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abstract

The physic nut (Jatropha curcas L.) is a perennial tree that occurs naturally in the tropical and subtropical regions of Brazil. Fruits 
of physic nut present an oil content of 28% on a dry weight basis. Although the plant has adapted to diverse soil conditions such as 
low fertility, the correction of soil acidity and the addition of fertilizer are essential for highly productive plants. Thus, the response 
of the physic nut to different soil phosphorus levels (P) and arbuscular mycorrhizal fungi (AMF) inoculation must be characterized. 
Hence, the objective of the present study was to evaluate the response of physic nut seedlings to arbuscular mycorrhizal fungi (AMF) 
inoculation at different levels of soil P. Experiment was carried out in a greenhouse encompassing AMF treatments (inoculation with 
Gigaspora margarita or Glomus clarum, and the non inoculated controls), and phosphorus treatments (0, 25, 50, 100, 200 and 400 
mg kg-1 added to soil). At low soil P levels, arbuscular mycorrhizal fungi inoculation had a significant positive effect on plant growth, 
shoot and root dry matter content, plant height, number of leaves, total leaf area, leaf area per leaf and the Dickson quality index. The 
root:shoot ratio and the leaf area ratio were also affected by mycorrhizal inoculation and the level of P addition. Physic nut plants 
exhibited high mycorrhizal dependency at soil P additions up to 50 mg kg-1. 
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resuMo

O pinhão manso (Jatropha curcas L.) é uma planta perene que pode ser encontrada naturalmente em regiões tropicais e subtropicais 
do Brasil. Seus frutos apresentam 28% de óleo com base no peso seco. Apesar de o pinhão manso apresentar alta adaptabilidade 
às diversas condições do solo como baixa fertilidade, a correção da acidez do solo e a adição de fertilizantes são fundamentais 
para a alta produtividade das plantas. Por isto é essencial avaliar o comportamento do pinhão manso em diferentes níveis de P e 
sua resposta a inoculação dos fungos micorrízicos arbusculares (FMA). O objetivo do trabalho foi o de avaliar o efeito dos fungos 
micorrízicos arbusculares em mudas de pinhão manso em diferentes doses de P no solo. Foi conduzido um experimento em casa 
de vegetação, com tratamentos de fungos micorrízicos (Controle, Gigaspora margarita e Glomus clarum) e de adição de P (0, 25, 
50, 100, 200 e 400 mg kg solo-1). Houve efeito benéfico significativo dos fungos micorrízicos arbusculares no desenvolvimento 
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vegetativo como: peso da matéria seca da parte aérea e das raízes, altura, diâmetro do caule, número de folhas, área foliar, área 
foliar por folha e índice de qualidade Dickson, principalmente nas doses menores de P. A relação raiz:parte aérea e relação da área 
foliar foram influenciadas pela micorrização e pelos teores de P no solo. O pinhão manso apresentou alta dependência micorrízica 
até a dose de 50 mg kg-1 de P.

palavras-chaves: inoculação de micorrizas, desenvolvimento da planta, área foliar, matéria seca da biomassa.

introduction 

The physic nut (Jatropha curcas L.) is a perennial plant 
that belongs to the Euphorbiaceae family and is native to 
Central America. Nevertheless, it occurs naturally in the 
tropical and subtropical regions of Brazil (Beltrão, 2005). 
This plant is a bush or tree of rapid growth rates and that can 
reach over 5 m in height. The fruits contain an oil content 
of 28% on a dry basis, of which 39% is obtained from the 
seed, and 61% from the albumen (Saturino et al., 2005; Dias 
et al., 2007).

Due to the high oil content of the fruit, physic nuts have 
great potential for use as an alternative crop for biodiesel 
production. The physic nut plant produces 2 to 4 kg of 
seeds per plant in the fourth year of cultivation (Tominaga, 
2007), maintaining high production rates for more than 40 
years. Depending on the spacing of the trees, productivity 
rates greater than 6,000 kg ha-1 of seeds can be obtained, 
and over 2,000 kg ha-1 of oil can be produced. However, 
it is estimated that breeding programs and optimal crop 
management practices, could improve the yield potential to 
more than 4,000 kg ha-1 of oil (Laviola and Dias, 2008).

The interest in the physic nut has increased rapidly 
due to its high oil content, which is fundamental for the 
economical viability of biofuel production. Biofuel is an 
important source of renewable energy and can be used to 
offset the environmental impact of fossil fuel combustion. 
Thus, the physic nut has been increasingly cultivated in 
Africa and India for biodiesel production (Núñez-Colín and 
Goytia-Jiménez, 2009).

