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Abstract

A pot experiment was conducted to examine the
significance of indigenous arbuscular mycorrhizal
fungi (AMF) for growth and phosphorus uptake in
some important introduced forage grasses at dif-
ferent soil pH levels in a Brazilian Oxisol. Plants
of Brachiaria brizantha (BB), B. decumbens
(BD), B. humidicola (HU) and Panicum maximum
(PM) were grown in a glasshouse for 70 days
with or without inoculation with indigenous AMF
at 3 levels of initial soil pH (4.3, 5.1 and 6.4).
After the growth period, dry weight, concentra-
tion of phosphorus (P) and P uptake were deter-
mined in both shoots and roots. Inoculation with
AMF increased both shoot and root dry weights
in BD, BB and PM, but not in HU. Shoot and
root P concentrations and total P uptake per pot in
all species were improved by mycorrhizal inocu-
lation. Plant growth and P uptake were directly
related to soil pH in all grass species. All grass
species showed the highest mycorrhizal depend-
ency for dry matter production and P uptake at
the lowest soil pH level.
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Introduction

The Brazilian savannas, locally known as
“Cerrados”, which cover about 2 M km? in central
Brazil, are one of the most important areas for
livestock production in the world (Adamoli et al.
1986). Since the 1970s, an estimated 0.5 M km?
has been sown with tropical grasses of African
provenance such as Brachiaria species or Panicum
maximum (Macedo 1995). However, since the soils
of the Brazilian savannas are highly acid, low-P
soils (Kornelius et al. 1979), the productivity and
sustainability of the improved pastures are largely
affected by the ability of the introduced grasses to
extract P from the soil (Rao 2001).

It is generally recognised that the association
of arbuscular mycorrhizal fungi (AMF) enhances
P uptake by forage grasses in the Brazilian
savannas (Mosse 1972; Siqueira et al. 1990;
Souza et al. 1999). However, information on the
relationship between the grass-AMF association
and soil pH is limited in these savanna regions
(Siqueira et al. 1990).

Soil pH affects both plant growth and mycor-
rhizal association. Mosse (1972) indicated that an
application of lime to 2 kinds of Brazilian Oxisol,
increasing soil pH from 4.7 to 5.0 and from
4.8 to 5.8, improved mycorrhizal effectiveness in
Paspalum notatum planted in these soils. More-
over, Rheinheimer and Kaminski (1994) reported
that the effect of AMF inoculation on the growth
and P accumulation of Paspalum notatum on a
Brazilian Ultisol was maximised, when the soil
pH ranged from 5.0 to 5.5. In contrast, Siqueira
et al. (1990) reported that AMF improved the
growth and P uptake of Brachiaria decumbens at
low and high pH levels, but not at an intermediate
level (5.7). Thus, the importance of AMF seems
to vary with both soil pH and grass species.

In the previous reports (Mosse 1972; Siqueira
et al. 1990; Rheinheimer and Kaminski 1994),
soil pH had been adjusted by applying lime-
stone or a mixture of calcium carbonate and mag-
nesium carbonate, so that the effects of soil pH



could not be separated from the effects of the
applied calcium. In the current study, the effects
of indigenous mycorrhiza on growth and phos-
phorus uptake of 4 tropical grasses were exam-
ined at 3 soil pH levels. The soil pH levels were
achieved by combining calcium carbonate and
calcium chloride, so that the same amounts of
calcium were applied in all soil pH treatments.
The objectives of the study were to examine:
(1) the importance of indigenous AMF for plant
growth and P uptake of 4 tropical grass species in
the Brazilian savannas; and (2) the effect of soil
pH on the grass-AMF association in an Oxisol
from the Brazilian savannas.

Materials and methods
Soil and fertilisation

Samples of an Oxisol (dark red Latosol: 38-40%
clay) were collected from the top 20 cm of soil in
a native savanna area of the National Beef Cattle
Research Center of the Brazilian Agricultural
Research Corporation in Campo Grande, Brazil
(20°27'S, 54°37'W). Soil properties before ferti-
lisation were: 29 g/kg organic matter; 2.25 mg/kg
P (Mehlich-I); pH 5.3 in water; 6.8 Ca, 4.6 Mg,
1.1 K and 1.1 Al mmol /kg.

