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Abstract Sugarcane fields in 14 different study sites were
analyzed for the presence of different arbuscular mycorrhi-
zal fungal (AMF) spores. A total of 23 AMF species repre-
senting four genera were identified, among which Glomus
fasciculatum and G. mosseae were the dominant species.
The mean spore density in the root-zone soils of sugarcane
plants varied from 119 to 583 per 100 g of soil, and the
mean percentage root colonization varied from 60 to 89 %.
A study of the effect of edaphic factors on AM spore density
and percentage root colonization revealed a positive corre-
lation between pH and AMF spore density and root coloni-
zation and a negative correlation between electrical
conductivity, nitrogen, and phosphorus. A positive correla-
tion was observed between AMF spore density and root
colonization. Season was also found to play a vital role in
determining AMF spore density and percentage root colo-
nization, with high spore density and root colonization
observed during the summer season and lower spore densi-
ties and root colonization during the winter season.

Keywords Edaphic factors . Seasonal variation .Arbuscular
mycorrhizal fungi . Sugarcane

Introduction

Arbuscular mycorrhizal fungi (AMF) are a main component
of the soil microbiota in most agroecosystems. These are
obligate symbiotic soil fungi which colonize the roots of the

majority of plants, regulating community and ecosystem
functioning. These fungi biotropically colonize in the root
cortex and develop as extramatrical mycelium that helps the
plant to acquire mineral nutrients from soil (Harley and
Smith 1983). In nutrient-poor soil of humid tropical regions,
many plants are dependent on AMF (Gemma et al. 2002),
while as obligatory symbionts, AMF are believed to be
dependent upon the host plant for carbon fixation. In turn,
the plant receives a variety of benefits which include in-
creased nutrient uptake, notably of immobile nutrients such
as phosphorus (P) and zinc (Zn) (Bolan 1991; Burkert and
Robson 1994). AMF can also enhance resistance to root
pathogens (Borowicz 2001) and abiotic stresses, such as
drought and metal toxicity (Meharg and Cairney 2000),
and they may also play a role in the formation of soil
aggregates, building up a macrocarpous structure of soil that
allows the penetration of water and air and prevents soil
erosion (Miller and Justrow 1992).

Seasonal fungal patterns are closely related to host phe-
nology and climatic variations (Rosendahl and Rosendahl
1992; Allen 1996). Seasonal variation in the diversity of
AMF has been studied mainly in sand dune systems, and
very little information is currently available on other hab-
itats (Lugo and Cabello 2002). Seasonal variation in the
activity of AMF in tropical soil is poorly understood and
generally based on very few observations (Muthukumar et
al. 2006). A common difficulty in detecting statistically
significant seasonal trends results from an aggregated spore
distribution of AMF in soil. An accurate mathematical study
of seasonal spore abundance is therefore essential to gaining
an understanding of the seasonal dynamics of AMF. The
potential for increasing plant growth by the effective man-
agement of AM strains reinforces the need to determine
species composition in cultivated soils of different locations.
The density of AMF spores varies with the kind of
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cultivated crop (Isobe et al. 2007), indicating that soil from
specific crop fields must be examined to clarify the differ-
ences in AMF spore density in each region. India boasts the
largest surface area under sugarcane cultivation, a crop that
grows best in a well-drained productive soil, a hot and
humid climate, sufficient nitrogen (N), P, potassium (K)
and other nutrients for growth. Therefore, the association
between AMF and sugarcane is of paramount importance.
However, information on the occurrence of AMF popula-
tions with this cash crop is still quite limited. The aim of the
study reported here was to conduct a detailed examination
of the AMF status of sugarcane cultivated fields, the rela-
tionship between edaphic factors, AMF spore density and
root colonization, and the influence of different seasons on
AMF. Fourteen different study sites in Pudukkottai district,
India, were selected for this study. This is the first compre-
hensive study of AMF in these regions.