Due to the potential of the physic nut as a raw material 
for the production of biofuel, the demand for physiological 
and agronomical information on this species, including the 
nutritional requirements, have increased dramatically. The 
physic nut is considered a rustic crop that can grow in 
diverse soils and climatic conditions, including low fertility 
environments (Saturnino et al., 2005; Dias et al., 2007). 

However, to obtain high fruit production rates, the plant 
requires fertile soils with good physical characteristics. Thus, 
the correction of soil acidity and the addition of fertilizers are 
essential for successful physic nut crop production. 

To enhance physic nut fruit production, its response 
to arbuscular mycorrhizal fungi (AMF) inoculation and 
different levels of P in the soil must be determined. AMF 
are of great ecological importance because they can form a 
symbiosis with the roots of more than 90% of all terrestrial 
plants contributing to their nutritional requirements and 
development. The extensive extraradical hyphae network 
produced by the AMF increases the effective absorptive 
area of the roots by more than a hundred times the area 
of soil exploration, which enhances the efficiency of 
nutrient absorption. For instance, mycorrhizal association is 
responsible for up to 80% of the total P uptake by plants 
(Marschner and Dell, 1994). One of the strongest effects of 
AMF inoculation is an increase in the development of the 
host plant, which is attributed to an increase in nutrient 
uptake, particularly those that have low soil mobility and low 
concentration in the soil solution. Symbiosis is characterized 
by the bi-directional movement of nutrients, in which the 
fungi help the plants uptake nutrients from the soil, and the 
plant provides sugars to the fungi. Moreover, mycorrhizal 
symbioses can enhance disease resistance and alleviate 
cultural and environmental stress (Smith and Read, 1997).

Mycorrhizal symbiosis plays an important role in 
tropical regions because the adsorption capacity of tropical 
soils is high and the nutrient content of the source material 
is low (Novais and Smyth, 1999). Thus, under low soil 
P conditions, phosphate fertilization is essential for the 
establishment of crops.

Crops that are produced in the nursery and are 
transplanted to the field can present variable degrees of plant 
stress. In this context, AMF inoculation has been proved to 
be an important practice for transplanted crops because 
AMF may reduce the required amount of fertilizer, improve 
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development and the nutritional status of the plants, reduce 
transplant time and increase the survival rate of seedlings in 
the field (Saggin Júnior and Siqueira, 1996). However, there 
are few studies on the effect of AMF on physic nuts grown 
under different soil P levels (Carvalho, 2008).

The objective of the present study was to evaluate the 
effect of arbuscular mycorrhizal fungi on the development 
of physic nut seedlings grown under different soil P levels.

Material and Methods

The experiment was conducted in a greenhouse using 
pots containing 4 kg of sandy soil. An Oxisol soil classified 
as a dystrophic Red Latosol was used as substrate, and 
it presented the following chemical characteristics: pH in 
CaCl2 = 4.1; P in Mehlich solution = 2.3 mg kg-1; organic 
C content = 12.9 g dm-3. Dolomitic limestone was added 
to the soil to attain 70% cation base saturation in the CEC, 
and it was incubated for 60 days at field conditions. After 
incubation, the pH of the soil was equal to 6.4, and the P 
content was 7.8 mg kg-1. The substrate was autoclaved 
twice at 121°C for one hour. After 20 days, the substrate 
was fertilized with triple superphosphate. 

The experiment was completely randomized in a 
factorial arrangement, and three AMF treatments (control 
without AMF inoculation and inoculation with Gigaspora 
margarita or Glomus clarum), six phosphorus treatments (0, 
25, 50, 100, 200 and 400 mg kg soil-1) and four replicates 
were evaluated. After the addition of 25, 50, 100, 200 and 
400 mg kg-1 of P, the soil presented a P content of 15, 25, 
48, 101 and 221 mg kg-1, respectively. The P treatments 
were denominated as P0, P25, P50, P100, P200 and P400, 
respectively. 

Physic nut seeds were germinated in sterilized 
vermiculite, and the seedlings were transplanted when two 
leaves were observed. Approximately 120 AMF spores per 
pot were inoculated 5 cm below the roots of the selected 
seedlings. The mycorrhizal inoculum was obtained from the 
IAPAR (Agricultural Research Institute of Paraná) collection, 
which used Brachiaria decumbens as a host plant.