The soil, containing 21% water, was
fumigated for 48 h in a concrete chamber with
0.ImL/kg Bromex (mixture of methylbromide
and chloropicrin) to eliminate mycorrhizal fungi.
After the fumigation, the soil was divided into 3
parts, one for each soil pH treatment. For the low
pH treatment, 2.94 g/kg CaCl,-2H,O was applied
to the soil; in the medium pH treatment, 1.5 g/kg
CaCOj and 0.73 g/kg CaCl,-2H,O were applied;
and, in the high pH treatment, 2.0 g/kg CaCOj,
was applied. Overall, 0.8 g/kg Ca was applied as
CaCO; or CaCl, to all soil pH treatments. At the
same time, all treatments received 12.5 mg/kg P
as superphosphate. After 2 weeks of incubation,
samples of soil (1.8 kg dry weight) were placed
in individual pots. Soil pH at this time was 4.3,
5.1 and 6.4 for the low, medium and high soil pH
treatments, respectively.

Inoculation with arbuscular mycorrhizal fungi

Soil samples (approximately 10 kg) were collected
each from Brachiaria brizantha, B. decumbens,
B. humidicola and Panicum maximum pastures.
Coarse debris and rocks were removed from the
samples with a 2 mm sieve, and then 5 kg of each
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sample was weighed for collecting the indigenous
arbuscular mycorrhizal inoculum assemblages
using a wet-sieving and decanting technique
(Brundrett et al. 1996). Each aliquot of approx-
imately 200 g of soil was mixed in 2 L of water
and decanted through a 105 pm sieve. This pro-
cedure was repeated several times until the water
was clear for each 200 g soil sample. All sievings
from the 4 pasture soils were mixed together to
obtain an inoculum suspension of 1 L. Based on
microscopic observation, the inoculum contained
Gigaspora spp., Scutellospora spp., Glomus spp.,
Acaulospora spp. and Entrophospora spp.

At the same time, only the first washing of the
first 200 g sample was collected each from the
4 pasture soils. The 4 washings were mixed and
filtered through a filter paper (Whatman No 5) for
applying microbial populations other than AMF
to the non-mycorrhizal treatment (Mosse 1972;
Manjunath et al. 1989).

In the mycorrhizal treatment, 4 small holes
were made in the soil surface of each pot, and
2.5mL of inoculum was placed in each hole:
each pot received the sievings from 200 g of soil.
In the non-mycorrhizal treatment, 1.25 mL of the
filtered leachate was added to each hole.

Experiment

Seeds of Brachiaria brizantha cv. Marandu (BB),
B. decumbens cv. Basilisk (BD), B. humidicola
cv. Humidicola (HU) and Panicum maximum cv.
Tanzania (PM) were surface-sterilised in con-
centrated H,SO, (97%) for 1 min, and washed
in several rinses of distilled water. The seeds of
each species were sown into sterilised soil on
different plastic plates. The plastic plates were
watered daily with distilled water, and 10 days
after sowing, germinated plants were transplanted
into the experimental pots in which mycorrhizal
or non-mycorrhizal treatments were applied.

After transplanting, each pot received a fur-
ther application of a solution containing: 26.5 mg/
kg K,SO,, 68.7 mg/kg MgSO,-7TH,0, 7.3 mg/kg
ZnSO,TH,0, 1.3 mg/kg CuSO,-5H,0, 1.4 mg/kg
Na,B,0,-10H,0, 0.3 mg/kg Na,MoO,-2H,0 and
54.4 mg/kg urea (24.5 mg/kg N), as a basic fer-
tiliser. The equivalent of 14.8 mg/kg S was applied
in the above fertiliser.

The experiment was carried out in a glass-
house for 70 days, employing a factorial design
(4 grasses x 3 pH levels x 2 AMF treatments)
with 8 replicates. Distilled water was added
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daily to maintain soil moisture at approximately
0.6 times total pore volume, which corresponded
with 29% of water to dry soil. There was no
leaching from the pots. To prevent dispersal of soil
particles and cross-contamination of AMF, each
pot was watered carefully on an electronic bal-
ance. Moreover, since this experiment was con-
ducted during the dry season (winter), windows
were closed to prevent wind from entering the
glasshouse and dispersing soil particles. Mean
temperature and mean relative humidity in the
glasshouse during the growth period were 26.6°C
and 52%, respectively.

