efficient solubilizers 
of rock phosphate in vitro were tested. Inocula were 
prepared as described before (Barea et NI.. 1975). 

The test soil was collected from the province of 
Granada. Spain. It is a brown calcareous type. pH 7.6. 
containing 5 mg NaHCO,-soluble P. 132 mg N and 
45 mg K/Kg soil (for methods of analysis see Barea 
er ~11.. 1975). The soil was steam-sterilized at 1OO’C 
and distributed in pots (250 g pot) after mixing with 
25” sand. by volume. and with lOO-mesh rock phos- 
pha”te at 0. 0.1”” and 0.5”” (w w) concentrations. 
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Four-week-old seedlings of lavender (Lacar~&rla 
spica L.) were inoculated using a small pad (about 
2 mm3) of ,%fogone inoculum or by dipping seedling 
roots in the two bacterial cultures combined at the 
time of inoculation. The Endoyone inoculum consisted 
of spores, hyphae and infected root fragments ob- 
tained by wet-sieving rhizosphere soil from a plant 
infected with the E3 or YV spore types. 

There were six inoculation treatments plus two 
types of controls: C1 = Control (autoclaved bacteria): 
CZ = Washings of Endogonr inoculum (to provide the 
bacteria associated with the inoculum): B = Bacteria: 
E3 = Endogone E3 type: YV = Endogone YV type: 
B-E3 = Bacteria - E3, and B - YV = Bacteria - 
YV. 

Plants were grown in open pots for 5 months in 
a glasshouse at 19-25’C, watered on sand trays and 
fed with nutrient solution (Hewitt, 1952) lacking phos- 
phate. 

In the course of the experiment. rhizosphere soil 
was sampled at 15-day intervals in bacteria-inocu- 
lated pots as described by Brown et nl. (1962). Total 
and phosphate-solubilizing bacteria were counted on 
a medium containing 0.02” o rock phosphate. Bacterial 
numbers were related to 1 g dry rhizosphere soil. 

At harvest. Endogone infection was assessed micro- 
scopically by staining as described by Phillips and 
Hayman (1970). Dry weights of roots and shoots were 
recorded and plant tissues analysed for P as before 
(Barea et (I/.; 1975). 

REX LTS 

Table 1 gives dry weights of shoots. roots and root/ 
shoot ratios for the different treatments. Least signifi- 
cant differences (LSD at 5’~) between results due to 

Fable 1. Dry weights and root;shoot ratios of lavender 
plants given different inoculation treatments and three con- 

centrations of rock phosphate 

Table 2. Significance le\cls at \\hlch cffecrs of tre;itmen& 
on plant dr! \\eights differ 

effects of rock phosphate concentrations in soil for 
each inoculation treatment are also shown. 

Increased additions of rock phosphate did not in- 
crease growth of control plants. With the inoculated 
plants. in contrast, shoot dry weights clearly increased 
with additions of rock phosphate in the B, E3 and 
B-E3 treatments, although root dry weights were less 
affected. 

In Table 2 the effects of inoculation treatments for 
each phosphate concentration are statistically com- 
pared. 

The results in Tables 1-2 clearly show that the 
combined inoculum of Endogone E3 plus bacteria sig- 
nificantly increased plant growth above that achieved 
with either separately. The combined inoculum of En- 
dogonr YV plus bacteria did not significantly increase 
plant growth above YV inoculation alone. YV-inocu- 
lated plants grew best of all. regardless of whether 
bacteria or rock phosphate were added. Thus the YV 
inoculum was much more affective than the E3 inocu- 
lum in this soil and presumably brought the lavender 
plants onto the plateau of a phosphate response 
curve. 

Table 3 shows P content (“, of dry matter) ex- 
pressed as P,;, P in plant shoots and roots. Least sig- 
nificant differences (LSD at 5”“) due to the amount 
of rock phosphate added are indicated. 

The addition of 0.5”,, rock phosphate did not sig- 
nificantly affect the “” P in uninoculated plants or 
in plants inoculated separately with either bacteria 
or &&gone W. In plants with these inocula com- 
bined. the “,, P increased with rock phosphate added, 
but this increase was not significant at the 5”, level. 
0.5”,, rock phosphate also had a barely significant ne- 
gative effect on the P concentration in plants inocu- 
lated with E3 En&one-this is presumably a 
growth-dilution effect. Table 3 also shows the total 
P taken up by plants. This was calculated by multi- 
plying mean values of “,) P by mean values of dry 
weight. 

In Table 4 the effects of inoculation treatments are 
statistically compared for each concentration of rock 
phosphate. The bacteria markedly increased the P 
content of non-mycorrhizal plants and of plants my- 
corrhizal with YV but not with E3 Enrlogonr. 

Table 5 shows that inoculation with Entlogonr. es- 
pecially YV. favoured the early maintenance of phos- 
phate-solubilizing bacteria. After 2 months of plant 
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Table 5. Numbers of phosphate-solubilizing bacteria in the 
rhizosphere of lavender as effected by Endo~~~nr treatment, 

Y/, rock phosphate added and samphng time 

Table 3. P content (7, P) and total P taken up (mg) by 
lavender plants given different inoculation treatment and 

three concentration of rock phosphate 

the microbial inocula in some way increasing the ac- 
cessibility to the plant of this sparingly soluble form 
of phosphate. 