The experiment was conducted for 180 days, and 
the following parameters were evaluated: plant height, 
number of leaves per plant, total leaf area per plant, stem 

diameter and the dry matter and P content of the shoots 
and roots. At harvest, the leaf area was determined with an 
area meter (LI-3100C Area Meter), and the plant height was 
measured from the soil surface to the top of the main plant 
stem. The diameter of the stem was measured at the soil 
surface using a pachymeter. Photosynthetic gas exchange 
(CO2) was determined between 10 and 11 a.m. on the 150th 
day of the experiment under saturated light conditions, 
and the measurements were conducted with a portable 
photosynthesis system (LI-COR, LI-6200 model) and an 
infra red gas analyzer (IRGA). Three plants per treatment 
were selected, and the photosynthetic measurements were 
performed on an intact, totally expanded leaf located in the 
middle of the seedling. The leaf used in the photosynthetic 
measurements did not display any signs of disease or 
senescence. All of the soil analyses were performed 
according to the Soil and Plant Analyses of the IAPAR (Pavan 
et al., 1992). 

The Dickson Quality Index (DQI) was calculated 
according to the following formula (Dickson et al., 1960): 
DQI = (TDM)/(PH/SD + SDM/RDM), where TDM is the total 
dry matter, PH is the plant height, SD is the stem diameter, 
SDM is the shoot dry matter content and RDM is the root dry 
matter content. The relative mycorrhizal dependency (RDM) 
was calculated based on the dry matter content of the shoot 
or the root (RDM = (dry matter of mycorrhizal plant - dry 
matter of non-mycorrhizal plant)/dry matter of mycorrhizal 
plant x 100).

The results were submitted to an analysis of variance 
(ANOvA test), and AMF inoculation and P addition were 
evaluated. The significance of treatment effects were 
assessed by analysis of variance and the means compared 
at a confidence level of P≤0.05 by performing a Tukey’s test. 
A polynomial regression model was applied, and Pearson 
correlation coefficients between variables were calculated. 
All of the statistical analyses were performed using version 
9 of SAS statistical software (SAS, 2002).

results 

Mycorrhizal plants exhibited interactive effects between 
AMF inoculation and P dose, and a polynomial regression 
model provided a satisfactory fit of the relationship between 
the P addition and most of the variables tested (Figures 
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1 to 5). In general, mycorrhizal plants presented greater 
development than non-mycorrhizal plants at low P levels. 
However, the beneficial effects of mycorrhizal inoculation 
decreased with an increase in the P level. Significant 
differences in the plant growth and Dickson quality index 
were not observed between the two AMF species. 

plant height and stem diameter: Physic nut height 
and stem diameter increased with the increase in P 
addition, and the relationship between the soil P level 

and the physic nut height and stem diameter followed 

a second degree polynomial model. Mycorrhizal plants 

presented greater heights and stem diameters than 

non-mycorrhizal plants at low P levels. AMF inoculation 

increased the plant height by 106%, 96%, 99% and 52% 

at P levels of P0, P25, P50 and P100, respectively (Figure 

1A). Moreover, the stem diameter of inoculated plants 

was 44% greater than that of soil without P additions 

(Figure 1B).
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figure 1. Plant height (A) and stem diameter (B) of physic nut plants due to the inoculation of arbuscular mycorrhizal fungi at different P levels.  
** Significant at a 1% probability level, according to F test results.
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shoot and root dry matter: Mycorrhizal plants 
presented greater shoot dry matter (SDM) and root dry matter 
contents (RDM) than non-mycorrhizal plants at all P levels, 
and a second degree polynomial regression model fit the 
relationship between the P concentration and the SDM and 
RDM content (Figure 2). At P levels of P0, P25 and P50, 
AMF inoculation increased the SDM content by 571%, 223% 
and 195%, respectively. Moreover, in P0, P25 and P50, AMF 
inoculation increased the RDM by 392%, 176% and 287%, 
respectively. 

The root:shoot ratio increased with the increase in P 
addition, and a second degree polynomial regression model 
was applicable to the results of G. margarita inoculations as 
well as for the control. Alternatively, a linear regression model 
best fit the results obtained from G. clarum inoculations 
(Figure 2C). In general, the root:shoot ratio of non-mycorrhizal 
plants increased with the increase in P addition; however, 
when low P levels were applied (up to P50), a linear decrease 
in the root:shoot ratio was observed (r2=0.99), while in high 
P levels (above P50), the root:shoot ratio followed a positive 
polynomial regression model (r2=0.96) 

number of leaves: The number of leaves increased 
with the increase in P addition. As the P level increased, the 
control (without AMF treatment) and G. margarita inoculations 
presented a second degree polynomial model, whereas data 
from G. clarum inoculations followed a linear regression model 
(Figure 3A). Mycorrhizal plants produced a greater number of 
leaves than non-mycorrhizal plants regardless the P treatment. 
Namely, AMF inoculation increased the number of leaves by 
242% in P0, 143% in P25, 124% in P50 and 44% in P100. 

