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Abstract A comparison of different methods for isola-
tion of vesicular-arbuscular mycorrhizal (VAM) fungi
into open-pot cultures was undertaken as part of a
study of the diversity of these fungi. Four different iso-
lation techniques using spores separated from soil, soil
trap cultures, root samples, or transplanted seedlings
grown in intact soil cores were used to obtain as many
fungi as possible from each site. Isolation methods were
compared using paired samples from the same loca-
tions within natural (savanna, rocky hill, wetland, rain-
forest) and disturbed (minesite) habitats in a seasonally
dry tropical region in the Northern Territory of Austra-
lia. There were large differences in (i) the efficiency
(rate of increase in mycorrhizal colonisation), (ii) the
proportion of successful cultures, (iii) fungal diversity
(number of fungal species in each culture) and (iv) spe-
cificity (identity of species isolated) between these four
procedures. However, the less-efficient procedures gen-
erally resulted in a higher proportion of cultures of one
fungus, which could be used without further isolation
steps. Most species of Scutellospora, Acaulospora and
Gigaspora were obtained primarily from field-collected
spores, but only 50% of these culture attempts were
successful. Spores from these initial cultures produced
mycorrhizas much more rapidly and successfully when
used to start second-generation cultures. Several spe-
cies of fungi, rarely recovered as living spores from
field soils, were dominant in many trap cultures started
from soil or roots. Most of these fungi were Glomus
species, that were first distinguished by colonisation

patterns in roots and eventually identified after sporu-
lation in second- or third-generation trap cultures.
These experiments demonstrated that glomalean fungi
in the habitats sampled belonged to two functional ca-
tegories, based on whether or not spores were impor-
tant propagules. The “non-sporulating” fungi were
dominant in many trap cultures, which suggests that
these fungi had higher total inoculum levels in soils
than other fungi. Pot-culturing methods provided addi-
tional information on fungal diversity which comple-
mented spore occurrence data obtained using the same
soil samples and provided valuable new information
about the biology of these fungi.
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Introduction

Propagation of cultures of vesicular-arbuscular mycor-
rhizas (VAM, arbuscular mycorrhizas) formed by glo-
malean fungi requires growth in association with a liv-
ing plant. Cultures of these fungi are necessary to pro-
vide living fungal and mycorrhizal root material for re-
search and practical applications. These cultures are
also essential for taxonomic research, where they may
provide sufficient healthy spores of fungi from field-
collected soils (Walker 1992; Morton 1992). Research-
ers generally make “pot cultures” by growing an inocu-
lated host plant in a sandy soil supplemented with a nu-
trient solution with low levels of phosphorus (Menge
1984; Jarstfer and Sylvia 1993). Glomalean fungi can
also be propagated by growing plants in aeroponics, or
other semi-hydroponic systems, or in root organ cul-
tures (Plenchette et al. 1982; Bécard and Piché 1992;
Jarstfer and Sylvia 1993), but these methods are not
practical for isolating new fungi from field soils. Initia-
tion and maintenance of living cultures of VAM fungi
is difficult and time consuming and consequently is a
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key factor limiting both research activities and practical
uses of these fungi.

Despite the fundamental importance of pot-culture
isolation methods, there have been few reports of new
methods or comparisons of the relative efficiencies of
different methods for initiation of these cultures. The
procedures most often used are isolation from spores –
which have been separated from a field soil by a sieving
procedure, or trap cultures – where a bait plant is
grown in diluted soil from a field site (Mosse 1956; Gil-
more 1968; Menge 1984; Morton et al. 1993; Jarstfer
and Sylvia 1993; Brundrett et al. 1996c). Isolation from
spores has the advantage that these may belong to an
identified fungus and result in a single-species isolate.
However, not all VAM fungi produce sufficient quanti-
ties of spores in field soils to allow isolation or identifi-
cation, so trap cultures can reveal species not observed
to sporulate in soils (Miller et al. 1985; An et al. 1990;
Stutz and Morton 1996; Watson and Milner 1996). In
natural habitats VAM fungi also have hyphal networks,
old root fragments, etc. which function as propagules
(McGee 1989; Brundrett 1991). Spores present in soils
may fail to germinate if they are old or parasitised (Lee
and Koske 1994). Trap culturing methods often pro-
duce more healthy spores than the soils from which
they were started, but usually result in a mixture of spe-
cies which changes with subsequent culture generations
(Morton et al. 1993; Bever et al. 1996). Trap cultures
based on soil-dilution methods result in the isolation of
more species than other methods (An et al. 1990; Wat-
son and Milner 1996).

The work described in this paper is part of a study
which aimed to characterise the role of mycorrhizal as-
sociations in undisturbed and disturbed habitats in the
Alligator Rivers Region (ARR) of the Northern Terri-
tory of Australia. Pot-culture isolation techniques were
used to provide isolates of glomalean fungi for research
and practical use and to help establish their diversity in
soils from different habitats in this region. Four isola-
tion methods utilising different types of propagules
produced by the fungi in soils were applied in an at-
tempt to obtain as many species of fungi as possible.
The main objectives of these culture experiments were
to allow the efficiency and specificity of different isola-
tion methods to be compared and to determine which
VAM fungi have the most abundant propagules in
ARR soils.