Materials and methods

Selection of sampling areas

To assess the diversity of AM fungi in rhizosphere soils
and its association with roots of sugarcane, root samples
together with rhizosphere soils were collected from 14
different regions in Pudukkottai district, India (Alathur,
Avudaiyar kovil, Budalur, Gandarvakkottai, Illupur,
Kavinad, Madukkur, Mudukulam, Mullur, Perungalur,
Poram, Vayalogam, Vadavalam, and Visalur).

Tropical details of the study areas

Pudukkottai district has a total geographical area of 4.645
lakhs ha, 87.8 m a.s.l. with a tropical climate. All of the
study sites have an annual atmospheric temperature of 21 °C
with a mean annual temperature of 29.5 °C. The mean
annual rain fall was 940 mm, with the major precipitation
occurring during the months of October to December. The
study sites have four different seasons, i.e., winter (WIN:
January–March), summer (SUM: April–June), south-west
monsoon period (SWM: July–September), and north-east
monsoon (NEM: October–December).

Sample collection

Five different fields continuously cultivated with sugarcane
were selected from each study site, and an area of about
500 m2 was taken for sampling in each field. Ten healthy
plants were selected from each field, and their roots and
rhizosphere soil samples were collected down to a soil depth
of 30 cm. The samples were collected in triplicates and
brought to the laboratory in sealed plastic bags where they

were stored at 5–10 °C (Koske and Halvorson 1981). The
root samples were washed thoroughly to removed attached
soil particles, cut into several small segments (length 1 cm),
and fixed in formalin, acetic acid, and alcohol (FAA) in
5:5:90 ratios (Phillips and Hayman 1970). Soil samples
collected from each site was mixed thoroughly, and a por-
tion of each soil sample was analyzed for soil texture, pH,
electrical conductivity (EC), percentage organic matter
(OM), available N, P, K, Zn, copper (Cu), manganese
(Mn), and iron (Fe). From the remainder each soil sample,
100 g was taken to estimate AM fungal spore number.

Analysis of physicochemical characteristics of soil samples

All samples were air dried, ground into powder, and passed
through a 1-mm-pore sieve. The sieved powdered samples
were collected in plastic containers, sealed, and stored at
4 °C until further use. For the pH measurement, 20 g of
soil was added to 40 ml of distilled water and stirred
thoroughly with a glass rod; after standing undisturbed
for 15 min, the pH was measured. For the measurement
of EC, 20 g soil was dissolved in 100 ml distilled water
and agitated for 1 h in a shaker; conductivity was then
measured using an electronic digital conductivity meter
(Elico, Hyderabad, India). Soil OM content (Walkey and
Black 1934), available N and K (Sankaran 1966), available P
(Olsen et al. 1954), and available micronutrients (Lindsey and
Norwell 1978) were also analyzed.

Isolation and enumeration of AMF spore

Spore and sporocarp numbers were determined by the wet
sieving and decanting method (Gerdemann and Nicolson
1963) followed by sucrose density centrifugation (Ianson
and Allen 1986). In brief, 100 g of soil was dispersed in
1 l of water and centrifuged. After centrifugation, the
suspension was carefully decanted through a descending
series of sieves (mesh size:500 to 40 μm) and a 40 %
sucrose solution added. Residues were filtered through
gridded filter papers, and all intact spores were counted
under a stereoscopic microscope at 40× magnification.
Sporocarps and spore clusters were considered as one
unit. For the taxonomic identification, AMF spores were
mounted onto slides using polyvinyl alcohol lactoglycerol
(Omar et al. 1979) with or without Melzer reagent (Mortan
1988 ) and identified based on the synoptic keys of Walker
and Sanders (1986) and Schenck and Perez (1990).