leaf area: As the P soil content increased to 200 mg 
kg-1, the total leaf area per plant and the leaf area per leaf also 
increased, following a second degree polynomial regression 
model. Mycorrhizal plants presented greater leaf areas per 
plant and per leaf than non-mycorrhizal plants at P additions 
less than 100 mg kg-1. AMF inoculation significantly 
increased the total leaf area per plant by 826% in P0, 391% 
in P25, 230% in P50 and 81% in P100 (Figure 3B), while the 
leaf area per leaf increased by 171% in P0, 101% in P25 and 
47% in P50 (Figure 3C).

0 100 200 300 400
0

10

20

30

40 --  -- Control y = -0.0005x2 + 0.2636x + 0.3191

--  -- Control y = -0.0001x2 + 0.0834x + 0.4062

R2 = 0.98**

R2 = 0.95**

R2 = 0.90**

R2 = 0.99**

R2 = 0.86**

R2 = 0.98**

   G. margarita y = -0.0003x2 + 0.1511x + 12.283

   G. margarita y = -0.0001x2 + 0.0709x + 2.3663

--  -- G. clarum y = -0.0002x2 + 0.1182x + 15.987

--  -- G. clarum y = -7E-05x2 + 0.0503x + 3.7143
sh

oo
t d

ry
 M

at
te

r (
g 

pl
an

t-1
)

ro
ot

 d
ry

 M
at

te
r (

g 
pl

an
t-1

)
ro

ot
: s

ho
ot

 r
at

io

p addition (mg kg-1)

p addition (mg kg-1)

p addition (mg kg-1)

a

b

0

3

6

9

15

12

0 100 200 300 400

--  -- Control y = 1E-06x2 + 0.0004x + 0.3155
R2 = 0.2907

R2 = 0.86**

R2 = 0.86**

   G. margarita y = -2E-06x2 + 0.0011x + 0.2314

--  -- G. clarum y = 0.0005x + 0.2556

c

0,1

0,2

0,3

0,4

0,5

0 100 200 300 400

figure 2. Shoot (A) and root (B) dry matter and root:shoot ratio (C) of physic 
nut plants due to the inoculation of arbuscular mycorrhizal fungi at different 
P levels. * and ** Significant at a 5% and 1% probability level, respectively, 
according to F test results.

leaf area ratio: Leaf area ratio (LAR) decreased with 
the increase in P addition, and the relationship between the 
leaf area ratio of mycorrhizal plants and the P soil content 
followed a second degree polynomial model. At the P0 and 
P25 treatments, the LAR of mycorrhizal plants was 57% and 
61% greater than that of non-mycorrhizal plants, respectively 
(Figure 3D). The LAR describes the relationship between the 
total leaf area and total plant dry matter content.
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photosynthesis rate: The rate of photosynthesis was 
improved due to the AMF inoculation regardless the P treatment. 
In mycorrhizal plants, photosynthesis increased up to 30% in 
P200 and P400 compared to non-mycorrhizal plants (Table 1).

table 1. The rate of photosynthesis in physic nut plants due to the inoculation 
of arbuscular mycorrhizal fungi at different P levels. 

p addition (mg kg-1)
µmoles co2 m-2 s-1

control G. margarita G. clarum
0 7.9 A b 9.0 A b 9.7 A a
25 9.0 A ab 9.4 Ab 10.0 A a
50 10.4 A a 11.8 A ab 10.0 A a
100 10.3 A a 12.9 A a 10.8 A a
200 10.5 B a 13.5 A a 12.4 A a
400 10.0 B a 13.0 A a 12.0 A a

Means followed by a different upper case letter between column and 
lower case letter within column are significantly different by the Tukey 
test (P≤ 0.05).