Materials and methods

The soils used in this experiment were collected from 32 sites in
undisturbed and disturbed habitats in the Alligator Rivers Region
during field trips in 1991 and 1992 (Brundrett et al. 1996a, b). This
region includes Kakadu National Park and adjacent parts of Arn-
hem Land and consists of lowland eucalypt savanna woodland,
upland, wetland, rainforest and estuarine vegetation on lateritic
and sandstone-derived soils (Wilson et al. 1990). The disturbed
sites sampled were minesite waste-rock habitats with varying
amounts of vegetation cover (Brundrett et al. 1996b). The climate

is tropical with a long dry season and a shorter wet season with
periods of heavy monsoonal rainfall (Dunlop and Webb 1991).

Samples (1–3 kg) from the top 10 cm of the soil profile were
collected from three locations along a transect at each site. Soils
were collected in April–May 1991 and February–March 1992 at
the end of the wet season, when root activity would be declining
for most plants. The same soil samples from each site were used
to start trap cultures and spore-based cultures after separation of
spores from soil. Soil was sampled next to intact soil cores used to
grow seedlings for bioassays at the same transect locations (see
Brundrett et al. 1996a, b) and extra seedlings from these bioassays
were also used as trap plants to start pot cultures. Soil samples
were allowed to dry at air temperature (30–40 7C), before trans-
port to Perth, then stored at room temperature (10–30 7C) for 3–6
months before being used to start pot cultures. A limited number
of root samples were also collected to start cultures. These were
paired with trap cultures started using soil from the same loca-
tions.

Specific details of methods used for experiments are provided
here and more detailed instructions for pot culturing VAM fungi
are available elsewhere (Morton et al. 1993; Brundrett et al.
1996c). Clover [Trifolium subterraneum L. cv. Seaton Park inocu-
lated with Rhizobium leguminosarum bv. trifolii (TA1)] and fo-
rage sorghum [Sorghum bicolor (L.) Moench! sudense (Piper)
Stapf cv. Sudax] were used as host plants for pot cultures. Five
pre-germinated seeds were planted in each pot then thinned to 2
plants after germination. They were grown in non-draining pots
filled with an extremely infertile sandy soil (approximately 1 ppm
available P). Pots with soil were watered to field capacity using a
complete nutrient solution with a P level giving 60% of maximal
growth (see Table 3.3 in Brundrett et al. 1996c). Pots were water-
ed to field capacity by weight every 1–2 days with deionised water
and nitrogen was supplied every 2 weeks. Pots were maintained
on open benches in a glasshouse where a clean environment was
maintained by frequent washing of the floor with water.

To assess mycorrhiza formation and sporulation in living pot
cultures, 1-cm diameter!10-cm deep (30 g) soil samples were
taken approximately every 2 months using a small soil corer.
Steamed sand without nutrients was used to fill sampling holes.
Soil from cores was washed through a coarse (1-mm mesh) sieve
to collect root samples. A finer (40-mm mesh) sieve was used to
collect spores which were further separated by centrifugation in
50% sucrose. Spores were mounted on microscope slides and ex-
amined to identify fungi. The diameter of unmounted spores was
measured with an eyepiece scale. Roots were gently washed free
of sand and examined under a dissecting microscope to observe
external hyphae, immature spores and other structures. These
roots were cleared and stained and the total length of mycorrhizal
and non-mycorrhizal roots was quantified using the gridline inter-
section method (Giovannetti and Mosse 1980). Randomly se-
lected segments of roots from each sample were mounted on
slides and viewed with a compound microscope to identify fungi
within roots by morphological patterns (Abbott 1982; Brundrett
et al. 1996c). Pot cultures without any mycorrhizas were discarded
after 4 months and the rest allowed to grow for 6–8 months.

Pot cultures from spores

Spores were separated from 6 soil samples from each site by wet-
sieving and centrifugation with 50% sucrose using 50–200 g of soil
from each sample. Larger soil samples (500–1000 g) were some-
times used to obtain spores from disturbed sites. Spores were ex-
amined under a dissecting microscope, sorted into categories
based on size, colour and other features. Those considered to be
different species were assigned numbers within a genera (Ta-
ble 1). Spores from each category were mounted on slides in a
polyvinyl alcohol-lactic acid- glycerol based mountant with Melz-
er’s reagent, crushed under the cover slip and observed with a
compound microscope to confirm that each putative species was
morphologically different. Healthy spores of uniform appearance
from each category were transferred to an individual filter paper
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Table 1 Results of isolation experiments using spores, soil, roots,
or transplanted seedlings from natural habitats and disturbed mi-
nesites (DS). Numbers of successful cultures are shown for each
fungus. Note that cultures are listed by dominant fungus, but

most trap cultures also contained other fungi. Fungi were identi-
fied by spores (A, B), or root morphology patterns (C–F). Sum-
mary data showing the average and maximal number of species
present in cultures are also shown for each isolation procedure

Species A
Spores

B
Spores (DS)

C
Soil trap

D
Soil trap (DS)

E
Roots (DS)

