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† Background and Aims Mycorrhizal associations are essential to the plant kingdom. The largest flowering plant
family, the Orchidaceae, relies on mycorrhizal fungi for germination, growth and survival. Evidence suggests
varying degrees of fungal-host specificity based on a single fungal isolate from a single plant. This paper
shows for the first time the diversity of endophytes colonizing in a single plant over consecutive years and the
functional significance of this diversity.
† Methods Stem-collars of Caladenia formosa were collected in different seasons and years. Mycorrhizal fungi
isolated were tested for their efficacy to induce leafing and genetically determined using ITS-RFLP and
sequencing.
† Results Multiple mycorrhizal fungi were repeatedly isolated from a single collar that displayed varying
effectiveness in germination percentages and adult leaf length. Additional factors contributed to the isolation
of effective mycorrhizal fungi; fungal collection season, year of collection and individual isolates. Surface ster-
ilization only improved the number of isolated mycorrhizal fungi. Dual inoculation did not increase germination.
All 59 mycorrhizal fungi effective in germinating seed belonged to one clearly defined ITS (internal transcribed
spacer) clade and clustered close to Sebacina vermifera (79–89 % homology). Isolates resulting in the greatest
germination were not necessarily those resulting in the greatest survival and growth 1 year after germination.
† Conclusion Single orchid plants contained multiple mycorrhizal fungal strains of one species that had diverse
functional differences. These results suggest that our current knowledge of fungal–host specificity may be incom-
plete due to experimental and analytical limitations. It also suggests that the long-term effectiveness of a mycor-
rhizal fungus or fungi could only be found by germination and longer-term growth tests rather than genetically.

Key words: Mycorrhizal fungi, genetic diversity, effectiveness, germination, isolation, ITS, seasonal influences,
Caladenia formosa, Orchidaceae.

INTRODUCTION

With over 92 % of land plants requiring mycorrhizal associ-
ations for carbon (Gebauer and Meyer, 2003), nitrogen
(Cameron et al., 2006) and phosphorus (Cameron et al.,
2007), symbiotic relationships are essential for plant survival
(Wang and Qiu, 2006). The largest flowering plant family,
the Orchidaceae, relies heavily on mycorrhizal fungi; with
some achlorophyllous and terrestrial temperate orchids
totally dependent on fungi (Julou et al., 2005; Leake, 2005;
Dearnaley, 2007; Waterman and Bidartondo, 2008).
Caladenia spp. are terrestrial temperate orchids confined to
Australasia that are unusual in that they generally lack roots
and the symbiont(s) colonize(s) the base of the single leaf
(the stem-collar as defined by Ramsay et al., 1986). For endan-
gered orchids, including C. formosa, the effectiveness of the
mycorrhizal symbiosis is vital for their development and sur-
vival. It is essential to obtain an effective mycorrhizal
fungus that cannot only germinate seeds but also maintain
robust growth of the orchid for long-term survival ex situ.

Symbiotic relationships are complex. Different orchid
developmental stages (germination and growth) may require

different fungi (Rasmussen, 1995; Sharma et al., 2003; Huynh
et al., 2004). It has been suggested that orchids associate with
multiple symbionts even within a single peloton (Kristiansen
et al., 2001a; Raleigh et al., 2001; McKendrick et al., 2002;
Taylor et al., 2003), a single root (Taylor et al., 2003), a single
plant (Bougoure et al., 2005) or a single population
(McKendrick et al., 2002). Different microorganisms, including
symbiotic and non-symbiotic fungi and bacteria, may be isolated
from orchids (Wilkinson et al., 1989; Currah et al., 1990), but it
is not clear if they are truly endophytic. Some authors
surface-sterilize and some do not, and the relative abundance
of the fungi isolated may vary with orchid developmental
phase and season. The most common mycorrhizal fungi in
orchids are in the Rhizoctonia alliance (Pope and Carter,
2001), and so all slow-growing and hyaline fungal isolates are
considered as potential symbionts, whereas dark or fast-growing
fungi are typically pathogenic (Warcup, 1981). Huynh et al.
(2004) suggested that the appearance of orchid endophytes
varied during a season, but they may also vary in effectiveness
and so knowing when best to collect collars may be of vital
importance in recovery plans.