p accumulation: P accumulation in the shoot and 
root increased with the increase in P addition. In the 
control plants, the relationship between the P addition and 
P accumulation fit a linear regression model. On the other 
hand, in the mycorrhizal treatments, P accumulation 
followed a second degree polynomial model. Mycorrhizal 
plants presented greater P accumulation rates in the root 
and shoot than non-mycorrhizal plants at all P levels. 
AMF inoculation increased P accumulation in the shoot by 
1542% in P0, 1018% in P25, 741% in P50, 250% in P100 
and 50% in P200 (Figure 4A). Moreover, P accumulation 
in the root increased by 800% in P0, 600% in P25, 1200% 
in P50 and 217% in P100 (Figure 4B).
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figure 3. Number of leaves (A), leaf area per plant (B), leaf area per leaf (C) and leaf area ratio-LAR (D) of physic nut plants due to the inoculation of arbuscular 
mycorrhizal fungi at different P levels. * and ** Significant at a 5% and 1% probability level, respectively, according to F test results.
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figure 4. P accumulation in shoot (A) and root (B) of physic nut plants due to the inoculation of arbuscular mycorrhizal fungi at different P levels. ** Significant at 
a 1% probability level, according to F test results.

dickson quality index: The value of the Dickson quality 
index (DQI) increased as the P soil addition increased to 
200 mg kg-1, and a second degree polynomial model was 
obtained. Mycorrhizal plants presented higher DQIs than non-

mycorrhizal plants at P additions less than or equal to 50 mg 
kg-1. AMF inoculation increased the DQI by 351% in P0, 150% 
in P25 and 250% in P50 (Figure 5).
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figure 5. Dickson quality index (DQI) of physic nut plants due to the inoculation of arbuscular mycorrhizal fungi at different P levels. ** Significant at a 1% probability 
level, according to F test results.
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relative mycorrhizal dependency: The relative 
mycorrhizal dependency (RMD) of the shoot and root dry 
matter contents compare the degree of responsiveness 
of mycorrhizal plants with non-mycorrhizal plants, which 
is dependent on the maximum development at a given soil 
fertility. Based on the shoot and root dry matter contents, the 
physic nut presented higher relative mycorrhizal dependency 
(RMD) at low P levels (Figure 6). However, mycorrhizal 

dependence decreased with the increase in the soil P content. 
The RDM was high in P0, P25 and P50, and the RMD was 
low in P100; thus, AMF inoculation has only a slight effect on 
plant development at high P levels. Significant differences in 
the RMD were not observed between the two AMF species 
tested. The observed decrease in the RMD with the increase 
in the soil P level suggests that mycorrhizal inoculation induce 
a beneficial effect mainly under low P conditions.
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figure 6. Relative mycorrhizal dependency. RMD = (dry matter of mycorrhizal plant) – (dry matter of non-mycorrhizal plant) / (dry matter of mycorrhizal plant) x 
100. SDM: shoot dry matter; RDM: root dry matter.

discussion 

The relationship between the P addition and the majority 
of variables fit a polynomial regression model, which suggests 
that mycorrhizal inoculation had a stronger effect at lower P 
levels (Saggin Júnior and Siqueira, 1996; Rocha et al, 2006). 
Mycorrhizal physic nut plants presented higher growth rates 
than non-mycorrhizal plants at low P doses. The beneficial 
effects of mycorrhizal inoculation on plant development 
can be quantified by calculating the dose of P necessary 
to produce 60% of the maximum plant height. G. margarita 
inoculations provided 60% of the maximum physic nut 
plant height at a P addition of 30 mg kg-1. Alternatively, non-
mycorrhizal plants presented an identical plant height when P 
addition of 120 of mg kg-1 was applied; thus, non-mycorrhizal 

plants required a dose that was four times greater than that of 
mycorrhizal plants to achieve the same height. Similar results 
were observed for the stem diameter, which is considered one 
of the most important indicators of the quality of seedlings 
(Gomes, 2001). Moreover, the stem diameter is related to the 
survival and growth of seedlings in the field. 

The addition of P increased the SDM and RDM of 
physic nut plants at low levels of P in mycorrhizal and non-
mycorrhizal plants. The SDM and RDM of mycorrhizal plants 
increased by 571% and 392% compared to non-mycorrhizal 
plants, respectively. The values obtained in the present study 
were greater than those observed by Carvalho (2008), 
who demonstrated that mycorrhizal inoculation increased 
the SDM and RDM of physic nut plants by 79% and 146%, 
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respectively. In the present study, mycorrhizal inoculation 
had a stronger effect at lower P levels, and the benefits of 
mycorrhizal inoculation decreased with an increase in the 
P addition. In the study conducted by Carvalho (2008), the 
benefits of mycorrhizal inoculation were greater at high P 
levels, and significant differences between mycorrhizal and 
non-mycorrhizal plants were not observed at low P levels. 
However, the present study was conducted for 180 days, 
while the Carvalho (2008) study was conducted for 78 days.  