F
Transplant

Scutellospora
1 1 2 1
2 8 2 1
3 10 1
4 4 1
5 0
6 5
7 1 3 1

Gigaspora sp. 6 1 1

Acaulospora
1 7 2
2 1
3 2
4 0 1
5 2 3
6 5 1

Glomus
1 6 5 6 3
2 1 1 4
3 4 2 1
4 5 5 1 3
5 2 1
6 2 5 5 5
7 1
8 5 1 1 2
9 3

No. successful 48 20 42 21 14 19
No. attempted 110 36 70 30 15 220

Average No. spp. 1.11 1.39 1.87 3.25 1.92 1.18
Maximal No. spp. 2 2 4 5 4 2

triangle (approximately 1!2 cm). Spores on paper triangles were
kept on damp filter paper and used to start pot cultures within
1–2 days of separation from soil. A standard procedure (Mosse
1956; Gazey et al. 1992; Brundrett et al. 1996c) was used to ini-
tiate pot cultures whenever sufficient spores of a fungus could be
found, in an attempt to isolate as many fungi from each habitat as
possible. 5–100 large or 50–500 small spores were used for each
attempt. Spores on the filter-paper triangles were washed into a
wide, 3-cm deep hole in pots of steamed sand watered to field
capacity with nutrient solution. These spores were then covered
with sand and incubated for 1 week before sorghum seeds were
planted over them. A total of 110 pot cultures was attempted with
spores from 22 undisturbed habitats and 36 pot cultures with
spores from 10 disturbed habitats (Table 1).

Trap cultures using soil

Field soils mixed with sterile sandy soil were used to isolate VAM
fungi (Menge 1984; Morton et al. 1993; Jarstfer and Sylvia 1993).
Each trap culture was started with 100 g from undisturbed sites or
250 g from disturbed sites of mixed and sieved soil (particles
~2 mm). This soil was placed between two layers of steamed
sand in 1 l plastic pots, resulting in a total of 1.5 kg of dry soil (see
Brundrett et al. 1996c). Clover or sorghum seedlings were sown in
these pots several days after first watering them to field capacity.
There were 66 trap cultures started using soil from 22 undisturbed
habitats and 30 trap cultures using soil from 10 disturbed sites
(Table 1).

Trap cultures using roots

A limited number of trap cultures were also initiated using root
inoculum (Gilmore 1968; Liberta et al. 1983). Roots of 6 Acacia
species (A. difficilis, A. dimidiata, A. holosericea, A. oncinocarpa,
A. plectocarpa and A. tropica), from disturbed mine sites and
Bambusa arnhemica and Pandanus spiralis collected from natural
wetland habitats were used. Each culture was started with 1–3 g
of roots, which had been air dried for transport and stored at
room temperature for several months. Replicate root samples
were cleared and stained to measure VAM colonisation, which
was high in all cases. Roots were layered within 1.5 kg of steamed
sand planted with sorghum as described above. A total of 15 pot
cultures was started using root samples (Table 1).

Pot cultures from transplanted seedlings

Clover seedlings grown in intact cores of soil from field sites for 4
weeks were obtained after a bioassay experiment (Brundrett et al.
1996a). These putatively mycorrhizal seedlings were each trans-
planted into a 100-ml conical pot containing 150 g of steamed
sand to which nutrients were added at the same concentrations
used for other cultures. These small pots allowed many mycorrhi-
zal clover plants to be grown in a small space. Plants growing in
these free-draining pots were maintained by regular watering with
deionised water. Ten seedlings from soil cores taken from each of
22 natural habitats were used to start 220 cultures (Table 1). Two
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pots from each site were randomly selected and harvested after 2,
3 and 4 months to quantify VAM formation and spore produc-
tion. Pots were given a second application of nutrient solution aft-
er 3 months. After 4 months, pots were sampled by removing the
bottom 1/4 of their soil and roots to quantify root colonisation by
VAM fungi and spore formation, before allowing the rest of the
soil to dry.

Second- and third-generation pot cultures

In this paper, a generation is defined as one growth cycle by my-
corrhizal fungi in host roots initiated from quiescent propagules,
either collected from the field, or resulting from an earlier pot
culture. At the end of a generation, cultures were air dried for 2–4
months in a glasshouse by withholding water until weight loss
ceased. Then dead shoot material was removed and pot culture
soil was sealed in airtight containers and stored at room tempera-
ture for 6 months or longer before use. This storage period was to
ensure that propagules were able to germinate (Tommerup 1992).
New pot cultures were started using 10–500 healthy looking
spores from a spore-based culture, or 130–259 g of mixed inocu-
lum from a trap culture (sand, roots and spores). The amount of
inoculum (spores or soil) was similar to that used to start first-
generation cultures and it was applied in the same way.

Results

Pot cultures from spores

Soils from the plant communities sampled contained
many healthy-looking VAM spores that could be used
to initiate cultures, when sampled at the end of the
growing season. It appeared that VAM fungus sporula-
tion peaked at this time (as the root activity of plants
was declining). The use of spores of individual fungi
found in soil from undisturbed habitats resulted in 44
successful first generation pot cultures from 110 at-
tempts (Table 1). The number of culture attempts for
each spore type varied from 25 to 2 pots depending on
their frequency and abundance in soil samples. Isola-
tion success rates were relatively low for all VAM
spore types and varied from 0 to over 50% of culture
attempts. However, the low success rate was compen-
sated by the value of resulting cultures, since almost all
contained a single fungus species (Table 1). The num-
ber of spores used to start cultures varied considerably,
due to variation in soil spore density, but was not corre-
lated with the success of cultures. The relatively high
failure rate for spore cultures suggests that most spores
from field soils did not germinate (this was confirmed
by germination tests (M. Brundrett, unpublished data).
The isolation of VAM fungi with spores from disturbed
sites was somewhat more successful, with 20 isolates re-
sulting from 36 attempts (Table 1). For most fungi,
VAM colonisation levels in roots took a long time to
increase in successful first-generation pot cultures
(Fig. 1A), again presumably because of the low germi-
nation rate of field-collected spores.