The fungus species reported as being symbiotic with
Caladenia species is Sebacina vermifera Oberw. (synonymous* For correspondence. E-mail t.huynh@rmit.edu.au
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with Serendipita vermifera Oberw. P. Roberts) (Warcup,
1971). Warcup isolated almost exclusively this fungus from
20 Caladenia species and identified it on the basis of its
sexual sporulation (Warcup and Talbot, 1967). Mycorrhizal
fungi with similar morphology have been isolated since then
from Caladenia species, but their identification has been pro-
blematic because sexual (telomorphic) stages has yet to be
induced or observed (Clements, 1981; Ramsay et al., 1986).
Until recently, they have only been numbered and named ten-
tatively on the basis of asexual characteristics. More recently,
however, molecular techniques have been used to show that
some at least are closely allied to S. vermifera (Bougoure
et al., 2005), using as a reference the ITS nrDNA region of
one of Warcup’s cultures (Warcup, 1981) of S. vermifera
from C. dilatata (http://www.ncbi.nlm.nih.gov/; AF202728).
This has the potential for use as a reference to allow other
researchers to compare similar fungi from closely related
Caladenia species or to elucidate their identity.

The aims were to elucidate the diversity of endophytes
associating with C. formosa over consecutive years and the
functional significance of this diversity. This study investi-
gated (a) whether one or more symbionts(s) colonized
C. formosa within each peloton, plant, season and year,
(b) the relative proportions of microorganisms and the effec-
tiveness of mycorrhizal isolates from C. formosa, (c) if
surface-sterilization made a difference to success in isolating
mycorrhizal fungi free from contamination, (d ) if isolates
that were most effective in germinating seeds were also most
effective in longer-term orchid growth, and (e) if effective
and ineffective isolates could be differentiated on a molecular
basis.

MATERIALS AND METHODS

Plant collection

Caladenia formosa perennates as a dormant underground tuber
over summer, emerges with a single leaf during late autumn,
flowers and sets seed in spring before dying down again over
summer. Eight plants were collected in 2000 and four in
2001 from the sole site, in eucalypt woodland on sandy soils
in south-western Victoria, with generally moist winters and
dry summers (Huynh et al., 2004). Collections were extremely
limited since this species is endangered. In 2000, one plant
was collected at each of the six main developmental orchid
phases: leafing, budding, flowering, fruiting, senescing and
dormancy (except that three plants were collected at fruiting),
but, in 2001, plants were collected only at the first four phases,
due to the lack of success in isolating effective mycorrhizal
fungi after fruiting in 2000.

Plants were washed in running tap water and the stem-collar
(swollen area at the leaf base) was excised. For surface-
sterilized treatments, collars were immersed in 1 % NaOCl
for 3 min before being washed in five changes of sterile
water; for non-surface-sterilized stem-collars, the NaOCl treat-
ment was omitted. Only single pelotons that were opaque,
circular-oval and submersible were cultured, as described
previously (Huynh et al., 2004). In 2000, 182 pelotons (26
from each plant at each phase) were selected randomly and
transferred to individual plates of solid Pa5 medium

(Ramsay et al., 1986) using a separate sterile Pasteur pipette
for each peloton (Huynh et al., 2004). In 2001, 130 pelotons
were so cultured: 26 pelotons from each of leafing, budding,
flowering (surface-sterilized and not surface-sterilized) and
fruiting phases. Plates were incubated in the dark at 15 8C
and colony growth was observed at 21 d.

