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Abstract

The seasonal dynamics in the colonization of the rhizosphere of orchardgrass (Dactylis glomerata L.) and white clover
(Trifolium repens L.) pastures by arbuscular mycorrhizal (AM) fungi and the production of spores in an artifical Japanese
grassland was investigated over 12 months (between December 2001 and December 2002). The results showed that the AM
fungal colonization fluctuated seasonally in the rhizosphere of both pastures. The total AM fungal colonization of the two
pastures decreased during winter, then increased from March to June as the pastures grew, but slightly decreased again in
July and August, and again followed an increase in September. There was significant difference of the colonization by
arbuscules and vesicles between the two pastures (p<0.05). Besides, the vesicular colonization of orchardgrass was higher
than that of white clover, but the opposite trend was observed for arbuscular colonization. Similarly, the numbers of AM
fungal spores in the pastures varied throughout the year, decreasing from spring to summer, then slowly increasing in late
summer, reaching peak levels in winter. There is significant correlation between the frequency of spores in the rhizosphere

soil and both soil temperature and pH.

Introduction

Arbuscular mycorrhizal (AM) fungi are important
soil microbes that form symbiotic associations with the
root systems of most terrestrial plant species (van der
Heijden et al., 1998). These symbiotic associations are
mutualistic. AM fungi gain carbohydrates from the host
plants, while the plants can increase their uptake of
nutrients (especially phosphorus) through the external
mycelium (Smith & Read, 1997). Besides, much research
has well documented that AM fungi perform pivotal roles
such as in fertilizer management, pathogenic resistance
and ecological protection in host plants (Li & Feng, 2001),
as well as in plant regrowth after cutting (Wu et al., 2011).
However, the interactions of fungus-plant partners in the
field are related with many factors, including inter alia
fungus and plant, inherent plant growth rates, soil
properties, management practices and climatic variables.

Most investigations concerning AM  fungal
colonization focused on seasonal dynamics temporal
variations in AM hyphae, arbuscules, vesicles, spores,
extramatrical hyphae and glomalin, which is a
glycoprotein produced by AM fungi (Mandyam &
Jumpponen, 2008). For example, seasonal changes
occurred in abundance of healthy, moribund and dead
Gigaspora gigantean spores (Lee & Koske, 1994), as
well as spores of G. mosseae, G. fasciculatum and G.
monosporum (Nasim et al., 2008). Muthukumar &
Udaiyan, (2002) found temporal variation in
mycorrhizal colonization and the number of spores in
the rhizosphere of Cyperus iria L., and C. rotundus L.,
which grew in a semi-arid tropical grassland. Lugo et al.,
(2003) reported a marked seasonal variation in
endomycorrhizal colonization; colonization rates were
higher during summer, while declined during winter and

early spring. Lutgen et al., (2003) found that significant
seasonal changes occurred in AM hyphal colonization
and in the concentration of glomalin in rhizosphere soil.
Schreiner, (2005) found that arbuscular colonization of
grapevine (Vitis vinifera L.) roots was strongly seasonal
in an investigation of the spatial and temporal
development of grapevine roots and their associated
myecorrhizal fungi in 1999 and 2000. Recent experiments
by Mandyam & Jumpponen, (2008) indicated that AM
fungi were most abundant during the peak growing
season of the dominant C, vegetation in a tallgrass
prairie ecosystem. In contrast, some studies did not show
such regular seasonal changes in AM fungi colonization
(e.g. Boerner, 1986; Brundrett & Kendrick, 1988). For
example, Ruotsalainen et al., (2002) did not find that
AM fungi colonization fluctuates throughout the
growing season in a study of meadow plants.

Although there is increasingly interest in AM
resources, including their classification and ecological
effects, few studies focuse on the seasonal dynamics of
AM colonization and the production of spores in artificial
grasslands. The main objective of this study was to
investigate the seasonality in AM fungal colonization and
spore numbers under natural field conditions. We
investigated the interactions between AM fungi and two
common pasture plant species, orchardgrass (Dactylis
glomerata L.) and white clover (Trifolium repens L.),
which were the dominant constructive species in an
artificial grassland in Japan. We aimed to determine: 1)
how seasonal dynamics influence AM fungi colonization
and the number of spores in the rhizospheres of the
orchardgrass and white clover plants; and 2) if there are
differences in the seasonality of AM fungi colonization or
numbers of spores between the plant species.
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Materials and Methods