Fig. 1A,B Average values for the time-course of VAM develop-
ment in successful sorghum pot cultures of the 8 glomalean fungi
most commonly isolated from spores. A First-generation cultures
from field-collected spores. B Second-generation cultures using
spores from existing cultures. RLC root length colonised, S Scu-
tellospora, A Acaulospora, G Gigaspora

The diversity in spore-based cultures could be easily
assessed by identifying spores sieved from cultures, as
all the first-generation spore cultures containing sub-
stantial amounts of mycorrhizal roots also contained
spores. Cleared and stained roots were also examined
to exclude additional non-sporulating fungi. The major-
ity of spore-based cultures contained a single fungus
species (Table 1), but a few had two species (started
with two types of spores similar in size and colour). Iso-
lates of Scutellospora, Gigaspora and Acaulospora were
most often obtained (Table 1), because spores of these
fungi occurred in sufficient numbers to start pot cul-
tures in most soil samples. Living Glomus spores, were
rare in most soils (most were devoid of contents and
with holes in their walls), except in samples from dis-
turbed or wetland habitats – which were used to isolate
several Glomus species (Table 1). A species of Scutel-
lospora (6) which was common in soil samples, consis-
tently failed to become established in pot cultures (Ta-
ble 1). Spores of this fungus appeared healthy, but
failed to form mycorrhizas (six attempts). An Acaulos-
pora species, which was less common, also failed to es-
tablish in culture (two attempts). All remaining species
detected as spores in soil were established in culture us-
ing a single soil type as the growing medium.
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Fig. 2 The development of mycorrhizal colonisation in (A) first-
or (B) second-generation pot cultures started using spores, soil,
transplanted seedlings, or root inoculum. Values are averages for
all cultures (RLC root length colonised)

Trap cultures using soil

Mycorrhizal colonisation levels typically built up more
rapidly in trap cultures started from soil than in those
started from spores (Fig. 2), suggesting higher initial
propagule numbers in the former. The overall success
rate was higher than for spore-based cultures, but there
were more species of fungi in soil trap cultures than in
those started by other means (Table 1). Consequently,
it was more difficult to identify all the fungi present in
each culture. Cultures were evaluated by sieving soil
for spores and by examining cleared and stained root
samples for VAM, but only mycorrhizal morphology
patterns in roots could be used to identify dominant
fungi as most fungi did not sporulate. It is possible that
diversity in first-generation cultures was underesti-
mated because some rare fungi were overlooked.

The majority of soil trap cultures started using soil
from natural or disturbed habitats were dominated by
Glomus species, along with one species of Acaulospora
and one of Scutellospora (Table 1). These latter fungi
were different from the Acaulospora and Scutellospora
species isolated using spores from the same soil sam-
ples. Thus species not detected as living spores in soil
were dominant initially in most trap cultures and must
have become established from other propagules. Five
common types of Glomus colonisation, with different
vesicle and hyphal structures, were identified morpho-

logically in trap culture roots. These were eventually
linked to different fungal species after sporulation in
second- or third-generation cultures.

Trap cultures using roots

A limited number of trap cultures using dried roots
were started to allow comparison with trap cultures us-
ing soil or spores from the same locations. Roots were
an efficient way of initiating cultures of some fungi as-
sociated with particular plants, as mycorrhizal colonisa-
tion levels in pots increased more rapidly than in cul-
tures started with other inoculum forms (Fig. 2). How-
ever, the diversity of fungi isolated by this method was
relatively low. Most fungi did not sporulate in first-gen-
eration cultures, but Glomus species were observed to
be dominant, with 1–4 fungi recognised by root mor-
phology patterns in each culture (Table 1).

Pot cultures from transplanted seedlings

Transplanting mycorrhizal clover bait plants from
bioassay experiments into pots resulted in the establish-
ment of some VAM fungi into pot cultures, but overall
success rates were poor (Table 1). The diversity of fun-
gi in the resulting cultures was very low, as almost all
the successful pots contained one species of Glomus
(Table 1). Scutellospora or Acaulospora isolates were
obtained only once by this means. The build-up of my-
corrhizal colonisation levels was much slower than for
other isolation techniques (Fig. 2). However, examina-
tion of roots showed that most of the successful cul-
tures contained a single fungus, which did not require
further purification. Examination of seedlings grown as
replicates of those used to start cultures confirmed that
most had been colonised by VAM fungi (Brundrett et
al. 1996a). A second experiment using larger (1-l) pots
and two host plants produced similar results (not pre-
sented) and showed that the low diversity of fungi was
not due to the small volume (100 ml) of pots used in the
first experiment.