Isolations from pelotons were categorized as
(1) Rhizoctonia-like fungi (slow-growing, monilioid, non-
sporulating cream mycelium), (2) other fungi, contaminants
or other endophytes (e.g. Trichoderma, Aspergillus,
Penicillium, pigmented non-sporulating fungi e.g.
Armillaria), (3) bacteria (e.g. Pseudomonas) or (4) dead
(failing to grow) (Warcup, 1973). Isolates were labelled in
the following order: fungal collection season (L ¼ leafing,
B ¼ budding, F ¼ flowering, C ¼ capsule formation, S ¼
senescence, D ¼ dormancy), fungal collection year (0 ¼
2000, 1 ¼ 2001), fungal isolate (a letter from A to Z for
each peloton) and treatment (s ¼ non-surface-sterilized
collars), i.e. F1As ¼ one isolate from a flowering plant isolated
in 2001 from peloton A, without surface sterilization.
Chi-squared tests were conducted in Minitab version 13.1
(Minitab Inc.) with the null hypothesis that the proportion of
Rhizoctonia-like fungi obtained was not affected by the
fungal collection season from leafing to fruiting or
surface-sterilization treatment, at a significance of P � 0.05.

Germination

Seed was naturally pollinated at Meereek State Forest at the
plant collection site. Ten mature dehisced seed capsules from
different individual plants were collected on 4–18 November
2000. Seeds were removed from capsules and spread out on
paper to dry overnight at 15 8C. Seeds were mixed and
stored in paper envelopes at 4 8C with silica gel until required.
Viability testing was conducted using triphenyltetrazolium
chloride (Huynh et al., 2004).

Seed was pre-treated with Tween 80 (BDH) (1 % v/v),
shaken vigorously, centrifuged for 1 min at high speed, incu-
bated for 24 h at ambient temperature (22+ 2 8C),
surface-sterilized with 0.5 % NaOCl for 3 min and rinsed
with sterile water three times. Single drops containing
approx. 50–100 seeds were plated on to a sterile central
filter paper (Whatman No. 1) in a 9-cm-diameter Petri dish
containing low-nutrient oatmeal agar (2.5 g oatmeal, 12 g
sucrose, 0.1 % yeast extract, and 6 g agar in 1 L distilled
water, pH 5.3). Simultaneously, the same seed batch was
asymbiotically germinated on high nutrient Pa5 (Ramsay
et al., 1986) and low nutrient OMA media to test for asymbio-
tic germination.

Fifty-nine isolates of Rhizoctonia-like fungi (three from
2000 and 56 from 2001) were tested for the ability to induce
seed germination. For each isolate, a single 5 mm � 5 mm
block of actively growing hyphae was placed next to the
seed immediately after plating. For dual inoculations, an
extra fungal block was included. An asymbiotic control (no
fungus) was included. Each treatment was replicated five
times. Plates were incubated in darkness at 15 8C and develop-
ment assessed 4 weeks later as one of four categories: green leaf
formation, prominent (6-fold) swelling, slight (2-fold) swelling
or no development. In this study, germination was defined and
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scored as green leaf formation to reduce false positives or latent
pathogens (Warcup, 1981; Ramsay et al., 1986). Germination
data did not conform to normality and so were analysed using
a non-parametric test, the Kruskal–Wallis (KW) test, in
Minitab. Significance was recorded at P � 0.05.

Growth

All seedlings produced were deflasked at 16 weeks and
seedlings were maintained in axenic culture on oatmeal agar
in 12- to 15-cm-tall glass flasks (250 mL) with breathing
vent spots (Elastoplast Hypoallergenic Bandaid spots) at 22
8C with a 14-h photoperiod under four ‘Sylvania’ fluorescent
lights (30 mmol m22 s21) for 12 months. Leaf length was
recorded in seedlings that had survived 12 months after
inoculation.