Site description: The study site is located in an artificial
grassland that was established in the 1970s in the Field
Science Centre of Tohoku University, Miyagi Prefecture,
Japan (latitude, 38°44°N; longitude, 140°15°E). The
dominant species at this site was orchardgrass (Dactylis
glomerata L.), while white clover (Trifolium repens L.)
and sweet vernal grass (Anthoxanthum odoratum L.) were
also relatively abundant. This artificial grassland covers
an area of approximately 0.33 ha. The soil is a highly
acidic allophone andosol with high humus content and a
high capacity to adsorb phosphoric acid. The soil pH
ranged from 4.0 to 5.5. Annual rainfall in this area
amounts to approximately 1, 800 mm. The average annual
temperature at this site is approximately 11.1°C, with the
highest and lowest temperatures being 34.4°C and -4.3°C,
respectively.

Sampling methods: Each root and rhizosphere soil
sample from the orchardgrass and white clover was
collected at a depth of 0-10 cm in the meadow, within a
10 cm x10 cm quadrate. Four replicates were collected,
each containing a single plant tiller tuft. During the period
of our investigation, the herbage was cut three times (on
14™ May, 23" July and 3 October, 2002) and fertilized
four times with 200 kg ha™ of N, 100 kg ha™ of P,Os and
of 200 kg ha™* K,O per year. Both pastures were sampled
12 times from December 2001 to December 2002 at 4- to
6-week intervals. The sampling dates were December 23,
2001, and February 1, March 10, April 11, May 6, June 6,
July 4, August 5, September 5, October 2, November 5
and December 4 in 2002.

AM colonization and soil analysis: The samples were
carefully separated into soil and plant components. Part
of each root sample was carefully rinsed with tap water
and cut into 1 cm-long fragments. Then the root
fragments were heated at 100°C for 10 min in 10% KOH
and rinsed with tap water. These samples were soaked in
2% HCI for 3-5 min and rinsed again. Finally, the
samples were stained for 5 min at 100°C with trypan
blue (Phillips & Hayman, 1970). Percentage
colonization of the roots by AM fungi was determined
according to the magnified line intersection method
described by Giovannetti & Mosse, (1980).

The soil temperature at a depth of 0-10 cm in each
quadrat was determined using a soil thermometer (TR-
71/72) on each sampling occasion, and 10 g of fresh soil
from each sample (separated from roots as described
above) was wet-sieved to collect spores using the method
described by Gerdemann & Nicolson, (1963). In addition,
the pH of the soil samples was measured using a glass
electrode after making a 1:2.5 soil: water paste from 10 g
of dried soil and 25 ml of distilled water.

Statistical analysis: Statistical analyses were performed
using the SPSS software package version 12.0 (SPSS Inc.,
USA). Means of soil pH and temperature, as well as
means and standard errors of AM colonization and
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numbers of spores, were calculated by descriptive
statistics from four replicate samples in each month. One-
way analysis of variance (ANOVA), followed by the
Least Significant Difference (LSD) at the 5% confidence
level, was used to estimate any differences in AM
colonization (including total colonization, arbuscular
colonization and vesicular colonization) and spore
numbers between the two tested pasture species in each
month. The same test was used to determine the
difference in AM colonization and spore numbers among
12 months. In addition, Pearson’s product-moment
correlation coefficients were conducted to examine the
relationships between mycorrhizal colonization as well as
numbers of spores and soil factors (pH and temperature).
To test whether the explanatory variables had mutual
effects on AM colonization and the numbers of spores, the
effects of ‘species (orchardgrass versus white clover)’,
‘month (year)’ and ‘species xmonth (year)’ were also
analyzed using Univariate ANOVAS.

Results

Soil temperature and pH: The pH of the artificial
grassland soil was acidic, ranging from 4.96 to 6.05 (Fig.
1), but the mean monthly values remained roughly
constant throughout the study. In contrast, mean soil
temperatures changed on a monthly basis, ranging
between 1.1°C in February to 25.3°C in August 2002.
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Fig. 1. Monthly mean soil temperature and pH at the four

sampling sites over the study period from December 2001 to
December 2002.

Seasonal dynamics in AM colonization of roots of the
two pasture species: Univariate ANOVAS results showed
that the effects of ‘month (year)’ on the total colonization,
arbuscular colonization and vesicular colonization were
all significant (p<0.001); this indicated that AM
colonization varied seasonally (Table 1). The pasture
species had significant effects on arbuscular colonization
and vesicular colonization (p<0.05), but not on total
colonization (p>0.05). Moreover, the interaction term
‘species x month (year)’ was significant for total
colonization and vesicular colonization (p<0.01), but not
for arbuscular colonization (p>0.05).