The maximum effect of mycorrhizal inoculation on the 
SDM and RDM content was observed at 260 and 290 mg kg-1 
of P in the soil, respectively. At higher P additions, a decrease 
in physic nut plant development was observed. when the P 
addition was greater than 160 mg kg-1, mycorrhizal plants 
presented lower SDM values than non-mycorrhizal plants. On 
the other hand, the RDM of mycorrhizal plants was greater 
than that of non-mycorrhizal plants at all P treatments. Shoot 
development is often used as a parameter for the selection 
and classification of seedlings as it is related to the rusticity, 
survival and development under field conditions (Guimarães 
et al., 2010, Gomes and Paiva, 2004).

In mycorrhizal and non-mycorrhizal plants, the root:shoot 
ratio increased with the increase in the soil P. when 0 to 70 mg 
kg-1 of P was added to the soil, mycorrhizal plants presented 
lower root:shoot ratios than non-mycorrhizal plants; however, 
at P levels greater than 70 mg kg-1, mycorrhizal plants 
presented higher root:shoot ratios than non-mycorrhizal 
plants. In general, as the P concentration increased from the 
lowest to the highest level (P400), the root:shoot ratio of non-
mycorrhizal plants and mycorrhizal plants increased by about 
25% and 69%, respectively. The root:shoot ratio describes 
the balance of water, nutrients and carbon in the plant, and is 
a useful index for identifying changes in the balance among 
plant organs due to environmental modifications. 

In the present study, the root:shoot ratio of physic nut 
plants increased with the increase in the P addition; however, 
this result was not in agreement with those presented in 
the literature. The results of previous studies suggest that 
the typical response to P deficiency is an increase in the 
root:shoot ratio and preferential assimilation in the roots 
under low P conditions (wissuwa et al., 2005). In general, 
when the supply of nutrients is low, fewer nutrients are 
available for shoot growth, and nutrients are used for root 
development. Alternatively, when the supply of nutrients is 

high, less root development and greater shoot growth are 
observed (Marschner et al., 1996). Thus, the plant aims 
to extract the maximum amount of available nutrients from 
the soil. This hypothesis is supported by the majority of the 
results presented in the literature, which suggest that the 
root:shoot ratio decreases with an increase in the P level. 
However, previous studies on physic nut plants (Carvalho, 
2008) and several forest tree species (Resende et al., 1999) 
indicate that the root:shoot ratio increases with the increase 
in P concentration. The results obtained by Carvalho (2008) 
revealed that the root:shoot ratio of the non-mycorrhizal and 
mycorrhizal physic nut plants increased by 19% and 93% as 
the P concentration increased from P10 to P110, respectively. 
The inverse relationship between the P concentration and 
the root:shoot ratio may be due to sucrose inhibition in the 
chloroplasts and the accumulation of starch. Sucrose is the 
principal carbohydrate translocated from the shoot to the 
root; thus, if sucrose synthesis is inhibited at low P levels, 
the root:shoot ratio tends to increase (Carvalho, 2008). 
Resende et al. (1999) studied the development of forest 
tree seedlings with different physiological characteristics, 
and observed that the root:shoot ratio of several species 
decreased with the increase in P concentration, while 
the root:shoot ratio increased in other species (Schinus 
terebinthifolius, Mimosa caesalpiniaefolia and Sesbania 
virgata). According to Resende et al. (1999), the root:shoot 
ratio is dynamic and subject to diverse modifications, and 
determined by physiological differences among the plant 
organs. Although root and shoot development are directly 
related, the cause and results of this relationship remain 
unclear (Salisbury and Ross, 1992). Thus, the results of the 
present study are in agreement with previous observations 
on the physic nut plant and several forest tree species. 

The root:shoot ratio is an important index for the 
evaluation of the quality of seedlings (Guimarães et al., 2010). 
A high root:shoot ratio is indicative of a more developed root 
system; thus, the root:shoot ratio can be used as an indicator 
of the rusticity of the plant. Moreover, because changes in 
the root system can alter the efficiency of the absorption 
of water and nutrients from the soil, especially those with 
low mobility, the root:shoot ratio is directly correlated to the 
initial growth and survival of seedlings in the field. However, 
the addition of P had a significant effect on the root:shoot 
ratio; thus, partitioning in the physic nuts plants was affected 
by the P concentration. 
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The addition of P also increased the number of leaves, 
total leaf per plant, leaf area per leaf and leaf area ratio 
(LAR) of mycorrhizal and non-mycorrhizal plants. when 
the plants were inoculated with G. clarum, the maximum 
total leaf area was obtained at a P addition of 200 mg kg-