Molecular methods

All 59 Rhizoctonia-like isolates were grown in 20 mL liquid
Pa5 medium (Collins and Dixon, 1992) in the dark at 20 8C in
sterile 30 mL tissue culture vials (Techno-plasw, Australia) for
10 weeks. A 20–30 mg mycelial aliquot was harvested from
each culture and DNA was extracted using either a Qiagen
DNeasyw extraction kit (Qiagen, Germany) according to the
manufacturer’s instructions (except that each sample was
ground with a mini-pestle in a 1.5-mL Eppendorf tube with
sterile sand) or an alternative method (Gardes and Bruns,
1993). Extracted DNA (total 50 mL for each isolate) was quan-
tified against a GeneRulerTM 100-bp DNA ladder (MBI
Fermentas, Germany) by electrophoresis.

Samples containing visible DNA were amplified with the
universal primers ITS1 and ITS4 (White et al., 1990), target-
ing the ITS region of the nuclear ribosomal DNA. Each reac-
tion contained 25 mL in an 0.2-mL thin-walled PCR tube
(Axygen Scientific, USA) as follows: 1 mL DNA, 1.5 mM

magnesium chloride, 800 mM dNTP mix, 1 mM of each
forward and reverse primer, 2.5 mL 10� amplification reaction
buffer and 1.1 U Taq polymerase (Biotechw, Australia) made
to volume with sterile MilliQw water. A negative control
with water replacing the DNA was included with each set of
reactions. Two thermocycling parameters and reaction com-
ponents were used (Gardes and Bruns, 1993; McLean et al.,
1999). The first set of parameters was: denaturation at 94 8C
for 8 min; 29 cycles of 94 8C for 1 min, 56 8C for 1 min,
and extension at 72 8C for 2 min. The second set of parameters
shortened all times: denaturation at 94 8C for 1 s; 34 cycles of
94 8C for 30 s, 55 8C for 30 s, and extension at 72 8C for 60 s.
Amplified DNA was separated by electrophoresis as before,
photographed over ultraviolet light using a Kodak Digital
Science DC120TM camera and product length estimated with
Kodak Digital Science IDTM Image Analysis Software by
reference to the DNA ladder.

RFLP (restriction fragment length polymorphism) was used
on the ITS sequences of the 40 isolates amplified to delimit
groups for sequencing. PCR products were digested with one
of three endonucleases with a 4-bp recognition site: BsuRI,
Hin6I and Taq1 (Fermentas-Progen, Australia). Each reaction
contained 10 U of a single enzyme with 5 mL ITS-PCR
product, 1 mL 10� buffer and 10 mL sterile MilliQw water,

incubated for 24 h at 37 8C (BsuRI, Hin6I) or 65 8C (TaqI).
Restriction digests were separated and visualized as before.
Nineteen representative fungi were selected for ITS sequen-
cing: three from 2000 (one leafing, one budding and one flow-
ering) and 16 from 2001 (six leafing, five budding and five
flowering). DNA was amplified with primers ITS1 and ITS4
as before and PCR products were purified with a Qiagen
Qiaquickw purification kit (Qiagen, Germany) according to
the manufacturer’s instructions. Sequencing reactions con-
tained 3 mL purified PCR product, 1 mM ABI Prism Big
Dye sequencing mix (Version 3.1) containing fluorescent
dideoxy-terminator (Applied Biosystems), 0.5 mM of either
forward (ITS1) or reverse (ITS4) primer and sterile MilliQw

water to a total volume of 10 mL. PCR protocols for sequen-
cing were as follows: 24 cycles at 96 8C for 30 s, 50 8C for
15 s and 60 8C for 4 min. DNA was purified by sodium
acetate precipitation and dried overnight before being
sequenced at Micromon (Monash University, Melbourne,
Australia) using an ABI 375A automated sequencer (Applied
Biosystems).