FUNGAL COLONIZATION AND SPORE NUMBERS IN THE RHIZOSPHERE OF DACTYLIS GLOMERATA

2089

Table 1. F-values, from univariate ANOVAs, of the effects of species, month and species x month
on AM colonization and spore numbers.

TC TA TV Spore numbers
Species 1.561 5.616* 5.584* 8.309**
Month (year) 3.654*** 4.993** 4 517 ** 18.188***
Species x Month (year) 3.324** 1.012 2.618** 1.279

TC, TAand TV indicate total colonization, total arbuscular colonization and total vesicular colonization, respectively (n=96)

*p<0.05, ** p<0.01, *** p<0.001

Table 2. F-values from one-way ANOVAs, of effects of month on AM colonization and spore numbers.

TC TA TV Spore numbers
Orchardgrass 3.219** 5.168*** 3.235** 11.998***
White clover 4.051** 1.625 4.385%** 6.938***

TC, TAand TV indicate total colonization, total arbuscular colonization and total vesicular colonization, respectively (n=48)

** <0.01, *** p<0.001

The total AM colonization of both orchardgrass and
white clover varied significantly (p<0.01) over the 12
months (Table 2). During the survey year, total AM
colonization of both pastures initially decreased to
minimal value in March (ca. 21.2% for orchardgrass and
23.52% for white clover; Fig. 2a), then increased along
with the pasture growth to the first peak in June.
Colonization then moderately declined in July and August.
During these periods, the changes of total AM
colonization of the two species were similar, but there was
a rapid divergence thereafter, during the second phase of
increasing colonization. The total colonization of
orchardgrass continued to increase from August until
November, and reached highest (53.87%), but then
decreased. In contrast, white clover colonization peaked
in September and colonization then decreased. Besides,
the total colonization of white clover was significantly
higher than that of orchardgrass in February, but
significantly lower than that of orchardgrass in November
(p<0.05). However, there was no significant difference in
the total AM colonization between orchardgrass and white
clover over the 12 months (p>0.05).

Seasonal changes in arbuscular colonization (Fig. 2c)
and vesicular colonization (Fig. 2b) patterns were similar
to those of total colonization for both species. There was
significant difference (p<0.001) in arbuscular colonization
of orchardgrass among 12 months, but not for white
clover (Table 2). However, vesicular colonization of both
species significantly differed (p<0.01) among the 12
months. The vesicular colonization of both species was
lowest in April (during the first decreasing phase), 1.62%
for orchardgrass and 1.78% for white clover. In contrast,
while the wvesicular colonization of orchardgrass was
highest in November (17.52%), during the second
increasing phase, it was highest for white clover (10.92%)
in May, during the first increasing phase. During
December of both 2001 and 2002, vesicular colonization
of two species differed significantly (p<0.05). Similarly,
the arbuscular colonization of orchardgrass was lowest
(2.82%) in April, during the first decreasing phase, and
highest (20.32%) in November, during the third
increasing phase (Fig. 2c), while for white clover it was
highest (17.53%) in June, during the first increasing phase,

and lowest (5.95%) in March, during the first decreasing
phase.

We also investigated the ratio of vesicular colonization
to arbuscular colonization in each of the months (Fig. 2d).
Before March 2002, the ratios were higher for white clover
than for orchardgrass. In March, the ratios for the two
species were the same. Then, from March to December
2002, the ratio was higher for orchardgrass than for white
clover, indicating that vesicular colonization was higher in
orchardgrass, whereas arbuscular colonization was higher
in white clover.

Seasonal dynamics of spore numbers in the
rhizosphere of the two pasture species: Spore numbers
in the rhizosphere of the two tested species varied
seasonally, as shown in Table 1. During the survey year,
the spore numbers in the rhizosphere of both pastures
were highest in winter, then decreased from spring to
summer, and then increased slowly in early autumn (Fig.
3). Significantly seasonal differences in the number of
spores were found among the 12 months for both species
(p<0.001) (Table 2). The spore numbers were highest in
the rhizospheres of orchardgrass and white clover in
February and March, respectively, and lowest (in both
cases) in July. There were also significant effects of
‘species’ on spore numbers (p<0.05). Overall, spores were
more abundant in the rhizosphere soil of orchardgrass
than that of white clover, except in May, August and
December 2002. One-way ANOVA result showed that the
spore number in the rhizosphere of orchardgrass was
significantly higher than that of white clover in February
(p<0.05). The “species x month (year)’ interaction was not
significant for spore number (p>0.05).