Assessment and quantification of AM fungi in roots

The FAA-fixed root samples were washed, cleared in 2.5 %
KOH at 90 ˚C (Koske and Gemma 1989), acidified with 5 N
HCl, and stained with tryphan blue (0.05 %) in lactoglycerol
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(Phillips and Hayman 1970). Fungal colonization was
quantified by the glass slide method, in which 50 randomly
selected 1-cm-long root segment units were examined
microscopically (Giovannetti and Mosse 1980). Only fine
roots were considered for quantification because larger roots
were not colonized or not easy to observe. Total colonization
was expressed as the percentage of AM colonization.

Statistical analysis

Pearson product moment correlation was followed to exam-
ine the relationship among AMF spore abundance, AM
percentage colonization, and physicochemical characteris-
tics of the soil. The mean values and standard deviations
were calculated for each site from the data obtained from
five different fields (in triplicate). To determine significant
variations in AMF spore density and percentage root colo-
nization during different seasons, analysis of variance
(ANOVA) was performed by one-way ANOVA procedures
followed by Tukey HSD post hoc tests using SPSS ver. 11.5
(SPSS, Chicago, IL). Statistical differences at p<0.05 were
considered to be significant.

Results

Physicochemical characteristics of soil samples

Three different soil types were found in the study sites.
Sandy loam soil was found in Alathur, Gandarvakkottai,

Madukkur, Kavinad, and Vadavalam; clay loam soil was
found in Avudaiyarkovil, Perungalur, and Visalur; sandy
clay loamy soil was found in Budalur, Illuppur, Mudukulam,
Mullur, Porum, and Vialogam. Over all of the study sites, the
pH ranged from 6.1 to 7.8, the EC ranged from 0.11 to 0.20,
and the OM ranged from 1.18 to 1.40 %. Macronutrients such
as N, P, and K ranged from 71.4 to 81.9, from 5 to 11, and
from 187 to 262 kg acre-1, respectively. Micronutrients such
as Cu, Zn, Fe, and Mn ranged from 2.18 to 3.62, from 0.76 to
1.1, from 5.18 to 7.2, and from 3.16 to 4.16 kg acre-1,
respectively (Table 1).

Correlation between AMF spore density
and root colonization

To examine whether the physicochemical characteristics of
soil could have any influence on AMF, a correlation study
was carried out to determine the relationship between root-
zone soil parameters, such as pH, EC, OM, available N, P,
K, Cu, Zn, Mn, and Fe and AMF spore density and percent-
age AM root colonization. The mean spore density was
negatively correlated with EC, OM, N, P, Cu, Zn, and Fe
and positively correlated with pH, K, and Mn. The percent-
age root colonization showed a negative correlation with
EC, N, P, and K and a positive correlation with pH, OM, Cu,
Fe, and Mn. A significant positive correlation was found
between Cu and AMF root colonization. No correlation was
found between root infection and Zn (Table 2). A positive
correlation was observed between AM spore density and
percentage root colonization.

Table 1 Physicochemical characteristics of soil samples isolated from the 14 different study sites

Study site Soil typea pH EC OM (%) Macronutrient (kg acre-1) Micronutrient (kg acre-1)