The 11 full-length sequences obtained were examined using
software available through ANGIS (Australian National
Genomic Information Service). Fungal sequences were
searched in GenBank using Blastn and aligned using Clustal
W (Thompson et al., 1994) with the closest matches,
Sebacina spp. from Caladenia sources, orchid sources and
non-orchid sources. All sequences generated have been depos-
ited in GenBank and all cultures have been deposited at the
Royal Botanic Gardens, Melbourne. All sequences were
edited manually to the same length (487 bp), comprising
ITS1, 5.8S and ITS2 regions with alignment gaps
(Felsenstein, 1985), and a neighbor-joining (Saitou and Nei,
1987) bootstrapped dendrogram created with MEGA 4
(Tamura et al., 2007), using the Maximum Composite
Likelihood method (Tamura et al., 2004).

RESULTS

Isolation

The growth of organisms obtained from pelotons varied with
orchid developmental phase (Fig. 1). Rhizoctonia-like fungi
were isolated only from leafing–flowering phases and the pro-
portion of pelotons growing from them varied from 15 to 92
%, with greater success in 2001 than 2000. In 2001, the iso-
lation of Rhizoctonia-like isolates was greater than expected
at budding and less than expected at fruiting (critical
value ¼ 5.99, x2 Rhizoctonia-like fungi ¼ 36.35, x2 other
categories ¼ 21.8, P , 0.05). Bacteria grew from 11 to 73 %
of pelotons but were present only in leafing and flowering
phases. The proportion of pelotons without growth generally
increased with developmental phase; almost no growth was
obtained from pelotons after the flowering phase and this
growth comprised common soil-borne fungi such as
Trichoderma and Fusarium. In 2001, surface-sterilization of
stem-collars at flowering doubled the isolation of
Rhizoctonia-like fungi and reduced the isolation of both bac-
teria and other fungi (critical value ¼ 3.84, x2

Rhizoctonia-like fungi ¼ 4.48, x2 other categories ¼ 4.84,
P , 0.05; Fig. 2).
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Germination

Only one isolate from each phase in 2000 germinated seeds
and so data were analysed for 2001 only (Fig. 3). Seed viability
using TTC was estimated as low (18.8 %+3.8). Only 30 % of
isolates induced development to the ‘green leaf’ stage and 42 %
to the ‘prominent swelling’ stage, with the remainder
showing little or no swelling. Germination to the green leaf
stage was affected by orchid developmental phase (KW,
P , 0.0001) and reached a maximum of 60 % with isolates
from leafing. The number and proportion of isolates that resulted
in prominent swelling was greatest in isolates from budding.
Isolates giving only slight swelling or no development were
found in fruiting and senescing phases. Surface-sterilization of
the collar more than doubled the number of isolates that
induced green leaf or prominent swelling stages.

Mean germination (to green leaf stage) ranged from 4 to 21
% (Fig. 4) and there was significant variation among isolates

(KW, P , 0.0001). There were, however, large variations
within treatments (isolates; coefficient of variation ¼ 11–39
%), even on the same plate. The year of collection influenced
germination (KW, P , 0.045) but this may be an artefact as
.18 times the number of isolates from 2001 than 2000 were
tested. Surface-sterilization influenced the percentage isolation
of Rhizoctonia-like fungi but did not influence fungal effec-
tiveness (KW, P . 0.1); only three isolates from each type
of treatment germinated seed. Medium also affected the devel-
opment of asymbiotic seed; on high-nutrient Pa5 medium, ger-
mination (to green leaf stage) was .95 % at 12 months,
whereas on low-nutrient OMA medium germination was
absent and by 12 months seed had only swelled slightly,
with no cell division.