Second-generation cultures

Mycorrhiza formation and spore production in second-
generation cultures started by different methods is
compared in Figures 1–4. Differences in the rate of my-
corrhizal colonisation likely resulted because higher
amounts of inoculum were used to start soil- and root-
based cultures than spore-based cultures. However, the
average rate of sporulation in spore-based cultures was
higher than in root or transplant cultures, which typi-
cally had higher levels of VAM (Fig. 3). Spore-based
cultures were started using isolates of Scutellospora, Gi-
gaspora and Acaulospora and several Glomus species
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Fig. 3 Average spore produc-
tion values for all first- (l)
and second-generation (Ll)
pot cultures started from
spores, soil, roots or trans-
planted seedlings. Cultures
were grown for 6–7 months
using similar inoculum levels
and growing conditions

which were present as spores in many soil samples from
the field. These same fungi sporulated in all cultures
where there was substantial mycorrhizal development.
Increased sporulation in second-generation cultures
likely resulted because mycorrhizal colonisation levels
built up more rapidly (Fig. 3).

For cultures started from soil, roots, or transplanted
seedlings, a second generation of pot cultures (started
using soil from the first culture) was usually required
for spores to be produced, so that the identity of fungi
could be confirmed. Limited sporulation in first-gener-
ation cultures was correlated with the dominance of
some Glomus species (Table 1). These fungi were de-
signated as slow or infrequent sporulators, because
they did not form spores in young pot cultures with re-
latively high mycorrhizal colonisation levels, and be-
cause healthy spores of these species were rare in soil
samples from the field. The lack of sporulation in first-
and second-generation cultures from transplanted seed-
lings was correlated with the slow build up of mycorrhi-
zal colonisation in these cultures (Fig. 2).

Almost all second-generation spore cultures, started
using spores from first-generation isolates, were suc-
cessful (only 2 out of 42 failed). Thus spores produced
in pot cultures were much more viable than those ob-
tained from the field. Germination trials (data not pre-
sented) confirmed that most spores from dried pot cul-
tures were capable of rapid germination (usually within
3 days). Mycorrhizal colonisation levels in roots in-
creased rapidly in second-generation cultures, often
reaching a peak after 16 weeks (Fig. 1B). This con-
trasted with the slower development of mycorrhizal co-
lonisation in first-generation cultures (Fig. 1A). When
compared to cultures started using soil or roots, my-
corrhizal colonisation levels were lower in second-gen-
eration cultures started from spores (Fig. 2).

Information on spore production and mycorrhizal
colonisation levels in second-generation spore-based
pot cultures was obtained for different fungal isolates.

These measurements revealed substantial variation in
average spore density in pot cultures between different
species and isolates of fungi (Fig. 4), with the Acaulos-
pora isolates sporulating more abundantly than those
of other genera. There was no clear overall relationship
between spore production and mycorrhiza formation in
pot cultures (Fig. 5). Mycorrhizal colonisation levels
were relatively low in many Acaulospora cultures that
sporulated abundantly, while the reverse was true for
Glomus species. However, there was a strong (log-lin-
ear) inverse correlation between the average diameter
of spores of different fungi and their production in pot-
culture soils (Fig. 6). Thus, small-spored fungi, such as
Acaulospora and Glomus, produced many more spores
in the cultures examined than large-spored Scutellospo-
ra and Gigaspora species.

Pot cultures found to contain a single VAM fungus
were given isolate numbers. Most of these pure isolates
were originally started from spores. However, some
cultures started by transplanting mycorrhizal seedlings
also contained a single fungus. Spores from second- or
third-generation soil or root trap cultures were used to
start single-isolate cultures of additional species. The
use of non-draining pots which were watered to weight
ensured that there was no cross-contamination between
fungal cultures. Uninoculated control pots occasionally
became contaminated by a fine endophyte which ap-
parently survived steam sterilisation of the soil or was
spread by dust. There was no evidence of contamina-
tion by other VAM fungi. Small core samples allowed
the quality of cultures to be assessed periodically with
minimal damage to plant root systems.

Discussion

This study provided the first comprehensive compari-
son of the efficiency and specificity of different meth-
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Fig. 4 Average spore produc-
tion for different species of
Glomalean fungi in first- (l)
and second-generation (Ll)
pot cultures started from
spores. Fungus species within
genera are represented by
numbers. Numbers of isolates
are shown above bars A
Acaulospora, G Gigaspora, S
Scutellospora

Fig. 5 Comparison of mycorrhiza formation for different fungus
isolates within genera and spore production values in pot cul-
tures. Each point is one second-generation isolate. There is more
than one isolate of each species (RLC root length colonised)

Fig. 6 The relationship between the average diameter of spores
for different fungal isolates within genera and spore production
values (on a log scale) in pot cultures started from spores. Each
point is one second-generation isolate. There is more than one
isolate of each species

ods for isolating VAM fungi. The four different tech-
niques used to initiate pot cultures of VAM fungi were
found to complement each other very well, because
they often produced cultures dominated by different
species from the same soil samples. Healthy spores of
Acaulospora, Gigaspora and Scutellospora species were
often common enough in soils (at the end of the grow-
ing season) to allow direct isolation of these fungi.
However, the success rate of spore pot culture initia-
tion attempts was fairly low, so it would be advisable to
start a large number of them. Fungi which produced
many spores in soils were less likely to be isolated than
other fungi when the same soil samples were used to
start trap cultures. In particular, several Glomus spe-
cies, one Acaulospora and one Scutellospora species
were dominant in many trap cultures started using soil