1. Alternatively, without AMF treatment, the maximum total 
leaf area was obtained at a P concentration of 250 mg kg-1. 
However, as the P concentration was further increased, a 
reduction in the total leaf area was observed. The efficiency 
of mycorrhizal symbiosis can be determined by calculating 
the P addition necessary for the production of 70% of the 
maximum leaf area per plant. G. clarum provided 70% of the 
maximum leaf area per plant at a P addition of 30 mg kg-1. 
Alternatively, identical leaf areas per plant were obtained by 
non-mycorrhizal plants at a P addition of 150 mg kg-1; thus, 
5 times more P is required when the plant is not inoculated 
with AMF. The total leaf area per plant is often used as a 
growth parameter because it is strongly dependent on the 
photosynthetic capacity. 

The leaf area per plant of mycorrhizal plants was 826% 
greater than that of non-mycorrhizal plants. The observed 
increase in the leaf area per plant was greater than that 
(around 500%) observed by Carvalho (2008). Similar to 
the plant dry matter results of the present study, greater 
mycorrhizal benefit was observed at lower P levels, and the 
effects of mycorrhizal inoculation decreased with an increase 
in the P concentration. Alternatively, in the study conducted 
by Carvalho (2008), greater mycorrhizal benefit was 
obtained at high P levels, and significant differences between 
mycorrhizal and non-mycorrhizal plants were not observed 
at low P levels. This disparity may be due to differences in 
the experimental period. Namely, the experimental period of 
the present study was equal to 180 days, and the experiment 
period of the investigation conducted by Carvalho was 78 
days. As a result, the maximum leaf area per plant in the 
present study (1783 cm2) was greater than that (257 cm2) 
observed by Carvalho (2008). 

Leaf area characteristics are an important indicator of 
the plant growth rate and are often adjusted to maximize the 
efficiency of the use of different resources, including light and 
nutrients (vendramini et al. 2002; Adams and Langton, 2005). 
For instance, leaf expansion leads to better light interception 
and enhanced rates of growth and photosynthesis, which 
facilitates the partitioning of dry matter in other plant organs.

The results obtained in the present study revealed that 
all of the variables related to the leaf area increased due to 
mycorrhizal inoculation. Thus, the total leaf area increased 
with an increase in the P addition due to an increase in the 
number of leaves and in the unit leaf. Similarly, the results 
of a previous study indicated that the leaf area of bean 
plants doubled when high soil P levels were applied due to 
an increase in the number of leaves and the leaf area per 
leaf (Trindade et al., 2010). However, mycorrhizal inoculation 
also had a significant effect on the number of leaves, leaf 
area per leaf and the leaf area ratio (LAR), which affected 
the total leaf area. The observed enhancement in leaf area 
characteristics due to AMF inoculation is in agreement with 
the results of previous studies. Specifically, mycorrhizal 
inoculation increased the leaf area and leaf area ratio (LAR) 
of Carica papaya by 64% and 54%, respectively (Alarcón et 
al., 2002). Moreover, the leaf area of Leucaena leucocephala 
increased by 161% due to inoculation (Dixon et al., 1993). 
The aforementioned results confirm the effect of AMF on plant 
growth. One of the most pronounced effects of P deficiency 
is a reduction in shoot growth parameters, including the 
number and size of leaves (Lynch et al., 1991). 

The LAR expresses the total leaf area useful for 
photosynthesis and describes the relationship between the 
leaf area responsible for light and CO2 interception, and the 
total dry matter content (Benincasa, 2003). The LAR of physic 
nut plants decreased with an increase in the P addition, which 
it is in agreement with the results of Elliot and white (1993), 
who studied several species that compete with red pines. 
Non-mycorrhizal plants presented a slight decrease in the 
LAR as the P addition increased, while the LAR of mycorrhizal 
plants decreased by 55% as the P content increased from P0 
to P400. A lower LAR may indicate greater plant efficiency for 
the production of biomass. 

The leaf area ratio (LAR) varies widely among species 
and is dependent on environmental conditions such as the 
supply of light and nutrients (Elliot and white, 1993). In 
general, the LAR decreases as the plant develop because the 
total phytomass content increases over time, while leaf area 
development decreases; thus, biomass from photoassimilation 
is differentially partitioned into reproductive organs.