Further growth and survival

Only 69 seedlings, inoculated with 13 of the 20 isolates, sur-
vived for 12 months, producing leaves 1–170 mm long
(Fig. 5). Survival ranged from 1 to 14 seedlings per isolate
and leaf length was affected by the fungal inoculant (KW,
P , 0.05). Two isolates (B1S and F0A) induced particularly
vigorous growth (leaves .140 mm). Isolates varied widely
in uniformity of their effects (coefficient of variation ¼
0.5–60 %). Neither orchid developmental phase (KW, P .
0.1) nor year of collection (KW, P . 0.1) significantly affected
leaf length. Surface-sterilization did not significantly affect
seedling growth (KW, P .0.1). Survival and leaf length
(Fig. 5) were not related to percentage germination per
isolate (Fig. 4). For example, isolates B1Q and B1S had com-
parably high germination but B1S-inoculated seedlings sur-
vived to 12 months and had the longest leaves, whereas
B1Q-inoculated seedlings did not. Conversely, some isolates
that produced only average germination (e.g. F0A) had rela-
tively high survival and leaf length. Seedling survival and
leaf length also varied even in isolates from the same plant
(e.g. budding 2001, isolates B1H–B1S).
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Dual inoculation

Percentage germination varied with isolate for single inocula,
with F0A the greatest and L0A the least (Fig. 6). Uninoculated
seeds did not swell or develop leaves. There was no
significant difference in average germination between single
and corresponding dual inoculations of isolates (KW, P . 0.1).

Molecular methods

DNA extraction was 75 % efficient and PCR was 89 %
efficient, with the result that only 39 of the 59 isolates pro-
duced a product of the expected size of approx. 650 bp. All
three endonucleases digested the ITS-PCR products and iso-
lates were categorized into four RFLP groups. Most isolates
(93 %) were classified as RFLP group I and had identical
banding patterns with each of the three enzymes. The remain-
ing isolates appeared to have extra RFLP bands, but on
sequencing these proved to be undigested fragments. Of the
19 isolates chosen and sequenced, only 11 produced adequate
full-length sequences for analysis. Sequences from two
isolates (F1Y and L0A) measured only 227 and 341 bp,
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respectively, representing the 5.8S ribosomal gene and a
partial sequence of ITS2, and were excluded from alignment.
The remaining isolates produced sequences of variable
lengths (435–510 bp) spanning the ribosomal 5.8S gene,
with partial sequences of the ITS1 and ITS2 regions. The
sequences of all nine Victorian fungi matched closely with iso-
lates from Caladenia formosa and other Caladenia sources,
with similarities ranging from 79 % (L1I and F1Y) to 89 %
(L0A) similarity, and were most similar in the 5.8S gene and
least similar in the ITS1 region. The neighbor-joining tree
(Fig. 7) showed that sequences of the nine Victorian isolates
(both effective and ineffective) clustered together on a separate
branch within a main branch also containing S. vermifera

(AF202728), but separated from it. This main branch was
separated from other species of Sebacina from orchid and
non-orchid sources. Some isolates from different plants and
seasons were identical (i.e. F1Bs and B1P) but exhibited func-
tional differences through seed germination and development
(e.g. F1Bs induced leafing stages and B1P induced swelling
only).

DISCUSSION

This study shows that one plant contains more than one isolate
that differs vastly in effectiveness on seed germination and
plant growth. Colonization by multiple fungi has been reported
from single pelotons (Kristiansen et al., 2001b) and plants
(Kristiansen et al., 2001a; McKendrick et al., 2002; Taylor
et al., 2003; Kristiansen et al., 2004; McCormick et al.,
2004) but their function was untested. Others have tested the
mycorrhizal status of the fungi isolated (McCormick et al.,
2004) but the efficacy in germination and growth was not
quantified.

This study demonstrated the influence of orchid developmental
phase of the host on both ease of isolation and effectiveness of
mycorrhizal fungi in C. formosa, and suggests that surface steri-
lization increases the recoveryof Rhizoctonia-like fungi to test but
the effectiveness varied according to individual isolates. It shows
that the fungal isolates that produce the greatest germination may
not produce the greatest longer-term orchid growth, suggesting
that selection of the ‘best’ isolate for recovery plans should not
be made too early and that more than one fungus may be required
to optimize both. It also shows that having two fungal isolates
during germination, as might be found in the field, has no
significant effect on germination and suggests that the presence
of genetically similar fungi in one plant in the field may be
normal and have longer-term effects.