This effect did not appear to be directly attributable 
to phosphate solubilization because the percentage of 
P in the plants did not increase with increasing con- 
centrations of rock phosphate (except in one case, 
Table 3). Uninoculated plants did not derive any 
benefit from the rock phosphate. 

If it is accepted that mycorrhizal plants can take 
up more phosphate than non-mycorrhizal plants from 
the same readily soluble P source, chemical dissocia- 
tion of phosphate ions from rock phosphate could 
account for the increased growth of those plants due 
to rock phosphate additions (see Introduction). If the 
bacteria took up this dissociated phosphate, however, 
they would be in competition with the roots because 
they cannot transfer phosphate into the root as a my- 
corrhizal fungus can. Since the bacteria enhanced 
plant growth, any competition must have been more 
than compensated for by other effects on the plant. 
One effect was on root growth. When bacteria were 
inoculated alone, the root/shoot ratios of the lavender 
plants were larger than those for the controls. These 
bacteria are now known to produce growth sub- 
stances of the auxin, gibberellin and cytokinin types. 
Although the relative activities of these hormones in 
the rhizospheres of the plants in the present exper- 
iment were not assessed a hormonal effect could ex- 
plain the increased root/shoot ratio in bacteria-inocu- 
lated pots. This increased root growth could account 
for the increased uptake of total P. The mycorrhizal 
lavender plants had smaller R/S ratios than the con- 
trols, agreeing with Hayman and Masse (1971. 

Dry weights of plants inoculated only with bacteria 
increased steadily with rock phosphate concentration, 
although the percentage of P was the same irrespec- 
tive of the rock phosphate concentration. Two poss- 
ible explanations are: (i) the bacteria might affect 
plant growth by the plant hormones that they synthe- 
sise. Such substances could influence the early stages 
of plant growth (Brown, 1974) so that more actively 
growing roots were able to explore more soil and 
more zones where phosphate ions were chemically 
liberated from the rock phosphate particles. This effect 
should be greatest with the largest addition of rock 

growth, this effect disappeared, and the number of 
inoculated-bacteria declined in all treatments in the 
usual way. Calculation of total bacteria suggests no 
stimulation of bacterial numbers by Endogone after 
8 weeks. 

Control plants and those inoculated only with bac- 
teria remained non-mycorrhizal. The development of 
VA infection in E&gone-inoculated pots ranged be- 
tween the following values (% of the feeder root sys- 
tem infected): E3-inoculated pots: 2545%; Bacteria 
plus Efinoculated pots: 35-60%; W-inoculated 
pots: 685%; Bacteria plus W-inoculated pots: 
60-80%. 

DISCUSSION 

The improved phosphate uptake and growth of in- 
oculated over uninoculated plants where rock phos- 
phate was added to the soil must have resulted from 

Table 4. Significance levels at which effects of treatment 
on P concentration (expressed as 9, P) in plants differ 
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phosphate: and (ii) some solubilization of phosphate 
by the bacteria cannot be excluded. especially as the 
bacteria produce acids and rock phosphate dissolves 
in acid but not in alkaline soils. 

The improvement of the E3 Endogone effect by the 
bacteria probably includes a pH effect on the fungus 
because these bacteria create microhabitats with a 
lower pH, which are more suitable for the E3 spore 
type of Endogone, as suggested before (Barea er (II., 
1975). In fact, E3 Endogonr infection was improved 
by the bacteria. The YV type of Endogone is not fa- 
voured by a lowered pH, yet the bacteria strongly 
influenced its activity. One month before harvest, 
plants with YV plus bacteria were about 500, taller 
than plants with YV only; during the last month of 
assay plants with YV alone grew rapidly and at har- 
vest shoot and root dry weights were similar for YV- 
inoculated plants, with or without bacteria. Neverthe- 
less, plants took up more phosphate in the YV plus 
bacteria treatment. This suggests the possibility of 
some solubilization of rock phosphate by the bacteria. 
but not enough to inhibit the VA infection. Small 
amounts of phosphate hydrolysed by the bacteria 
from rock phosphate could enter the soil solution to- 
gether with the chemically dissociated ions and be 
taken up by mycorrhizal plants. Alternatively, these 
extra phosphate ions could come from dead bac- 
teria since more bacteria grow and subsequently die 
around the mycorrhizal than non-mycorrhizal roots 
as there are more present in the earlier but not 
later stages of plant growth and. as previously found 
(Barea et al., 197.5), Endogone enhances early estab- 
lishment of phosphate-solubilizing bacteria intro- 
duced in the root zone. 

Work is in progress. using 32P. to try and establish 
directly if bacteria really hydrolyse some phosphate 
ions from rock phosphate under the conditions em- 
ployed in the present study. Whatever the mech- 
anisms involved, this study may have practical sig- 
nificance for alkaline soils because of the general in- 
solubility of rock phosphate fertilizer in such soils 
in contrast to its availability to plants in acid soils. 
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