N P K Cu Zn Fe Mn

Alathur SL 6.1 0.13 1.27 89.9 5.0 187 2.52 0.76 5.18 3.66

Avudaiyar kovil CL 7.8 0.17 1.37 76.7 6.5 206 2.65 0.81 6.23 3.44

Budalur SCL 6.6 0.12 1.23 80.0 7.4 220 2.76 0.84 6.05 3.52

Gandarvakottai SL 7.0 0.19 1.16 86.4 6.3 245 2.56 0.92 5.86 3.68

Illuppur SCL 7.6 0.11 1.34 74.7 6.6 193 3.34 1.06 5.47 3.20

Kavinad SL 7.3 0.15 1.25 71.4 5.8 235 2.81 0.72 6.37 4.16

Madukkur SL 7.2 0.17 1.18 77.3 8.9 255 2.37 0.95 7.20 3.72

Mudukulam SCL 6.7 0.19 1.26 87.5 10.3 247 2.93 0.83 6.40 3.48

Mullur SCL 7.1 0.20 1.32 83.6 11.0 195 3.10 1.10 5.72 2.97

Perungalur CL 7.5 0.14 1.19 79.4 9.2 262 2.18 0.94 5.94 3.63

Porum SCL 7.4 0.13 1.40 81.2 7.4 237 2.47 0.79 6.14 3.94

Vadavalam SL 7.3 0.16 1.29 78.7 7.6 210 3.62 0.85 7.03 4.07

Vayalogam SCL 6.6 0.16 1.36 73.8 9.4 245 2.39 1.07 6.63 3.54

Visalur CL 6.8 0.17 1.21 84.3 8.2 226 2.51 0.92 5.62 3.16

EC, Electrical conductivity; OM, organic matter
a CL, Clay soil; SCL, sandy clay loamy soil; SL, sandy loam soil
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AM diversity and species richness

Altogether, 23 AM fungal species were isolated in the
study sites, representing four genera, namely, Acaulospora,
Gigaspora, Glomus, and Scutellospora. Of these four genera,
Glomus was the most prevalent, and both G. mosseae and G.
fasciculatum were found as dominant species with a dis-
tribution frequency of 92.8 (Table 3). The mean spore
density in the root-zone soils of sugarcane plants varied
fivefold from 119 to 583 per 100 g of soil. The minimum
spore number was 119 and was observed in Budalur soil,
while soil at the Kavinad site contained the maximum
number of spores (583). The spore density at Illuppur,
Gandarvakkottai, and Kavinad was significantly higher
than that at other study sites. In comparison, the lowest
mean spore density was found at Mullar (170.15 spores
per 100 g of soil) (Fig. 1).

Effect of seasonal variation on AMF spore density

The highest mean spore density of 378.79 spores per 100 g
soil was observed during the summer (Fig. 2) and was
significantly higher than that during all other seasons.
Increases in spore density were observed during the SWM
and NEM, with a mean spore density of 329.27 and 291.29
spores per 100 g soil, respectively; however, the difference
between these two seasons is insignificant (Fig. 3). The
mean spore density was significantly lower during the win-
ter than during the other seasons (222 spores/100 g soil).
Spore density was highest during summer (dry season) and
lowest in winter (wet season), with intermediate values in
the SWM and NEM.

Effect of seasonal variation on AMF root colonization

Almost all the root samples of sugarcane plants were posi-
tive for AMF colonization. The highest mean percentage
AMF colonization was observed in Illuppur, Kavinad, and
Vadavalam, while the lowest was observed at Visalur
(Fig. 4). Seasonal variations also influence the percentage
root colonization of AM in the study sites (Fig. 5). The
highest percentage of colonization was observed during
SUM and SWM, but it was decreased significantly during
NEM. The lowest infection percentage infection was
observed during WIN (Fig. 6).

Discussion

The study reported here was undertaken to make a detailed
examination of the AM status of sugarcane cultivated fields.
The physicochemical characteristics of all the 14 study
sites were analyzed. Most of these were sandy clay loam
or sandy loam soils. Soil texture may affect plant growth
as well as mycorrhizal efficiency in various ways, such
as through drainage, aeration, and limitations in nutrient
availability (Joshi and Singh 1995). There were three
sites with clay loam soil. The pH over all sites ranged
from 6.1 to 7.8.

Effect of soil pH on AMF

Little information is currently available on the correlation
between edaphic characters and spore populations under
Indian conditions. In this study, AMF spores were found
in both slightly acidic and neutral to slightly alkaline
soils. Some AMF species occur either in acid or in
alkaline soils and others occur in both (Young et al.
1985; Robson and Abbott 1989). Spore germination and
root colonization of AMF are suppressed in acidic and
alkaline soils (Isobe et al. 2007). Variations in soil pH
may alter the concentration of many nutrients and toxic
ions in the soil and thereby affect the development and
function of AM fungi. Consequently, the density of AMF
spores is assumed to be low in acidic and alkaline soils.
However, in the present study, a positive correlation was
observed for soil pH with AM spore density and root
colonization, possibly due to the narrow range of pH
(6.1–7.8) in the soils observed.