Molecular comparison of the mycorrhizal fungi in this study
suggests that the same fungus can be found colonizing orchids
throughout the season. Fungal isolates from C. formosa were
similar to S. vermifera, but were both genetically and functionally
different, with extreme functional variations from neutralists to
highly effective symbionts.

Optimizing isolation

The strong peak in ease of isolation and orchid response to
inoculation suggests that collection time can be optimized to
improve the number, not only of total isolates, but also of
effective isolates collected. The larger proportion of
Rhizoctonia-like fungi isolated in early rather than late devel-
opmental phases of C. formosa agrees with previous sugges-
tions that mycorrhizal fungi can only be extracted from
pre-fruiting phases for C. arenicola (Batty et al., 2001).
Specific times for isolation in literature are vague, with only
one study (Ramsay et al., 1986) specifying isolation at
leafing phases and only two studies on bacterial localization
specifying winter or when moisture is maximal (Wilkinson
et al., 1989; Tsavkelova et al., 2003). The lack of mycorrhizal
fungus growth from pelotons in later developmental phases is
probably due to the increasing collapse and death of the fungi
forming the pelotons (Huynh et al., 2004). This collapse may
be due to starvation of the symbiotic endophyte in the face of
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growing competition from the developing fruit for photo-
synthates, as in the legume–rhizobia symbiosis (Lawrie and
Wheeler, 1974) or merely leaf senescence preceding dor-
mancy. The poorer isolation of mycorrhizal fungi in 2000
than 2001 may be linked to the thick hyphae inside the cells
of the 2000 collars only (Huynh et al., 2004), possibly a non-
symbiont or pathogen that out-competes the mycorrhizal
fungus for nutrients. This may also explain the poorer effec-
tiveness of isolates from comparable phases from 2000 than
2001.

Surface-sterilization improved the isolation of effective
mycorrhizal fungi, suggesting that surface-sterilization essen-
tially removed fungi and bacteria on the collar surface, as
the fungi from untreated collars were common soil genera
such as Fusarium and Trichoderma. It is possible to isolate
effective mycorrhizal fungi without surface-sterilization
(Clements, 1981; Dijk and Eck, 1995; Bonnardeaux et al.,
2007), but this study has shown that it is desirable in order
to optimize the number of potentially effective fungi isolated.

Germination versus growth

Finding the most effective fungus to produce both the
greatest germination and the greatest growth remains difficult
and unpredictable. The lack of correspondence between germi-
nation and seedling development suggests that fungi from
C. formosa producing the greatest germination do not necess-
arily produce the greatest growth, as shown in northern hemi-
sphere orchids by Rasmussen (1995). Few studies have
compared germination with post-leafing phases, and fewer
have observed deflasking proportions (Rubluo et al., 1989;
Bohm, 1991; Ramsay and Stewart, 1998; Ortiz-Barney and
Ackerman, 1999; Stewart and Zettler, 2002). Even fewer
studies have measured longer-term survival and regeneration
in situ (Batty et al., 2006).

Molecular data in this study suggest that each collar has
several genetically closely related but not identical mycorrhi-
zal fungi, all of which may be required for optimal survival
and growth. Some authors (McKendrick et al., 2000;
Kristiansen et al., 2001b; Dearnaley, 2007) suggest that in
nature, some orchids exist with multiple mycorrhizal fungi
and Kristiansen et al. (2001b) have shown that genetically
different fungi can co-exist even within one peloton. Sharma
et al. (2003) implied that different fungi were required for
different developmental phases. The functional differences
observed in this study advocate the requirement for other
researchers to also confirm the connection between fungal
associates with their function in other orchids. This will lead
to more accurate conclusions on fungal relationships and
whether a different group of mycorrhizal associates also
express different functional roles.