At the end of the 70-day growth period, above-
ground parts were harvested, weighed fresh
and then oven-dried at 60°C for 2 days for dry
weight determination. Remaining parts (base of
shoot and roots) from 5 replicates were washed
carefully, separated and oven-dried to determine
dry weight of each component. In this report, a
‘shoot’ consists of above-ground parts including
the shoot base. For the remaining 3 replicates,
under-ground parts were separated carefully from
the soil, using approximately 3 L of water, and
the soil collected and dried in the glasshouse for
chemical analysis. Fresh weights of the shoot
bases and roots were measured, and then for each
plant, the mass of roots was separated vertically
into 3 sub-samples for determination of AMF
infection, root length and dry matter, ensuring
that the total lengths of roots were included in
each sample. The rate of AMF colonisation was
measured according to Giovannetti and Mosse
(1980). Subsamples (0.01-1.22 g fresh weight)
were cleared with KOH (100 g/L) for 2 hours in
a waterbath at 90°C, acidified in HCI (2%) for
0.1 hour and stained with trypan blue in lacto-
glycerol for 0.1 hour (Brundrett et al. 1996).
AMF colonisation was estimated using the grid-
line intersection method at 100 intersections
(Giovannetti and Mosse 1980). Root length was
measured according to Crestana et al. (1994),
using scanned digital images.

Soil pH was measured on the pot soils dried
in the glasshouse and the following chemical
analyses were performed: exchangeable cations
(K, Ca and Mg), available P (Mehlich-I) and
IN-HCl-extractable Al (Salinas and Gracia 1985).

P concentration in the plants was deter-
mined using composite samples in each treat-
ment, because the plant fragments were so small
in some treatments. In the low pH treatment, a
single whole plant sample (roots + shoots) was

finely milled by passing through a 2 mm sieve. In
the medium and high pH treatments, the samples
for each plant component from each 4 replicates
were mixed, giving 2 samples for each treatment
for both shoots and roots. The P concentrations in
shoots and roots were determined using a color-
imetric method (Salinas and Gracia 1985). By
multiplying mean P concentration in shoots and
roots by their dry weight for each pot, the amount
of P absorbed by the plants was estimated for
each replicate.

Mycorrhizal dependency (Saif 1987) was deter-
mined by expressing total dry weight (or total
P uptake) of a mycorrhizal plant as a percentage
of the total dry weight (or total P uptake) of a
non-mycorrhizal plant.

Data were subjected to analysis of variance
using SAS ANOVA analysis (SAS Inst. Japan
1990). A 3-factor statistical design was used;
the number of replicates was 8 for shoot and
root dry weight, shoot:root ratio and P uptake,
and 3 for rate of AMF infection, root length and
soil chemical properties. For P concentrations
in shoots and roots, the results were statistically
analysed only for the pH 5.1 and 6.4 treatments
with 2 replicates. Means were separated using
Tukey’s multiple comparison procedure, with all
significant differences reported in this paper at
P <0.05.

Results
Soil analysis

Chemical properties of the pot soils at the end
of the experiment are shown in Table 1. Soil pH
was 4.2, 4.5 and 5.1 in the low, medium and high
soil pH treatments, respectively, at the end of the
experiment. Concentrations of available P, K, Mg
and Al of the soils decreased with an increase in
soil pH, while Ca concentration was not affected
by pH level.

Table 1. Results of soil analysis at the end of the experiment.

Soil pH pH P K Ca Mg Al
treatment

(mg/kg) (mmol /kg)
Low 422¢' 249a 133a 390a 8.15a 6.82a
Medium 4.53b 235a 0.87b 429a 6.76b 295b
High 5.10a 2.06b 053¢ 424a 513c 1.66c¢

'Values within the same column followed by the same letters
are not significantly different at the 5% level.



Plant growth

Both mycorrhizal and soil pH treatments sig-
nificantly (P < 0.05) affected shoot, root and
total dry weights of the grass species (Table 2).
While inoculation with AMF increased plant
growth overall, the responses differed among the
species, with HU failing to respond to inocula-
tion. Shoot, root and total dry weights increased
as pH increased. However, between the mycor-
rhizal treatment and soil pH, there was a signifi-
cant interaction for root dry weight and total dry
weight. AMF increased root dry weight signifi-
cantly only at low pH, and total dry weight only
in the low and high pH treatments.

Table 2. Effects of mycorrhizal inoculation and soil pH on
shoot dry weight, root dry weight, total dry weight and shoot:
root ratio in the 4 grass species examined.

