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To be sustainable, production in the traditional yam cropping system, faced with
declining soil fertility, could benefit from yam–arbuscular mycorrhizal (AM) symbiosis,
which can improve nutrient uptake, disease resistance, and drought tolerance in plants.
However, only limited information exists about AM colonization of yam. A pot experi-
ment was conducted to collect information on the response of two genotypes (Dioscorea
rotundata accession TDr 97/00903 and D. alata accession TDa 297) to AM inoculation
(with and without) and phosphorus (P) (0, 0.05, 0.5, and 5 mg P kg–1 soil). Factorial
combinations of the treatments were arranged in a completely randomized design with
four replicates. The percentage of AM colonization was significantly lowered at 5
mg P kg–1 soil rate in mycorrhizal plants of both genotypes. TDr 97/00903 showed
more responsiveness to AM inoculation than TDa 297. The greatest AM responsive-
ness for tuber yield (52%) was obtained at 0.5 mg P kg–1 soil rate for TDr 97/00903.
Mycorrhizal inoculation significantly increased root dry weight and tuber yield of TDr
97/00903 with the greatest values obtained at the 0.5 mg P kg–1 soil rate. Arbuscular
mycorrhizal inoculation did not lead to significant (P < 0.05) changes in root length
and area. Phosphorus application significantly increased the shoot dry weight and root
diameter of TDa 297. Uptake of P was greatest at 0.5 mg P kg–1 soil in both genotypes
and was significantly influenced by AM inoculation. Nitrogen (N) and potassium (K)
uptake were greatest in mycorrhizal plants at 0.05 mg P kg–1 soil for TDr 97/00903 but
at 0.5 mg P kg–1 soil of nonmycorrhizal plants of TDa 297. The increased tuber yield
and nutrient uptake observed in the mycorrhizal plants indicate the potential for the
improvement of nutrient acquisition and tuber yield through AM symbiosis.

Keywords Arbuscular Mycorrhizal inoculation, nutrient acquisition, yam-based
systems

Introduction

Yam (Dioscorea spp.) is a major tuber crop in West Africa but is also cultivated in Asia as
well as the Pacific and Caribbean islands. The two most cultivated species are D. rotundata
and D. alata. Yam in most traditional yam-based farming systems requires fertile land
to perform well because of the high demand for crop nutrients. Therefore, the crop is
cultivated first after the natural vegetation has been cleared or after a long period of fallow
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(Obigbesan 1981; Degras 1993). As a result of the pressure on the land from increased
human population, the length of fallow has been drastically reduced to 3 years or less in
Nigeria as compared to 6–20 years in the past (Orkwor and Asadu 1998).

As for many other crops, nitrogen (N), phosphorus (P), and potassium (K) are the
nutrients most required in yam. Obigbesan and Agboola (1978) observed that 128 kg ha–1

N, 17 kg ha–1 P, 163 kg ha–1 K, 11 kg ha–1 magnesium (Mg), and 4 kg ha–1 calcium
(Ca) were removed by D. alata from soil in southwest Nigeria; D. rotundata removed 148
kg ha–1 N, 17.6 kg ha–1 P, 165 kg ha–1 K, 11 kg ha–1 Mg, and 4.7 kg ha–1 Ca in one
cropping cycle. To obtain greater yields, especially in areas where the fallow system has
been virtually abandoned, nutrient amendments are needed, especially inorganic fertiliz-
ers. Although fertilizer improves yam productivity, its limited availability, cost, effect on
the environment (Orkwor and Asadu 1998), and reported negative influence on yam tuber
quality (Obigbesan 1981) make it unattractive to most yam farmers. As a way of reducing
total dependence on fertilizer, a biological approach is desirable which is ecofriendly and
less expensive. Mycorrhiza is a symbiotic association between plant roots and specialized
soil fungi that helps in the acquisition of immobile nutrients such as P, N, zinc (Zn), and
copper (Cu) (Clark and Zeto 2000; Govindarajulu et al. 2005; Padilla and Encina 2005).
Cassava’s ability to thrive on impoverished soil is connected with its close association with
mycorrhizal fungi (Howeler 1990; Sieverding 1991).

It has been established that yam forms a symbiotic association with mycorrhiza (Zaag
et al. 1980), but the assessment of the potential benefits from this association has not
received enough attention. Zaag et al. (1980) suggested that the low response of yam to
phosphate fertilizers might be connected with the high level of mycorrhizal colonization
observed on the roots. We hypothesize that if P uptake via mycorrhiza is efficiently utilized
in yam, it could indirectly enhance the uptake of N and K in the crop. Mycorrhiza could
also directly affect N uptake in plants. Johansen, Jakobsen, and Jensen (1992) proposed
that where soil N is present as ammonium (NH4

+), mycorrhiza might play a significant
role in N acquisition. Regarding the soil’s critical levels of N, P, and K for yam, it has
been emphasized that a response to fertilizer application is likely on soils containing less
than 0.1% total N, less than 8 mg kg–1 soil-available P, and less than 0.15 cmolc kg–1 K
(Obigbesan 1981; Kayode 1985).