or roots taken from soils devoid of living spores of
these fungi. For these species, inoculum levels in soils
were not related to numbers of spores. The soil-based
trap culture isolation procedure apparently selected the
most competitive VAM fungi present in a soil, or those
that could best adapt to the growth conditions used.
However, other fungi present in these cultures may be-
come more important in subsequent generations of cul-
tures (Stutz and Morton 1996). A trap culture tech-
nique using serial dilution of soil (An et al. 1990) ap-
parently can result in the isolation of more fungi in trap
cultures, but would not allow as many soils to be used.
Another method which uses pregerminated spores to
start single-spore cultures should also be considered if
sufficient healthy spores of fungi can be obtained di-
rectly from soils (Brundrett and Juniper 1995).
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Care must be taken in interpreting results obtained
using any one culture initiation method in population
studies, as the diversity of fungi present in soils may be
under-represented. It is recommended that spore-based
isolation procedures be used, along with a soil or root-
based trap culture method, to obtain as wide a diversity
of fungi as possible from a soil. When comparing the
isolation methods used, there was a trade-off between
the number of fungus species in cultures and the effi-
ciency of fungal inoculum propagation. The more effi-
cient methods (trap cultures from bulk roots and soil)
used inoculum sources which would have contained
many more propagules than the less-efficient methods
(selected spores, transplanted seedlings). However, cul-
tures produced by the slower methods were usually
pure enough to be used for taxonomic studies after
only one generation. Trap cultures amplify fungal bio-
mass in soils, but can not be used directly in experi-
ments because fungal communities within cultures
would be likely to change with time and this could lead
to inconsistent results. The relatively low probability of
success and slow development of mycorrhizas resulting
from the two slower isolation methods suggests that the
resulting cultures were initiated by very few (perhaps
only one) viable propagules. Thus the genetic diversity
of cultured fungi may be lower than it was in the soil
and this may reduce the variability of some taxonomic
or physiological properties of fungi.

In this study, most species of Acaulospora, Gigaspo-
ra and Scutellospora observed in roots failed to survive
when transplanted seedlings or dry roots were used to
initiate pot cultures. The transplant procedure appar-
ently was only successful when roots contained high co-
lonisation levels of Glomus species with intraradical
vesicles, but was still valuable because the resulting cul-
tures often contained a pure fungal isolate. Bever et al.
(1996) also observed that the diversity of fungi isolated
by a transplant method was substantially lower than in
trap cultures. Biermann and Linderman (1983) com-
pared the capacity of root fragments colonised by dif-
ferent VAM fungi to act as propagules and observed
that fungi without vesicles could not initiate mycorrhi-
zas from roots. However, Tommerup and Abbott
(1981) found that Glomus species with vesicles and a
Gigaspora species without them could both initiate my-
corrhizas from root fragments. It is possible that root-
based isolation procedures can be improved if future
research considers the age and species of transplanted
seedlings or the qualities of roots and storage condi-
tions used.

In a study of two Acaulospora species, Gazey et al.
(1992) observed that sporulation began only after root
colonisation levels built up to threshold values. In the
present study, the relationship between levels of my-
corrhizal colonisation and the onset of sporulation was
more complex. Most isolates of Acaulospora, Scutellos-
pora and Gigaspora produced spores in all successful
cultures, even if mycorrhizal colonisation levels were
very low. In contrast, many Glomus isolates did not

sporulate in first-generation trap cultures despite rela-
tively high levels of mycorrhizal colonisation. The slow
sporulation by these Glomus species made it necessary
to examine mycorrhizal morphology in cleared and
stained root samples to assess fungal diversity in cul-
tures. This technique was an efficient way to distinguish
colonisation by different genera of VAM fungi in trap
cultures and also allowed different categories of Glo-
mus mycorrhizas to be distinguished. These Glomus ca-
tegories were found to correspond to different species
once sporulation occurred in second-generation cul-
tures. For quality control assessment of pot cultures, it
is important to examine root morphology in order to
identify non-sporulating fungi.

In pot cultures, variation in spore production could
not be explained by mycorrhizal colonisation levels, but
there was a strong inverse correlation between the size
of spores of different fungi and the numbers produced.
This relationship has also been observed for many oth-
er soil organisms (Chuang and Ko 1981). The reason
why some VAM fungi produce many small spores and
others only a few large ones is unclear, as single germi-
nated spores of small-spored species have a similar ca-
pacity to establish mycorrhizas as those of large-spored
fungi (Brundrett and Juniper 1995). If sporulation is
used as a criterion for evaluating fungi, it should be
noted that fungi with relatively small spores are likely
to produce many more of them than those with large
spores.

In this study, Glomus species which only sporulated
after several generations of cultures were often ob-
served to produce spores concentrated in a few large
aggregations (sporocarps). These fungi may have to
build up large amounts of fungal biomass before sporu-
lation can occur. Sporulation by Glomus species with
aggregated spores is likely to be primarily as a means of
dispersal, if they are consumed by small animals
(McGee and Baczocha 1994; Janos et al. 1995). These
fungi probably rely primarily on other propagules
which are more widely dispersed through the soil for
their survival and spread. The lack of viable spores of
these species in most soil samples may result from only
occasional sporulation or its restriction to certain loca-
tions in soil. It should be noted that other Glomus spe-
cies readily produced spores in young pot cultures and
these spores were not aggregated. The contrasting spo-
rulation trends observed provide evidence of substan-
tial differences in life history strategies both between
and within genera of glomalean fungi.