Shoot dry weight Root dry weight

_AM! +AM! —-AM +AM
/pot /pot
Species (g/pot) (g/pot)
BB? 1.41 Bb3 2.54 Aab 0.49 Bb  0.64 Ab
BD 1.23 Bb  2.52 Aab 0.41 Bb  0.67 Ab
HU 1.88 Aa  2.36 Ab 099 Aa 091 Aab
PM 1.96 Ba 3.08 Aa 085Ba 1.21 Aa
Soil pH
Low 0.11 Bc  0.61 Ac 0.04 Bc  0.13 Ac
Medium 1.81 Bb  2.48 Ab 0.63 Ab  0.65 Ab
High 294Ba 4.79 Aa 1.39Aa  1.80 Aa
Mean 1.62 2.63 0.69 0.86
Total dry weight Shoot : root ratio*
-AM +AM -AM +AM
/pot
Species (&/pot)
BB 1.89 Bb 3.18 Ab 3.52Bab 4.58 Aa
BD 1.65Bb  3.19 Ab 411Aa 4.22Aa
HU 2.87Aa 327 Ab 2.01 Bc 4.37 Aa
PM 2.82Ba 4.29 Aa 2.88 Bbc 3.63 Aa
Soil pH
Low 0.15Bc  0.74 Ac 359Ba  4.83 Aa
Medium 244 Ab  3.13 Ab 341 Ba 4.51 Aa
High 433Ba  6.58 Aa 239Ba  3.26 Ab
Mean 2.31 3.48 3.13 4.20

! Treatments: —~AM = no mycorrhiza applied, +AM = mycorrhiza
applied.

2 Abbreviations for grass species: BB, B. brizantha; BD,
B. decumbens; HU, B. humidicola; PM, P. maximum.

3 Within parameters, values within the same column (lower
case) or row (upper case) followed by the same letter are not
significantly different at the 5% level.

4Values are means of the individual shoot : root ratios for all
pots within species and soil pH treatments.

Total dry weight of each grass species at the
3 pH levels is shown in Figure 1. In HU, the
mycorrhizal effect varied with soil pH: there
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was no effect in the low pH treatment, a negative
effect in the medium pH treatment, and a positive
effect in the high pH treatment. In BD, inocula-
tion with AMF had no effect on total dry weight
for the medium pH treatment.

SR ratio (shoot dry weight:root dry weight) was
increased significantly by mycorrhizal inoculation
at all pH levels (Table 2). The mean increase in SR
ratio due to inoculation was: BB 30%; BD 3%;
HU 117%; and PM 26%, with the response in HU
greater than that in the other species.

Average percentage of the roots infected by
AMF varied between 33% and 52% in the inocu-
lated treatment (Table 3). In the un-inoculated
plants, 5.6-15.6% of roots were infected by
AMEF.

Table 3. Percentage of roots infected by AMF and root length
per pot for each grass species and soil pH treatment.

Percentage of roots Root length

infected by AM
-AM! +AM! -AM +AM
. (%) (m/pot)

Species

BB? 15.6 Ba®> 50.8 Aa 37.1 Abc 28.7 Ab

BD 11.5Bab 44.4 Aab 30.3Ac 357 Ab

HU 10.4 Bab 52.2 Aa 93.2Aa 434 Bb

PM 5.6Bb 332 Ab 61.3Bb 88.7 Aa
Soil pH

Low 10.1 Ba 314 Aa 5.9 Bb 23.6 Ab

Medium 146 Ba 49.7 Aa 475Ab 319 Ab

High 7.6Ba 543 Aa 113.0Aa 919 Aa

Mean 10.8 45.1 55.5 49.1

! Treatments: —~AM = no mycorrhiza applied, +AM = mycor-
rhiza applied.

2 Abbreviations for grass species: BB, B. brizantha; BD,
B. decumbens; HU, B. humidicola; PM, P. maximum.

3 Within parameters, values within the same column (lower
case) or row (upper case) followed by the same letter are not
significantly different at the 5% level.

Effect of inoculation with AMF on average
root length per pot was different among the
4 grass species (Table 3). At the extremes, mycor-
rhizal treatment increased root length per pot by
45% in PM, while it reduced root length by 53%
in HU. There was no significant effect on root
length of BB and BD. Root length increased as
pH increased, with a strong tendency for a posi-
tive correlation between root length and soil pH
in all grass species.