Mycorrhiza can be very useful in yam production when the soil P is below the
critical level because response to arbuscular mycorrhizal (AM) inoculation has been
observed in other plants at a level of soil solution P as low as 0.01 mM (Habte and
Manjunath 1991; Azcon, Ambrosano, and Charest 2003). Mycorrhiza can alter the root
morphology or root architecture of plants in structural, spatial quantitative, and temporal
manners (Atkinson 1992; Padilla and Encina 2005) to enhance the acquisition of nutrients,
especially immobile ions such as phosphate. These modifications may depend on the
species of host plant and species of colonizing mycorrhiza (Berta, Fusconi, and Trotta
1993; Hooker et al. 1995). Knowledge of the modifications made on the root systems of
plants by mycorrhiza might provide better understanding of the process by which nutrient
acquisition is improved in yam.

Currently, there are very few reports on the level of colonization and the contribution of
mycorrhiza to nutrient uptake, growth, and yield of yam. Zaag et al. (1980) observed colo-
nization of yam roots by indigenous mycorrhizal fungi but provided very little information
on the role of AM root colonization in yam nutrition. This study serves as a followup to
that of Zaag et al. (1980) to provide additional information on the contribution of yam–AM
symbiosis to nutrient uptake and yield. It is conventional to use a pot experiment to under-
stand the role of mycorrhiza in nutrient uptake and the growth of new crops by comparing
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mycorrhiza-colonized plants with uncolonized controls. This study reports on a pot experi-
ment conducted with the objective of evaluating the effects of P rates and root colonization
by mycorrhiza on the root morphology, nutrient uptake, and yield of yam.

Materials and Methods

Experimental Design

A 2 × 4 factorial experiment in a completely randomized design was carried out to evalu-
ate the effects of two levels of mycorrhiza (with and without) and four P rates (0, 0.05, 0.5,
and 5 mg P kg–1 soil) on two genotypes of yam, TDa 297 (D. alata) and TDr 97/00903
(D. rotundata). TDa 297 is a common D. alata genotype widely cultivated in Nigeria. TDr
97/00903 is a high-yielding hybrid at the advanced breeding trial stage at the International
Institute Tropical Agriculture (IITA). Each genotype was treated separately. Thus, there
were eight treatment combinations for each of the genotypes, and each treatment was
replicated four times.

Soil Characteristics

Subsoil (30–45 cm) of a Ferric Luvisol (FAO classification) was collected from an exper-
imental plot at IITA, Ibadan, in the derived savannah zone of Nigeria. Subsoil was used
to avoid elevated nutrient levels in the topsoil. Selected characteristics of the soil are pH
(H2O) 5.2; carbon (C) 5.5 g kg–1; N 0.57 g kg–1; Olsen P 1.61 mg kg–1 soil; Ca 1.28 cmolc
kg–1; Mg 0.38 cmolc kg–1; K 0.15 cmolc kg–1; Zn 3.82 cmolc kg–1; sand 800 g kg–1; clay
80 g kg–1; and silt 120 g kg–1. The soil was sieved using a 2-mm sieve and mixed with
acid-washed beach sand (1:2 w/w). The soil–sand mixture was steam sterilized (121 ◦C
for 1 h each day on three consecutive days), allowed to cool, and poured into 144 pots at
6 kg pot–1.

Planting Materials and Mycorrhizal Inoculation

Tubers from each yam genotype were surface sterilized in 0.06% of sodium hypochlorite
for 10 min, washed with distilled water, and allowed to air dry before they were cut with
a presterilized kitchen knife into sets weighing 45–50 g. The sets were buried in a sterile
growth medium (carbonized rice husks) for 3 weeks before being transplanted into pots.
Sprouted sets with uniform height and vigor of shoots were selected and transplanted at
one per pot. Each pot for mycorrhizal inoculation treatment was inoculated with 10 g of
mycorrhizal inoculum (soil–root mixture) added just at the base of the transplanted sets.
The AM inoculum was obtained from IITA and contained propagules of Glomus mosseae,
Glomus deserticola, and Acaulospora laevis.