Fungi in the tropical soils studied here could be sep-
arated into two major functional categories, based on
whether or not they produced spores as a major propa-
gule in soils. One consequence of these two contrasting
life cycles is that pot culture methods should be used in
conjunction with spore-based taxonomic surveys of fun-
gi, as the spore-based method only works with fungi
that sporulate readily, while the trap methods can de-
tect non-sporulating fungi that may be an important
component of soils. Non-sporulating fungi have often
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been reported to be important in soils from ecosystems
(Miller et al. 1985; Liberta et al. 1983; McGee 1989; Al-
exander et al. 1992; Brundrett and Abbott 1995; Stutz
and Morton 1996; Merryweather and Fitter 1998).

The number of species (especially Glomus) isolated
into pot cultures always exceeded those identified from
field-collected spores, suggesting that fungal surveys
based solely on spore observations are inaccurate, at
least in these habitats. There have been many spore-
based surveys in the past and results of these should
only be compared to other surveys using similar meth-
ods. The fungi identified from pot cultures, but not as
spores, included some of the most important fungi pres-
ent in soils, as shown by their aggressive colonisation of
host roots in bioassay and trap culture experiments.

Differences between groups of VAM fungi in their
isolation and sporulation in pot cultures may reflect
major differences in their life-history strategies. In par-
ticular, it seems that spores are of minor importance as
propagules for some Glomus species, but much more
important for most fungi in the genera Acaulospora,
Gigaspora and Scutellospora. In the past, a limited
number of careful studies of fungal biology have sug-
gested substantial differences between species of VAM
fungi in their life-history characteristics (McGee 1989;
Abbott et al. 1992; Merryweather and Fitter 1998). Fur-
ther research is required to determine whether these
characteristics are correlated with the capacity of fungi
to survive and spread in soils. We still have much to
learn about the basic biology of glomalean fungi. De-
tailed observations of pot cultures can provide valuable
information about the structure and function of struc-
tures produced by different fungal species in roots and
soil and provide reliable information for taxonomic
studies.

Acknowledgements This paper resulted from collaborative re-
search between the Environmental Research Institute of the Su-
pervising Scientist, EPA and The University of Western Austra-
lia. We thank Dr. N. Ashwath for coordination of field research.
Field assistance was also provided by Ben Baylis, Kym Brennan,
Karen Clarke and Alison McInnes. Gracia Murase, Margaret Col-
lins, Julia Mattner and Krishna Mann provided laboratory and
glasshouse assistance. We are grateful to the Australian Nature
Conservation Agency, Ranger Uranium Mine Pty. Ltd. and
Queensland Mines Ltd. for granting permission to collect soil
samples in Kakadu National Park and on mine lease areas. Sally
Smith and Inez Tommerup provided valuable comments on an
early version of the manuscript.

References

Abbott LK (1982) Comparative anatomy of vesicular-arbuscular
mycorrhizas formed on subterranean clover. Aust J Bot
30 :485–499

Abbott LK, Robson AD, Gazey C (1992) Selection of inoculant
vesicular-arbuscular mycorrhizal fungi. In: Norris JR, Read
DJ, Varma AK (eds) Methods in microbiology, vol 24. Aca-
demic, London, pp 1–21

Alexander I, Ahmad N, Su See L (1992) The role of mycorrhizas
in the regeneration of some Malayan forest trees. Philos Trans
R Soc Lond 335 :379–388

An Z-Q, Hendrix JW, Hershman DE, Henson GT (1990) Evalua-
tion of the “most probable number” (MPN) and wet-sieving
methods for determining soil-borne populations of endogona-
ceous mycorrhizal fungi. Mycologia 82 :576–581

Bécard G, Piché Y (1992) Establishment of vesicular-arbuscular
mycorrhiza in root organ culture: review and proposed meth-
odology. In: Norris JR, Read DJ, Varma AK (eds) Methods in
Microbiology, vol 24. Academic, London, pp 89–108

Bever JD, Morton JB, Antonovics J, Schultz PA (1996) Host-de-
pendent sporulation and species diversity of arbuscular my-
corrhizal fungi in a mown grassland. J Ecol 84 :71–82

Biermann B, Linderman RG (1983) Use of vesicular-arbuscular
mycorrhizal roots, intraradical vesicles and extraradical vesi-
cles as inoculum. New Phytol 95 :97–105

Brundrett MC (1991) Mycorrhizas in natural ecosystems. In: Mac-
fayden A, Begon M and Fitter AH (eds) Advances in ecolog-
ical research, vol 21. Academic, London, pp 171–313

Brundrett MC, Abbott LK (1995) Mycorrhizal fungus propagules
in the jarrah forest. II. Spatial variability in inoculum levels.
New Phytol 131 :461–469

Brundrett MC, Juniper S (1995) Non-destructive assessment of
spore germination of VAM fungi and production of pot cul-
tures from single spores. Soil Biol Biochem 27 :85–91

Brundrett MC, Ashwath N, Jasper DA (1996a) Mycorrhizas in
the Kakadu region of tropical Australia. I. Propagules of my-
corrhizal fungi and soil properties in natural habitats. Plant
Soil 184 :159–171