P concentration and uptake

Mycorrhizal inoculation increased P concentra-
tions in shoots and roots of all grass species and
at all pH levels (Table 4) plus total P uptake by
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Figure 1. Total dry weight of 4 grass species affected by mycorrhizal inoculation and soil pH.
Abbreviations for grass species: BB, B. brizantha; BD, B. decumbens; HU, B. humidicola; PM, P. maximum.

Note: Asterisks on the columns indicate significant differences between the inoculation treatments. Within pH levels, differences
between grass species are indicated by different letters (a, b), according to Tukey’s Range Test at the 5% level.

Table 4. Effects of mycorrhizal inoculation and soil pH on P concentration in shoot and root, and total P uptake.

P concentration in shoot

P concentration in root

Total P uptake

—AM! +AM! —AM +AM —AM +AM

Species (g/kg) (g/kg) (mg/pot)

BB2 0.37 Bc3 1.27 Aa 0.44 Bab 0.88 Aa 0.86 Bb 3.60 Aa

BD 0.48 Ba 1.05 Aab 0.48 Ba 0.86 Aa 0.91 Bb 291 Aa

HU 0.47 Bab 1.20 Aa 0.44 Bab 0.92 Aa 1.53 Ba 3.24 Aa

PM 0.41 Bbe 0.89 Ab 0.38 Bb 0.73 Aa 1.29 Ba 3.34 Aa
Soil pH

Low 0.434 0.964 — — 0.07 Be 0.70 Ac

Medium 0.42 Ba 1.16 Aa 0.45 Ba 0.93 Aa 1.06 Bb 3.42 Ab

High 0.44 Ba 1.04 Aa 0.42 Ba 0.77 Ab 232 Ba 5.70 Aa

Mean 0.43 1.10 0.44 0.85 1.15 3.27

! Treatments: ~AM = no mycorrhiza applied, +AM = mycorrhiza applied.
2 Abbreviations for grass species: BB, B. brizantha; BD, B. decumbens; HU, B. humidicola; PM, P. maximum.
3 Within parameters, values within the same column (lower case) or row (upper case) followed by the same letter are not significantly

different at the 5% level.
4 Shoot and root samples were mixed for each grass species.

all species and at all pH levels. Total P uptake
increased as pH increased in both inoculated and
un-inoculated treatments.

A significant AM x grass species interaction
was observed in P uptake. In the non-mycorrhizal
plants, total P uptake by BB and BD was smaller
than that by HU and PM, whereas in the inoculated

treatment, level of P uptake was similar for all
grass species.

Mycorrhizal dependency

Mycorrhizal dependency was highest at the low
pH treatment for all grass species both for total
dry weight and P uptake (Table 5). For BB and



PM, increase in soil pH decreased their mycor-
rhizal dependency, while, for HU, the value was
least at the medium soil pH treatment both for total
dry weight and P uptake. BD behaved like HU in
terms of total dry weight, and like BB and PM
for P uptake. Since the mycorrhizal effect on total
dry weight was negative for HU at the medium
pH treatment, its mycorrhizal dependency was
less than 100. Comparing the grass species, PM
showed the highest mycorrhizal dependency in
the low pH treatment, but the lowest in the high
pH treatment. In the low and medium soil pH
treatments, HU showed the lowest mycorrhizal
dependency among the 4 species.

Table 5. Mycorrhizal dependency for total dry weight and
P uptake in the 4 grass species examined.

Soil pH treatment

Species Low Medium High

M hizal d d %
for total dry weight yeorrhizal dependency (%)

BB! 4032 170 158
BD 679 139 213
HU 236 68 141
PM 798 173 126
for P uptake
BB 1184 527 350
BD 1047 359 287
HU 496 173 225
PM 2044 405 172

! Abbreviations for grass species: BB, B. brizantha; BD,
B. decumbens; HU, B. humidicola; PM, P. maximum.

2 Within parameters, values in bold characters indicate that
values in mycorrhizal plants were significantly different from
those in plants not inoculated.