Effect of OM, N, and P on AMF

The OM showed a positive correlation with both AMF spore
density and root colonization, thereby corroborating previ-
ously reported results (Boddington and Dodd 2000; Kha-
nam et al. 2006). However, a negative correlation found
between N and AMF spore density, and N and AMF root
colonization. N can either stimulate or suppress root colo-
nization and spore production by AM through modifications
of soil pH (Sylvia and Neal 1990). It has been shown that
AM spore density in fields reaches a maximum when the P
status in the soil is less than that required for maximum plant

Table 2 Correlation between arbuscular mycorrhizal fungal variables and physico-chemical characteristics of soils in the study sites

Variable Colonization (%) pH EC OM N P K Cu Zn Fe Mn

Spore number 0.40 0.47 -0.05 -0.06 -0.30 -0.43 0.26 -0.01 -0.27 -0.09 0.31

Colonization (%) - 0.43 -0.08 0.02 -0.49 -0.23 -0.17 0.64* 0.00 0.17 0.36

* Correlation is significant at the 0.05 level
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growth (Abbott and Robson 1991). Although the correlation
in the present study was not statistically significant,
negative correlation coefficients of −0.43 and −0.23 were
observed between spore density and P, and root coloni-
zation and P, respectively. The customary agricultural
practice at the sugarcane fields of the study sites was to
apply chemical fertilizers. Increasing the application of P

fertilizers would increase the amount of available P in
the soil, resulting in the soil having a low P adsorption
coefficient. The application of P fertilizer decreases the
rate of infection and the density of AMF in soil (Isobe
and Tsuboki 1998; Mohammed et al. 2004; Lekberg and
Koide 2005). Hence, if the aim is to increase the density
of AMF spores, the excessive application of P fertilizers
should be avoided. The positive correlation of soil K on
spore density shows that the slow diffusion of K ions in
the soil may favor spore germination (Haselwandter and
Bowen 1996).

Fig. 2 Influence of seasonal variation on the spore density of AMF in 14 different study sites. SWM South-west monsoon, NEM north-east
monsoon, WIN winter, SUM summer
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Fig. 3 Box-and-whisker plots of the variation in AMF spore density
during four seasons. Different lowercase letters above the boxes indi-
cate a significant difference at the 0.05 level
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Fig. 1 Box-and-whisker plots showing the mean, range, and signifi-
cant variation in arbuscular mycorrhizal fungal (AMF) spore density in
different study sites. Different lowercase letters above the boxes indi-
cate a significant difference at the 0.05 level
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Correlation between AMF spore density
and root colonization

AM spore density is positively correlated to the percentage of
root colonization in sugarcane (Wuen et al. 2002; Isobe et al.
2008). The number of spores has also been correlated with the
phenological stage of the host plant. It has also been suggested

that AMF show a different behavior in perennial plants,
without a condensed sporulation at the end of the life cycle,
as in annuals (Gemma and Koske 1988). In situations where
the spore density is positively correlated with the extent of
root colonization, both aspects may increase during the grow-
ing season of annual plants. However, this relationship does
not always hold; Louis and Lim (1987) observed an inverse
relationship between spore density and colonization in four
perennial trees from a lowland tropical rain forest. The rela-
tionship of spore density and root colonization with different
soil characteristics is a result of the interactions between them
and could be specific for each case.

Fig. 5 Influence of seasonal variation on the percentage root colonization of AMF in 14 different study sites
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difference at the 0.05 level
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AM diversity and species richness

A total of 23 AM fungal species, belonging to the genera
Acaulospora, Gigaspora, Glomus, and Scutellospora, were
found in the study sites. Because of edaphic factors and
climatic changes, the spores and activities of AM fungi
may not distribute equally in different soils. Moreover, the
density of AM fungal spores generally varies significantly
with the season and growing stage of the host crop.