The rate of photosynthesis in physic nut mycorrhizal 
plants was 30% greater than that of non-mycorrhizal 
plants. The beneficial effect of mycorrhizal inoculation on 
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the rate of photosynthesis is in agreement with the results 
obtained by Carvalho (2008), who demonstrated that the 
rate of photosynthesis, in mycorrhizal physic nut plants was 
around 100% greater than that of non-mycorrhizal plants. 
In the aforementioned study and the current investigation, 
mycorrhizal inoculation had the greatest effect on the 
rate of photosynthesis at high P levels. Alternatively, in a 
previous study on castor beans, the rate of photosynthesis 
of mycorrhizal plants was 150% greater than that of non-
mycorrhizal plants at low soil P levels (Machineski, 2008).

The beneficial effect of AMF on the rate of photosynthesis 
suggests that symbiosis may contribute to the efficiency of 
photosynthesis and plant growth. For instance, mycorrhizal 
plants often show higher photosynthetic rates than non-
mycorrhizal plants (Augé, 2001). Moreover, in previous 
studies, mycorrhizal symbiosis also improved the rate of 
photosynthesis in Leucaena plants by 350% compared to non-
mycorrhizal plants. when the plants were submitted to water 
stress conditions, the rate of photosynthesis of mycorrhizal 
plants was 700% greater than that of non-mycorrhizal plants 
(Dixon et al., 1993). The rate of photosynthesis in mycorrhizal 
plants is greater than that of non-mycorrhizal plants due to 
higher concentrations of chlorophyll (wright et al., 1998; 
Machineski, 2008). According to the results presented in the 
literature, the rate of photosynthesis of mycorrhizal plants 
may be greater than that of non-mycorrhizal plants due to an 
increase in the number of photosynthetic units, a decrease 
in the internal CO2 concentration, an increase in the rate of 
photosynthetic storage and export, and an increase in the 
ratio of photosynthesis to the P content of the leaf (Augé, 
2001). whole-plant photosynthesis depends on the rate 
of photosynthesis per unit leaf area and the total leaf area 
per plant. Thus, the AMF has a significant effect on the 
photosynthetic capacity of the plant and can improve plant 
growth and productivity.

Mycorrhizal inoculation had a beneficial effect on physic 
nut plants, even when P was added to the soil, which suggests 
that AMF can contribute to P absorption and transportation in 
the plant. The relatively high P uptake capacity of mycorrhizal 
plants was due to an increase in soil exploitation (more than one 
hundred times), which was attributed to mycorrhizal external 
mycelium production, higher nutrient absorption efficiency and 
greater affinity (lower Km) for P uptake from the soil solution 
compared to normal plant roots (Smith and Read, 1997). 

The greater efficiency of P uptake by mycorrhizal hyphae is 
important because mycorrhizal plants access the same forms 
of available P as non-mycorrhizal plants (Bolan, 1991).

The Dickson quality index (DQI) of physic nut plants 
increased in function of P addition. Mycorrhizal plants 
presented greater DQIs than non-mycorrhizal plants at 
the majority of P treatments as AMF inoculation improved 
plant growth parameters, which are related to the quality of 
the seedlings. The DQI is a good indicator for the quality of 
seedlings because it is a balanced index based on several 
morphological characteristics that are indicative of the 
robustness of the plant and the distribution of phytomass 
(Gomes, 2001).

The observed decrease in the relative mycorrhizal 
dependency (RMD) of the physic nut plant with the increase 
in the soil P reinforce the previous data indicating that 
mycorrhizal inoculation had a stronger effect at low P levels. 
The negative effect of the P level on the RMD is in agreement 
with results of previous studies on mangaba trees (Hancornia 
speciosa) (Costa et al., 2005) and Brazilian native woody 
plants (zangaro et al., 2007). However, the RMD is highly 
variable among plant species (zangaro et al., 2007), AMF 
species and soil conditions (Nogueira and Carvalho, 2007). 
In a study conducted on the mangaba tree, the P level had 
a minor effect on the RMD; however, the RMD was strongly 
dependent on the mycorrhizal species (Carvalho Filho et al., 
2008). In the present study, the greatest mycorrhizal efficiency 
was observed at low P levels, which suggests that maximum 
mycorrhizal benefit is obtained under low P conditions.   

The results of the present study indicate that 
mycorrhizal inoculation has a strong effect on physic nut 
plant growth, development, leaf area, P accumulation and 
photosynthetic rate. The effect of mycorrhizal inoculation on 
the production of physic nut seedlings should not be ignored 
because the plant presents high mycorrhizal dependency 
under low soil P conditions. Thus, mycorrhizal inoculation 
may improve the development and nutrition of seedlings and 
promote greater transplant survival rates in the field under 
low soil P conditions.
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