Discussion

Mycorrhizal effect on growth and P uptake by
grass species

The present study indicated that the indigenous
AMF enhanced the growth of these tropical grasses
planted on the Brazilian Oxisol, which supports
the previous studies by Mosse (1972), Siqueira
et al. (1990) and Souza et al. (1999). These
responses occurred despite the fact that roots of the
non- inoculated plants were also infected by AMF.
Salinas et al. (1985) also reported that, though
eradication of native mycorrhizal fungi from pot
soil was incomplete, inoculation with Glomus
manihotis showed stimulation in growth of Andro-
pogon gayanus and Pueraria phaseoloides at
70 days after planting, but not at 100, 130 and
160 days. In the present study, plant growth was
measured at 70 days after planting.
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A number of possible reasons exist for the
presence of AMF in the non-inoculated plants.
Cross-contamination in the glasshouse is one
possibility. However, dispersal of mycorrhizal
fungi through watering or air currents was pre-
vented, so it is highly improbable that the high
rate of mycorrhizal infection (5.6-15.6%) was
caused by cross-contamination. Another possible
reason is incomplete eradication of the native
mycorrhizal fungi. Fumigation using methyl
bromide is less effective in clay soil than in sandy
loam or loamy sand (Mende 1982). We used a
heavy clay soil, and the dosage of fumigant may
have been insufficient to eliminate 100% of the
native mycorrhizal fungi.

The leachate applied to the non-mycorrhizal
plants is a further possible source of contamination.
According to the method of Mosse (1972) and Man-
junath ez al. (1989), filtered leachate was applied to
pots in the non-mycorrhizal treatment to maintain
the microbial populations other than AMF. Those
authors did not observe contamination caused by
the leachate application. However, the spore size of
AMF varies from 5 pm to 1000 pm (Brundrett et al.
1996), and it is possible that some small spores of
AMEF passed through the filter paper. Thus, insuf-
ficient eradication of the native mycorrhizal fungi
and the application of the leachate seem the most
likely reasons for mycorrhizal infection in the non-
inoculated plants.

In a study of mycorrhizal dependency among
24 forage species including BD, BB, HU and PM
using a Colombian Oxisol (pH 4.5), Saif (1987)
found that mycorrhizal dependency was in the
order: BD > BB > HU > PM. This result is similar
to our finding at the highest pH but conflicts with
the order in our study in the low and medium
soil pH treatments. In the two studies, the same
cultivars of BD, BB and HU were used, but Saif
(1987) used accession CIAT 604 of PM, while
we used Tanzania. This is one possible explana-
tion for why PM responded to the mycorrhizal
inoculation differently in the 2 experiments.

Mycorrhirzal inoculation influences root struc-
ture of plants, for example, by reducing root length
in perennial ryegrass (Lolium perenne) (Fitter
1977) and paprika plant (Capsicum frutescens
var. Passion) (Wong and Lin 2000). In our study,
mycorrhizal inoculation reduced root length of
HU, but increased that of PM. Since mycorrhizal
inoculation did not affect root weight of HU, the
roots of this species must have been thickened as
a result of inoculation.
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Effect of soil pH on the performance of AMF
and grass species

In this study, differences in soil pH between the
different treatments initially (pH 4.1, 5.3 and 6.4)
were reduced significantly after 70 days of growth
(pH 4.2, 4.5 and 5.1). We have no data on how
rapidly these changes occurred. However, since
the differences in magnitude of plant parameters
at the different pH levels were so marked, we con-
sider that pH differences must have persisted for
a significant part of the experimental period and
would be a fair reflection of the true effect of soil
pH differences. In fact, our results may under-
estimate the true differences attributable to dif-
ferences in soil pH.

Growth of the 4 grass species was reduced
markedly at lower soil pH. Since Ca concentra-
tion of the pot soils was similar for all soil pH
treatments, the growth reduction could not be due
to Ca deficiency, but must be due to soil acidity
itself. In general, soil acidity induces high Al con-
centration in soil, which inhibits root expansion of
plants, resulting in reduced growth (Sanchez and
Isbell 1978). Although CaCl, was used in these
treatments to obtain the desired soil pH levels, we
consider it unlikely that the presence of chloride
would have inhibited root growth in those treat-
ments. There is relatively little information con-
cerning the effect of Cl on growth of the tropical
grasses used in this study. Mergulhao et al. (2002)
examined the influence of NaCl on Brachiaria
humidicola plants, and reported that the critical
application level of NaCl was approximately
1.1 g/kg, corresponding to a Cl level of 0.66 g/kg.
In our study, the Cl level in the untreated soil was
not analysed, but in a similar Brazilian Oxisol,
Pavan et al. (1987) reported ClI at only 0.05 g/kg
soil. Thus, it is unlikely that, in the medium pH
treatment, the CI addition of 0.35 g/kg soil would
raise total soil ClI to the reported 0.66 g/kg crit-
ical level affecting growth. Therefore, we con-
sider that the growth reduction on the lower pH
treatments observed in this study was caused by
soil acidity, and not by the existence of excess Cl
or Ca deficiency in the soils.