Growth Conditions

Plants were grown in a greenhouse for 16 weeks. Each plant was staked with a surface-
sterilized PVC pipe. Watering was done daily by adding 400–500 mL of distilled water
(70–80% of water-holding capacity) to each pot, depending on the weight of pot. Modified
Hoagland’s solution with monopotassium phosphate (KH2PO4) levels of 0.05, 0.5, and 5
mg P kg–1 soil was applied. These treatments were designated as low, medium, and high
P rates based on the P requirement (10 kg ha–1) of yam (Obigbesan 1981). The control
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treatment received no addition of KH2PO4. The P treatments were applied by adding 50
mL per pot of Hoagland’s solution prepared for each concentration of P at 6-day inter-
vals to attain the desired P rates. The Hoagland’s solution contained the following other
nutrients (mg l–1): N 42; K 39; Mg 24; Ca 40; boron (B) 0.46; manganese (Mn) 0.5; Zn
0.05; molybdenum (Mo), 0.04; copper (Cu) 0.023; iron (Fe) 0.14; sodium (Na) 0.005; and
ethylenediaminetetraacetic acid (EDTA) 1.5. Each treatment was replicated four times.

Harvesting

Before harvesting at 16 weeks after transplanting, six young fully mature leaves (recently
expanded) with petioles were sampled per plant between the hours of 0800 and 1000 for
the determination of leaf N, P, and K contents. Soil was carefully removed by immersion of
the root system in water with gentle agitation, after which roots were retrieved. Roots were
subsampled for assessment of AM colonization and other root characteristics. All shoots
and the remaining roots were oven dried for 5 days at a temperature of 80 ◦C to a constant
weight, and the dry weights were recorded.

Plant Analysis

Leaf N and P were determined by digesting ground dried leaf samples in hot sulfuric
acid solution with selenium dioxide (SeO2) catalyst (Novozamsky et al. 1983). The digest
solutions were then read colorimetrically in an autoanalyzer for the simultaneous deter-
mination of N and P. Nitrogen content was determined using the Berthalot or indophenol
reaction method (Searle 1984). The ascorbic acid method (Murphy and Riley 1962) was
used for P analysis, and the dry ash digestion method (Jones and Case 1990) was used for
K determination.

Colonization with AM Fungi

The percentage mycorrhizal colonization of roots was determined by the gridline-intersect
method (Giovanetti and Mosse 1980) after the sampled roots were cut into approximately
1-cm segments, cleared with 10% potassium hydroxide (KOH) in a water bath (80 ◦C) for
40 min, and rinsed in water. Roots were then bleached in 5% hydrogen peroxide (H2O2)
for 10 min and stained with Chlorazol black E (Brundrett, Piche, and Peterson 1984).
Yam responsiveness to AM (MR) was calculated at each of the P rates for tuber yield as
described by Baon, Smith and Alston (1993):

MR = 100 × (M − NC)/NC

where M represents tuber yield of inoculated plants and NC represents tuber yield of
noninoculated plants. Yam response to AM in this study reflects the proportional growth
improvement in the tuber yield attributable to AM.

Root Morphology

Cleaned fresh subsampled roots were arranged with minimum overlap in an A4-sized
Perspex tray and scanned in black and white color [400 dpi, tagged image format (TIF),
white background] using Delta T-Scan software (Delta Devices Ltd., England). After
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scanning, the root samples were oven dried to constant weight. The total and scanned
root dry weights were used to estimate total root length, root area, and root diameter.
Standardization of the root length measurement was done using Delta T generic defined
standardization.

Statistical Analysis

Percentage AM colonization was arc-sine transformed (Gomez and Gomez 1984) for sta-
tistical analysis to ensure normal distribution of the data. Data were subjected to analysis
of variance using PROC GLM and correlation analysis using PROC CORR of Statistical
Analysis System (SAS 2003). Treatment differences were evaluated using least significant
difference (LSD) at P < 0.05.

Results

The application of P and mycorrhizal inoculation did not significantly (P ≤ 0.05) affect the
shoot dry weight, root length, and root area in the D. rotundata genotype (Table 1). Root
dry weights of D. rotundata genotype were significantly (P ≤ 0.05) influenced by myc-
orrhizal inoculation. In general, inoculated plants without P had significantly greater root
weight than the noninoculated P control (Table 1). At the 5 mg P kg–1 soil rate, there was a
reduction in root dry weight of mycorrhizal plant when compared to the other mycorrhizal-
inoculated P treatments. No significant difference was observed in nonmycorrhizal plants.
Roots of noninoculated plants were not colonized by mycorrhiza; high P rates significantly
lowered root colonization in inoculated plants. The thickest root diameter was obtained at
0.5 mg P/kg soil; the thinnest was obtained on mycorrhizal plants in the 5 mg P/kg soil.
Mycorrhizal inoculation significantly (P ≤ 0.05) increased tuber yields of TDr 97/00903
at 0.05 and 0.5 mg P kg–1 soil compared to their nonmycorrhizal counterparts (Table 1).
The greatest yields were obtained with 0.5 mg P kg–1 soil in mycorrhizal plants and at 5
mg P kg–1 soil in nonmycorrhizal plants. Application of P at greater rates (0.5 and 5 mg
P kg–1 soil) also significantly increased the tuber yield of TDr 97/00903 when compared
with 0 and 0.5 mg P kg–1 soil.