The lack of evidence for one fungus having a clear selective
advantage in both germination and growth has important
practical consequences, as the routine use of only one fungus
as inoculum for ex-situ growth and plant translocation in
recovery plans may eliminate other vital fungi from the
orchid mycorrhizal population and hamper conservation
efforts. Requirements for multiple fungi would have significant
implications and could necessitate artificial inoculations at
existing re-introduction sites or for depleted populations in situ.

Although direct seed germination testing is time-consuming
and dependent on stringent conditions, there is currently no
other selection criterion that can be used to select highly
effective fungi.

Variation in mycorrhizal fungi

Caladenia formosa appears to be mycorrhizal with several
genetically similar fungi forming one group that is most
similar but not identical to S. vermifera in the rDNA ITS
region. Fungal isolates with identical sequences were found
from different plants, developmental phases and years,
suggesting that the same fungus is retained in either the old
tuber or the surrounding soil for re-colonization in subsequent
seasons (Warcup, 1971, 1981; Bohm, 1991). The loss of
growth and sequencing information from .33 % of isolates
probably underestimates the true diversity of mycorrhizal
fungi. Difficulties in growth of fungi associated with
Caladenia sp. have been reported previously (Ramsay et al.,
1986) and commonly occur with other orchid fungi in
culture (Zelmer and Currah, 1995) with similar ‘sebacinoids’
from epacrids completely failing to grow (Allen et al.,
2003). Direct amplification of pelotons has been used by
others to bypass cultural growth difficulties (Kristiansen
et al., 2001b; Allen et al., 2003) and this may be a better strat-
egy, but is only feasible if DNA can be separated by base com-
position (Kristiansen et al., 2001b) and its mycorrhizal
effectiveness confirmed.

Fungi from C. formosa are phylogenetically most similar to
the only ITS sequence available from S. vermifera, as expected
from previous studies (Warcup, 1971; Clements, 1981;
Warcup, 1981; Ramsay et al., 1986), but are not the same iden-
tity. The precise homology defining a species using phyloge-
netic evidence is speculative (Taylor et al., 2000) but rDNA
ITS sequences are considered likely to be from the same
species if they are 98–100 % similar (Sreenivasaprasad
et al., 1996; McLean et al., 1999). Phylogenetic similarities
below this limit (particularly in an ITS region that is rapidly
evolving) are more likely to be in the same genus or family
rather than species. The 79–89 % homology of C. formosa iso-
lates to S. vermifera in this study suggests that they are prob-
ably not S. vermifera but are within Sebacina and the
Sebacinales.

Species recognition using molecular evidence provides an
alternative method for the identification of asexual and mor-
phologically identical orchid fungi, but identification to
species is still reliant on the production of teleomorphic
stages, which have not been produced since the studies of
Warcup and Talbot (1967). Re-examination and sequencing
of such reference cultures could potentially improve our
knowledge of the identity of mycorrhizal isolates.

Variation among isolates in effectiveness

Genetic similarity in the rDNA ITS region was not a predictor
of effectiveness (the ability to germinate C. formosa seeds and
support their further growth and development), as effectiveness
varied even in the five fungi genetically identical in this region.
Morphologically identical mycorrhizal fungi, even from the
same plant, varied widely in effectiveness. These results
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emphasize the necessity of conducting trials with numerous iso-
lates from even one plant and it may be the combination of mul-
tiple fungi that leads to an effective symbiosis.

Considerable functional and genomic differences of mycor-
rhizal fungi even from the same plant, as shown in this study,
suggest that the diversity of fungi may be greater than pre-
viously recognized. This means that for the continuation of
important fungal–host associations, more efforts are needed
to preserve fungal diversity rather than systematically testing
and storing single isolates.
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