Soil pH affected the mycorrhizal dependency
of all the examined species, with mycorrhizal
dependencies for dry matter production and P
uptake highest at low pH. It appears that, since root
expansion was inhibited by soil acidity, the signif-
icance of AMF for growth and P uptake increased
in the low pH treatment. This would explain why

the mycorrhizal dependency of the grass species
was highest at the low pH treatment.

A notable phenomenon was that mycorrhizal
dependency for total dry weight was least in the
medium pH treatment for BD and HU. For HU,
the mycorrhizal treatment reduced growth in the
medium pH treatment, but stimulated P uptake.
Reviewing studies on the mycorrhizal effect
for tropical forage grasses planted in Brazilian
Oxisols or Colombian Oxisols, Siqueira et al.
(1990) observed that AMF had little effect on
shoot growth of B. decumbens at the intermediate
lime rate at which soil pH in water was 5.7. On
the other hand, in Japan, Tsuchida and Nonaka
(2003) indicated that inoculation with Glomus
clarum had a growth-promoting effect on two
cultivars of orchardgrass (cvv. Aonami and Kita-
midori) planted in a mixture of Andosol and
sandy soil, but a growth-inhibitory effect on two
other cultivars (cvv. Akimidori and Natsumidori).
These results indicate that inoculation with AMF
will not always prove beneficial, and that mycor-
rhizal dependency for growth was determined by
an interaction between soil pH and grass species
or cultivar.

Between AMF and a host plant, there is an
exchange of photosynthetically derived carbon
compounds and mineral nutrients (Brundrett
etal.1996), with the host plant providing the photo-
synthetic products for both AMF and its own roots
to enable absorption of mineral nutrients. There-
fore, partitioning of the photosynthetic products
to its own roots is more beneficial than to AMF
in some cases where the mycorrhizal effect on
growth of the host plant is unclear. Since BD and
HU are better adapted to the infertile acid soils
than BB and PM (Rao et al. 1996), it is possible
that, in the medium soil pH treatment in our study,
root expansion in BD and HU was not limited by
soil acidity and could be independent of associa-
tion with AMF. This may be a reason why mycor-
rhizal dependency of BD and HU was low at
medium soil pH.

Acknowledgements

The authors express their deep appreciation to
the International Cooperation Division of the
Brazilian Agricultural Research Corporation for
their various supports. The authors also thank the
anonymous referee for constructive comments on
the manuscript.



References

ApamoLr, J., Macepo, J., Azevepo, L.G. and NEerto, J.M.
(1986) Caracterizacao da regiao dos Cerrados. In: Goedert,
W.J. (ed.) Solos dos Cerrados: Tecnologias e estrategias de
manejo. pp. 33-73. (Nobel: Sao Paulo, Brazil).

BrunDrRETT, M., BouGHer, N., DeLr, B., Grove, T. and
Macaiczuk, N. (1996) Working with Mycorrhizas in Forestry
and Agriculture. ACIAR Monograph, 32, 1-186.

CRESTANA, S., GuiMArRAEs, MLF., Jorce, L.A.C., RaLiscH, R.,
Tozzi, C.L., Vaz, C.M.P. and Torrg, A. (1994) Evaluation
of root distribution by digital image processing. Revista
Brasileira de Ciencia do Solo, 18(3), 365-371.

Frrrer, A.H. (1977) Influence of mycorrhizal infection on
competition for phosphorus and potassium by two grasses.
New Phytologist, 79, 119-125.

GI0VANNETTI, M. and Mossg, B. (1980) An evaluation of tech-
niques for measuring vesicular arbuscular mycorrhizal infec-
tion in roots. New Phytologist, 84, 489-500.

KorneLIUS, E., SaueressiG, M.G. and Goepert, W.J. (1979)
Pasture establishment and management in the Cerrado of
Brazil. In: Sanchez, P.A. and Tergas, L.E. (eds) Pasture Pro-
duction in Acid Soils of the Tropics. pp. 147-166. (CIAT:
Cali, Colombia).

Macepo, M.C.M. (1995) Pastagens no ecossistema Cerrados:
Pesquisa para o desenvolvimento sustentavel. In: Simposio
sobre pastagens nos ecossistemas Brasileiros: pesquisa para
o desenvolvimento sustentavel. Anais. pp. 28-62. (Sociedade
Brasileira de Zootecnia: Brasilia-DF, Brazil).