In TDa 297, mycorrhizal application had no significant effect on the parameters
measured (Table 2). Increasing P application rates, however, significantly decreased the
percentage of root colonization and root diameter. At 5 mg P kg–1 soil rate, AM colo-
nization was significantly lower in inoculated plants than at the other levels of P. The root
diameter of TDa 297 was significantly thicker at the control P rate than those of other P
rates in nonmycorrhizal plants. Application of P significantly influenced the tuber yield of
TDa 297. A significant (P ≤ 0.05) increase in tuber yield was obtained at the 0.5 mg P/kg
soil application rate when compared to P treatments (Table 2).

Yam responsiveness to AM inoculation was observed in tuber yield of TDr 97/00903
(Table 3). This was most pronounced (51.7%) at 0.5 mg P kg–1 soil followed by that of
0.05 mg P kg–1 soil (49.5%) (Table 3). Uptake of N (mg/plant) by mycorrhizal plants
of TDr 97/00903 was significantly greater at the 0.05 mg P kg–1 soil rate than that of
nonmycorrhizal plants (Figure 1a). Mycorrhizal inoculation tended to raise P uptake of
TDr 97/00903 (Figure 1b). Significant increase in P uptake was observed at 0.05 mg P kg–1

soil. The K uptake of AM-inoculated TDr 97/00903 was greater by 42% at 0 mg P kg–1

soil rate and by 35% at 0.05 mg P kg–1 than those of the uninoculated plants (Figure 1c).
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Table 3
Responsiveness of TDr 97/00903 to mycorrhizal

inoculation based on tuber yield in relation to phosphorus
concentrations

P rate (mg/kg soil) Responsiveness (%)

0 (control) 15.7
0.05 49.5
0.5 51.7
5.0 11.0
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Figure 1. Nitrogen, phosphorus, and potassium uptakes of TDr 97/00903 in response to AM
application and P concentration. Bars represent LSD(P≤0.05).

No significant effects of mycorrhizal inoculation and P application were found on N
uptake in TDa 297 (Figure 2a). In the nonmycorrhizal plants of TDa 297, application of P
significantly (P ≤ 0.05) enhanced P uptake (Figure 2b). At 0.5 mg P/kg soil rate, P uptake
was significantly (P ≤ 0.05) greater than at the other P rates. In TDa 297 plants without P
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Figure 2. Nitrogen, phosphorus, and potassium uptakes of TDa 297 in response to AM application
and P concentration. Bars represent LSD(P≤0.05).

application, mycorrhizal plants significantly absorbed more P than nonmycorrhizal plants.
The P uptakes at 0.05 and 0.5 mg P/kg soil were significantly greater than those of 0 and 5
mg P kg–1 soil (Figure 2c). There was no significant influence of mycorrhizal inoculation
on the uptake of K.

There were strong positive correlations (P ≤ 0.05) in TDr 97/00903 between shoot
dry weight and uptake of N, P, and K (Table 4). The uptake of these nutrients also showed a
slightly strong correlation with root dry weight. Positive correlations (P ≤ 0.05) were found
between percentage mycorrhizal colonization and root dry weight, shoot dry weight, root
length, root area, and uptake of N, P, and K. Root diameter was negatively correlated with
root length, but no significant correlation was shown among the other variables.

In TDa 297, strong correlations (P ≤ 0.05) were also observed among the shoot dry
weight, root dry weight, root length, root area, and uptake of N, P, and K (Table 5).
Tuber weight showed positive correlation with root and shoot dry weights, root length,
root area, and the uptake N, P, and K. However, percentage mycorrhizal colonization was
not significantly correlated with the other parameters.
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Discussion

The contribution of mycorrhiza to the nutrient uptake and growth of crops is largely deter-
mined by the P status of soil. With increasing level of P, the responses of the two genotypes
of yam to mycorrhizal inoculation varied, especially in tuber yield, root biomass, and
uptake of N, P, and K. TDr 97/00903 showed a greater degree of responsiveness to mycor-
rhiza than TDa 297. Variations in response to mycorrhizal inoculation have been reported
in different species and genotypes of other crops (Krishna et al. 1985; Schoeneberger, Volk,
and Davey 1989).