Correlations between soil temperature, soil pH and
AM variables: Correlations between the soil characters
that were measured and the AM variables are shown in
Table 3. In the growing season, the number of spores in
the rhizosphere had a significant negative correlation with
soil temperature (p<0.01), while it was significantly
positively correlated with soil pH (p<0.01). However,
there was no significant relationship between soil
characters and AM colonization (p>0.05).
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Fig. 2. Seasonal changes in total colonization (a), arbuscular colonization (b), vesicular colonization (c) and TV/TA (d) in orchardgrass
and white clover at each sampling date from December 2001 to December 2002. Error bars represent the standard errors of data at the
four sampling sites. Different letters indicate significant differences at the 5% probability level between the two pasture species.

TV/TA: total vesicular colonization / total arbuscular colonization.

Table 3. Correlations between soil parameters and AM colonization and spore numbers.

TC TA TV Spore numbers
Soil temperature 0.287 0.222 0.074 -0.644**
Soil pH -0.096 -0.230 0.028 0.644**
TC, TAand TV indicate total colonization, total arbuscular colonization and total vesicular colonization, respectively (n=24)
** n<0.01
Discussion decline during winter and early spring (see Kabir et al.,
1997; Lugo et al., 2003). They also differ from reports by
Liu et al., (2009) found that AM fungal colonization Escudero & Mendoza, (2005) that the colonization of

of roots was significantly correlated with the sampling
month (p<0.05). We also observed conspicuous seasonal
fluctuations in AM fungal colonization and the number of
spores in the rhizosphere of orchardgrass and white clover.
From 2001 to 2002, total AM colonization of the two
pasture species decreased during the winter and increased
again when plant grew in spring. Colonization rates then
declined slowly during the summer. In autumn, the total
AM colonization of white clover continued to decline,
while in orchardgrass it started to increase. Maximum and
minimum total AM colonization levels for the two species
were detected in early spring and autumn, separately. Our
results were different from several studies which showed
AM abundance reached the peak during summer and

Lotus glaber roots was highest in summer or spring and
lowest in winter or autumn. These contrasting results are
probably due to differences in host plants and habitat
types, and possibly other factors that reportedly affect the
seasonality of AM fungal colonization. Therefore, further
research is needed to determine the effects of these factors.

It is difficult to understand if various influential factors
are determinants of the seasonal patterns of AM fungal
colonization in the present study, or if the seasonality of AM
fungal colonization is an intrinsic property of the fungi.
However, numerous studies showed that AM fungal
colonization of host-plant roots is influenced by many factors.
Firstly, AM fungal colonization rates vary among plant
species, for example Alchemilla glomerulans, Carex
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vaginata, Ranunculus acris ssp. pumilus and Trollius
europaeus (Ruotsalainen et al., 2002), and five Poaceae
plants (Lugo et al., 2003). Our results showed that total
colonization did not differ between the two examined pasture
species, but ‘species’ and ‘month’ had significant mutual-
effects (p<0.01). Secondly, several studies have shown that
climatic and edaphic factors affect AM fungal colonization
(see  Muthukumar & Udaiyan, 2002). For instance,
Mohammad et al., (1998) found that the AM colonization of
winter wheat (Triticum aestivum L.) did not change
significantly over several months after sowing in autumn, but
increased in the following spring as the temperature rose.
From December 2001 to February 2002, the total
colonization of the two pasture species was high (>25.18%),
although the soil temperature was still below 5°C. However,
there was no significant correlations (p>0.05) between AM
colonization and soil temperature or soil pH. In the future,
contents of soil nutrients, such as nitrogen (N) and
phosphorus (P), should be considered, since N and P
enrichment has been found to increase, decrease, or have no
effect on AM colonization in different cases (Aerts, 2002;
Muthukumar & Udaiyan, 2002). We summarized some
factors above that may be responsible for seasonal changes
in AM fungal colonization we detected, but it is hard to
figure out the exact causes of the changes in terms of our
data. We believe that our investigation of the seasonality of
AM fungal colonization is helpful to improve understanding
of the interactive effects of AM fungi and plants. In addition,
this information may help to optimize pasture management
practices, such as the timing of fertilization applications,
mowing and grazing.
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Fig. 3. Seasonal changes in spore numbers in the rhizosphere of
orchardgrass and white clover at each sampling date from
December 2001 to December 2002. Error bars represent the
standard errors of data at the four sampling sites. Different
letters indicated significant differences at the 5% probability
level between the two pastures.