ManNJuNaTH, A., HUg, N.V. and HaBTE, M. (1989) Response of
Leucaena leucocephala to vesicular-arbuscular mycorrhizal
colonization and rock phosphate fertilization in an Oxisol.
Plant and Soil, 114, 127-133.

MENDE, J.A. (1982) Effect of soil fumigants and fungicides
on vesicular-arbuscular fungi. Phytopathology, 72(8), 1125—
1132.

MerGuLHAao, A.C. do E.S., Burity, H.A., TaBosa, J.N.,
FiGueiREpO, M.B. do V. and Siva, M.L.R.B. da (2002) Salt
stress response and proline accumulation in Brachiaria
humidicola plants with and without mycorrhizal inoculation.
Revista Argentina de Microbiologia, 34(2), 77-82.

Mossk, B. (1972) Effects of different Endogone strains on the
growth of Paspalum notatum. Nature, 239, 221-223.

Pavan, M.A., Bingaam, ET. and PervEa, FJ. (1987) Influence
of calcium and magnesium salts on acid soil chemistry and
calcium nutrition of apple. Soil Science Society of America
Journal, 51, 1526-1530.

Indigenous mycorrhiza and P uptake 101

Rao, LM. (2001) Adapting tropical forages to low-fertility
soils. Proceedings of the XIX International Grassland Con-
gress, Brazil, February 1993. pp. 247-254.

Rao, .M., KErrIDGE, P.C. and Macepo, M.C.M. (1996) Nutrient
requirements of Brachiaria and adaptation to acid soils.
In: Miles, J.M., Mass, B.L. and do Valle, C.B. (eds)
Brachiaria. Biology, Agronomy, and Improvement. pp. 53—
71. (CIAT: Cali, Colombia).

RHEINHEIMER, D.S. and Kaminski, J. (1994) Response of Pensa-
cola grass to phosphate addition and to mycorrhizae inocu-
lation in different soil pH values. Revista Brasileira Ciencia
do Solo, 18, 201-205.

Salr, S.R. (1987) Growth responses of tropical forage plant
species to vesicular-arbuscular mycorrhizae. 1. Growth,
mineral uptake and mycorrhizal dependency. Plant and Soil,
97, 25-35.

SALINAs, J.G. and Gracia, R. (1985) Metodos quimicos para
el analisis de suelos acidos y plantas forrajeras. pp. 1-83.
(CIAT: Cali, Colombia).

SALINAS, J.G., Sanz, J.I. and SIEVERDING, E. (1985) Importance
of VA mycorrhizae for phosphorus supply to pasture plants
in tropical Oxisols. Plant and Soil, 84, 347-360.

SaNCHEZ, P.A. and IsBeLL, R.F. (1978) A comparison of the soils
of tropical Latin America and tropical Australia. In: Sanchez,
P.A. and Tergas, L.E. (eds) Pasture Production in Acid Soils
of the Tropics. pp. 25-53. (CIAT: Cali, Colombia).

SAS Institute Japan (1990) SAS/STAT User’s Guide. Release
6.03 Edn. (SAS Institute Japan Ltd: Tokyo, Japan).

SIQUEIRA, J.O., RocHA, W.F. Jr, OLIVEIRA, E. and CoLozzI-FILHO,
A. (1990) The relationship between vesicular-arbuscular
mycorrhiza and lime: Associated effects on the growth
and nutrition of brachiaria grass (Brachiaria decumbens).
Biology and Fertility of Soils, 10, 65-71.

Souza, R.E. DpE, PiNto, J.C., SiQuERA, J.O. and REZENDE,
V.E. (1999) Effects of mycorrhizae and phosphorus ferti-
lizer on growth of Brachiaria brizantha and Stylosanthes
guianensis on soil of low fertility. I. Dry matter and crude
protein yields. Pasturas Tropicales, 21(3), 19-23.

Tsuchipa, K. and Nonaka, M. (2003) Effect of arbuscular
mycorrhizal fungi (AMF) on growth of orchardgrass.
Japanese Journal of Soil Science and Plant Nutrition, 74,
23-29.

Wong, J. and LiN, H. (2000) Effect of soil pH, nitrogen form
and VA-mycorrhiza infection on the acquisition of soil phos-
phorus by the paprika plant. Food Science and Agricultural
Chemistry, 2(3), 169-173.

(Received for publication May 12, 2004, accepted June 20, 2005)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