The differential response of TDr 97/00903 and TDa 297 to AM could be due to host
plant AM preferences and/or different physiological and biochemical processes occur-
ring in the two genotypes. The species of AM fungi used in the study seemed to interact
more positively with TDr 97/00903 than with TDa 297. Monzon and Azcon (1996)
reported that a specific compatibility exists between AM fungal species and host plants.
Root morphology can affect mycorrhizal dependence or responsiveness via P uptake and
acid phosphatase activities in low-P soils (Khalil, Loynachan, and Tabatabai 1994, 1999).
Change in photosynthate availability in the plant may also affect the relationship of AM
with the plant (Klironomos, McCune, and Moutoglis 2004). The photosynthate availability
of TDa 297 is likely to differ from that of TDr 97/00903 because of the difference in the
leaf and vine structure of the two species (Asiedu et al. 1998). This may account in part to
the differential responsiveness of the two genotypes.

The greater responsiveness to AM inoculation obtained in tuber yield compared to
shoot dry weight is probably due to the period of harvest as this coincided with the
period of tuber bulking (Orkwor and Ekanayake 1998). At this growth stage (14–19 weeks
after planting), translocation of assimilates and photosynthates is totally directed to tubers
(Orkwor and Ekanayake 1998). It is advantageous to have greater responsiveness to AM
obtained in tuber yield because yams are cultivated for their tubers. The relatively low
responsiveness to AM in this study was likely to have been the result of the shorter dura-
tion of the experiment and the set size used. Yam plantlets depend on the stored food in
the planted sets until they are fully autotrophic (Orkwor and Asadu 1998), which could
be up to the 13th week after sprouting (Orkwor and Ekanayake 1998). Longer duration
of growth and smaller set sizes would probably give a greater responsiveness to AM in
pot experiments. Despite the low responsiveness that was generally exhibited, the potential
exists for improving yields through yam–mycorrhizal symbiosis. However, this will likely
be influenced by the genotype of yam, soil P availability, indigenous mycorrhizal fungi
species population, and other biotic factors.

Yam requires P in smaller quantities than N and K (Obigbesan and Agboola 1978;
Zaag et al. 1980; Shiwachi, Okonkwo, and Asiedu 2004). Our results showed that P uptake
in both mycorrhizal and nonmycorrhizal plants of the two genotypes peaked at 0.5 mg P
kg–1 soil, suggesting this is the optimum level of P for both genotypes under greenhouse
conditions. For both genotypes, N and K uptakes were also greatest at 0.5 mg P kg–1 soil
with the exception of mycorrhizal plants of TDr 97/00903, where it peaked at 0.05 mg
P kg–1 soil rate. Contradictory results of the yam response to P application (Koli 1973;
Zaag et al. 1980; Obigbesan 1981) obtained in the past have made the needs of yam for
P less understood or ill defined. It can be inferred, however, from our results that N, P,
and K uptake in yam could be increased in low-P soil by mycorrhiza and well-targeted
application of P fertilizer. With the strong positive correlations among the uptake of the
three nutrients in both genotypes, P application and uptake may indirectly influence the
uptake of N and K.



Mycorrhizal Inoculation and Nutrient Uptake of Yam 2741

Mycorrhizal inoculation and P application significantly influenced the root morphol-
ogy of the two species. The relatively shorter root length and smaller root area in TDa
297 than in TDr 97/00903 may be due to species differences. The root dry weight, root
length, and area were remarkably increased by mycorrhizal inoculation in the control
plants of both genotypes. This suggests that mycorrhizal association can induce better root
growth in yam under low-P conditions and result in improved nutrient uptake and tuber
yield. Variations in the modifications of root morphology by mycorrhizal association may
depend on fungus, plant type and species, and environmental conditions. (Hetrick, Wilson
and Todd 1992; Gao, Delp, and Smith 2001). The smaller root diameter obtained (about
1 mm), contrary to the diameter of about 3 mm reported under field conditions (Orkwor
and Ekanayake 1998; Bai and Ekanayake 1998), may be due to confinement inside pots
and possibly reduced root exploration.

Conclusions

The current study has shown that TDr 97/00903 was more responsive to mycorrhizal inoc-
ulation than TDa 297 but that the response was greatly influenced by soil P availability.
There are potential benefits derivable from mycorrhizal colonization of yam genotypes,
but this needs to be confirmed with further studies using more yam genotypes grown for
longer growth periods in bigger pots.
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