Brundrett MC, Ashwath N, Jasper DA (1996b) Mycorrhizas in
the Kakadu region of tropical Australia. II. Propagules of my-
corrhizal fungi in disturbed habitats. Plant Soil 184 :173–184

Brundrett M, Bougher N, Dell B, Grove T, Malajczuk N (1996c)
Working with mycorrhizas in forestry and agriculture.
ACIAR Monograph 32. Australian Centre for International
Agricultural Research, Canberra

Chuang TY, Ko WH (1981) Propagule size: its relation to popula-
tion density of microorganisms in soil. Soil Biol Biochem
13:185–190

Dunlop CR, Webb JT (1991) Flora and vegetation. In: Haynes
CH, Ridpath MG, Williams MAJ (eds) Monsoonal Australia –
landscape, ecology and man in the Northern Lowlands. Balke-
ma, Rotterdam, pp 41–60

Gazey C, Abbott LK, Robson AD (1992) The rate of develop-
ment of mycorrhizas affects the onset of sporulation and pro-
duction of external hyphae by two species of Acaulospora.
Mycol Res 96 :643–650

Gilmore AE (1968) Phycomycetous mycorrhizal organisms col-
lected by open-pot culture methods. Hilgardia 39 :87–105

Giovannetti M, Mosse B (1980) An evaluation of techniques for
measuring vesicular arbuscular mycorrhizal infection in roots.
New Phytol 84 :489–500

Janos DP, Sahley CT, Emmons LH (1995) Rodent dispersal of
vesicular-arbuscular mycorrhizal fungi in Amazonian Peru.
Ecology 76 :1852–1858

Jarstfer AG, Sylvia DM (1993) Inoculum production and inocula-
tion strategies for vesicular-arbuscular mycorrhizal fungi. In:
Metting FB Jr. (ed) Soil microbial ecology applications in ag-
riculture and environmental management. Dekker, New
York, pp 349–377

Lee PJ, Koske RE (1994) Gigaspora gigantea: parasitism of
spores by fungi and actinomycetes. Mycol Res 98 :458–466

Liberta A, Anderson RC, Dickman LA (1983) Vesicular-arbuscu-
lar mycorrhiza fragments as a means of endophyte identifica-
tion at hydrophytic sites. Mycologia 75 :169–171

McGee PA (1989) Variations in propagule numbers of vesicular-
arbuscular mycorrhizal fungi in a semi-arid soil. Mycol Res
92 :28–33

McGee PA, Baczocha N (1994) Sporocarpic Endogonales and
Glomales in the scats of Rattus and Perameles. Mycol Res
98 :264–249

Menge JA (1984) Inoculum production In: Powell, CL, Bagyaraj
DJ (eds) VA mycorrhiza. CRC Press, Boca Raton Fla, pp
187–203



314

Merryweather J, Fitter A (1998) The arbuscular mycorrhizal fun-
gi of Hyacinthoides non-scripta. I. Diversity of fungal taxa.
New Phytol 138 :117–129

Miller DD, Domoto PA, Walker C (1985) Mycorrhizal fungi at
eighteen apple rootstock plantings in the United States. New
Phytol 100 :379–391

Morton JB (1992) Problems and solutions for integration of glo-
malean taxonomy, systematic biology, and the study of endo-
mycorrhizal phenomena. Mycorrhiza 2 :97–109

Morton, JB, Bentivenga SP, Wheeler WW (1993) Germplasm in
the international collection of arbuscular and vesicular-arbus-
cular mycorrhizal fungi (INVAM) and procedures for culture
development, documentation and storage. Mycotaxon
48 :491–528

Mosse B (1956) Endotrophic mycorrhiza in fruit plants. Ann Bot
20 :349–361

Plenchette C, Furlan V, Fortin JA (1982) Effects of different en-
domycorrhizal fungi on five host plants grown on calcined
montmorillonite clay. J Am Soc Hortic Sci 107 :535–538

Stutz JC, Morton JB (1996) Successive pot cultures reveal high
species richness of arbuscular endomycorrhizal fungi in arid
ecosystems. Can J Bot 74 :1883–1889

Tommerup IC (1992) Methods for the study of the population
biology of vesicular-arbuscular mycorrhizal fungi. In: Norris
JR, Read DJ, Varma AK (eds) Methods in Microbiology.
vol 24. Techniques for the study of mycorrhiza. Academic,
London, pp 23–51

Tommerup IC, Abbott LK (1981) Prolonged survival and viabili-
ty of VA mycorrhizal hyphae after root death. Soil Biol Bio-
chem 13 :431–433

Walker C (1992) Systematics and taxonomy of the arbuscular my-
corrhizal fungi. Agronomie 12 :887–897

Watson DMH, Milner PD (1996) Assessment of glomalean spe-
cies biodiversity as influenced by trapping methods. In: Szaro
TM, Bruns TD (eds) Programs and Abstracts of the First In-
ternational Conference on Mycorrhizae. University of Califor-
nia Berkeley, p 125

Wilson BA, Brocklehurst PS, Clark MJ and Dickinson KJM
(1990) Vegetation survey of the Northern Territory, Australia.
Northern Territory Conservation Commission, Palmerston,
Australia