In general, the presence of more than one AMF species is
quite common in the perennial rhizosphere (Thaper and
Khan 1985). The occurrence of several AM fungi in soil
or within the roots suggests the possibility of an intra-
specific competition between different species. The spore
abundance of AMF is determined by the host plant species
and the environmental variables rather than by the AM
fungal species itself (Koske and Halvorson 1981). Edaphic
characters, such as soil type (Joshi and Singh 1995), soil pH
(Sindhu and Behl 1997), and soil fertility (Abbott and Rob-
son 1991), have been reported to influence AM sporulation.
It is unlikely that a single property would determine AM
fungal dynamics (Walker et al. 1982). The relationship
between spore density, species richness, and the distribution
frequency of AMF with different soil characteristics is a
result of the interactions between all of these factors and
could be specific for each case.

Effect of seasonal variation on AMF spore density

Seasonal variation plays a remarkable role on the occurrence
of AM fungi (Mallesha and Bagyaraj 1991). Spore density
was highest during the summer (dry season) and lowest
during the winter (wet season), with intermediate values in
the SWM and NEM. This seasonal pattern in spore density
has been observed in salt marsh soils (Carvalho et al. 2001)
and temperate grasslands (Escudero and Mendoza 2005 ). In
xeric Mediterranean grasslands, the variation in total spore
density appears to be controlled mainly by dry and wet
periods (Lugo and Cabello 2002). Mago and Mukerji
(1994) observed that AM colonization was the lowest
during the winter and highest during the late summer in
some members of the Lamiaceae. Spore density reflects
the net effect of sporulation against spore disappearance
due to germination, dispersal, leaching, predation, mor-
tality, and other factors. The crop roots that can be
infected by AM fungi are another important factor for
the difference in spore density because AM fungi do not
form spores without infection. The variation in spore
density is a consequence of many interacting factors,
such as plant communities, soil characteristics, sporulat-
ing nature of fungi, growing season of host plant, and
climate. It is necessary to understand the relationship
between spore production and the type of crop.

Effect of seasonal variation on AMF root colonization

Almost all of the root samples of the collected sugarcane
plants had an association with AM fungi. The highest
percentage of colonization was observed during SUM
and SWM, but this decreased significantly during the
NEM. The lowest percentage infection of AM was ob-
served during the WIN. There are several explanations
for the seasonal variation in root colonization, including
exudation of toxic metabolites (Iqbal and Queorshi 1986)
and the production of easily oxidizable compounds (St.
John and Coleman 1983). Although these factors play a
decisive role in colonization, several edaphic and climat-
ic factors may also influence the process (Giovannetti
1985). It has also been reported that the community of
AM fungi may determine host plant community's associ-
ation and production (Van Der Heijden et al. 1998).
Bever (2002) demonstrated that each endophyte multi-
plied quite differently on different host plants and that
the infection ratio differed with the species of AM fungi.
In the present study sugarcane plants collected from 14
different sites showed more than 72 % colonization in all
seasons, with a mean percentage colonization for all
seasons of 76.9 %. Such a high degree of colonization
may be due to the fact that the plants in the study sites
were essentially P-deficient.

Conclusion

Species diversity was apparent in all study sites, but G.
mosseae and G. fasciculatum were found in almost all
of the soils. The marked difference observed in the
composition of AM fungi in the study sites may be
attributable to the influence of edaphic factors and sea-
sonal differences. Variations in climate also influence
the selection of AMF as climate regulates the incidence
of specific fungal strains in the soil. Factors such as
cultural practices and vegetation in the study sites may
also contribute to determining the dominance of a par-
ticular species. The measured indices, such as species
richness, spore density, distribution frequency, and per-
centage root colonization, varied in the different regions.
The infection ratio of AMF might be affected by the
difference in AMF flora. Therefore, it is necessary to
determine the population density of each AMF species
and the respective infection ratio with sugarcane plants
that would favor growth and production of the host
plant.
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