Both  arbuscular  colonization and  vesicular
colonization changed seasonally and differed between
orchardgrass and white clover; and vesicular colonization
was more frequent in orchardgrass than in white clover,
while arbuscular colonization was more abundant in white
clover than in orchardgrass. These were supported by other
studies. For example, our previous study showed that
vesicular colonization of Rhynchrelyrum repens (Wild.)
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C.E. Hubb. was more frequent (4.3-33.3%) than arbuscular
colonization (2.9-5.0%) in six quarry sites (Chen et al.,
2008). Furthermore, it was reported that wvesicular
colonization was more frequent (albeit with strong seasonal
variations) than arbuscular colonization in the rhizospheres
of sedges and plants in a tallgrass prairie ecosystem,
respectively (Muthukumar & Udaiyan, 2002; Mandyam &
Jumpponen, 2008). The arbuscule and vesicle of AMF are
thought to have different functions. Arbuscules are sites
where materials are exchanged between AM fungi and
plants, while vesicles are used for nutrients storage and
propagation (Liu & Chen, 2007). However, there was no
other previous research on the differences between
arbuscule and vesicle colonization in different plant species
in the same ecosystem. Furthermore, other functions of
arbuscules and vesicles, particularly with respect to plant
growth, remain unknown. Further experiments are needed
to investigate whether the structure and function of
vesicular and arbuscular formations differ between plants,
which coincides with the idea proposed by Burni &
Hussain, (2011) in the researches focused on diversity in
arbuscular mycorrhizal morphology.

The number of spores in the rhizosphere of the two
pasture species varied seasonally. Spore numbers were
highest in winter and early spring, then decreased from
spring to summer, then increased again slowly in early
autumn. Seasonal changes in the abundance of spores
have been reported, with the best highest formation rates
occurring in June, July and October (Li & Feng, 2001).
Liu et al., (2009) also observed significant seasonal
variation in spore density, with the highest and the lowest
spore densities occurring in October and July, respectively.
It appears that autumn may be the best season for spore
formation. Although spores that form in the summer and
autumn are less likely to sprout immediately than those
form in winter, they may accumulate more storage
materials. This is consistent with the hypothesis that
potential seasonal variation in spore numbers may be the
result of due to the formation of new spores in association
with root growth (Muthukumar & Udaiyan, 2002). In
addition, edaphic factors, such as soil temperature (Dong
& Zhao, 2003) and pH (Burni et al., 2011), may play
important roles in determining spore abundance. Some
studies showed that newly formed spores cannot
germinate immediately. The spores of some species need
to go pass a dormancy period before germination, while
those of other species do not require dormancy. For
example, after one month’s treatment at 4°C, germination
of Glomus microaggregatum, Acaulospora Scrobiculate
and Scutellospora herergama spores increased by 35.6%,
39.0% and 28.0%, respectively (Dong & Zhao, 2003).
Spore numbers in our study were negatively correlated
with soil temperature (p<0.01). Due to the accumulation
of snow, the soil temperature remained above 0°C, which
contributed to spores living through the winter, but was
sufficiently low to release them from dormancy. Thus,
when temperature increased in spring, many spores begin
to germinate, which may partially explain why we found
that AM colonization increased during spring. Although
our results showed that spore numbers were positively
correlated with soil pH (p<0.01), we could not determine
the effects of soil pH on spore density, because soil pH
did not change significantly throughout the year.
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Conclusions

The results showed that there was seasonal fluctuations
of the AM fungal colonization and spore numbers in the
rhizosphere of orchardgrass and white clover, and the
numbers of spores in the two pasture species was
negatively correlated with soil temperature (p<0.01). Our
results is helpful to improve understanding of the
interactions between AM fungi and plants, and may assist
with grassland management, including the identification of
optimal times for fertilization. Moreover, the vesicular
colonization of orchardgrass was higher than that of white
clover, while the opposite trend was observed for
arbuscular colonization. The study highlights the need for
further research to examine differences in structure and
function of vesicular and arbuscular colonization.
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