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ment) were observed macroscopically during a 
period of 70 days. Three embryos were sampled 
for light microscopy from each treatment each 
day for the first 14 days after inoculation, and 
three samples from each treatment at 7-day in­
tervals subsequently, for a total of 70 days. The 
experiment was repeated twice, although the 
sampling was restricted to the first 14 days. Five 
protocorms were sampled at 28 and 54 days af­
ter propagation for SEM. Ten embryos sampled 
daily for 14 days after propagation were pre­
pared for fluorescent microscopy. 

Light Microscopy 
Three embryos from each treatment were 

sampled daily for 14 days, fixed overnight in 
2.5% glutaraldehyde (in pH 7.4 phosphate buff­
er) then cleared in 10% KOH at 90°C for 3 
hours. These embryos were stained under vac­
uum with Chlorozol Black E for 15 min. to vis­
ualize fungal hyphae within the protocorms. 
Three embryos from each treatment sampled 
each day for 14 days and at 7-day intervals for 
70 days were then fixed as above and resin-em­
bedded by dehydrating fixed embryos in an eth­
anol series (5%, 10%, 20% 30%, 50%, 70%, 
90%, and 100%). They then were infiltrated with 
a series of dilutions of LR white resin in 100% 
ethanol (25%, 50%, 75%, and 100%) and were 
embedded in gel capsules at 60°C overnight. The 
specimens were sectioned at 1 J.1m and stained 
with warm Toluidine Blue pH 4.4. Iodine was 
used to identify starch granules. All specimens 
were observed with an Olympus BH-2 com­
pound microscope, and the images were record­
ed with an Olympus D PlO digital camera. 

Scanning Electron Microscopy 
Five protocorms (from the Rl inoculated 

treatment and the Rl6 inoculated treatment), 
sampled at 28 days and 54 days, were cut lon­
gitudinally and fixed with 2.5% glutaraldehyde 
(in 7.4 pH phosphate buffer), then post-fixed in 
2% OS04 for SEM. They were then dehydrated 
in an ethanol series (5%, 10%,20% 30%, 50%, 
70%, 90%, and 100%). The specimens were 
dried in a critical point dryer, using CO2 as the 
transition liquid, and mounted on stubs with 
double-sided sticky tabs, then sputter-coated 
with gold for visualization with a Phillips XL30 
field emission scanning electron microscope. 

Fluorescent Microscopy 
Ten unfixed embryos from the un-inoculated 

treatment were sampled daily for 14 days after 
propagation, mounted in distilled water and vis­
ualized using a 365 nm excitation filter (UV 
light) with an Olympus series BH-2 fluorescent 
microscope (with an Olympus mercury lamp). 

FIGURE 1. Caladenia tentaculata. Protocorm (P). 
Sclerotia (S). A. Protocorms 2 months after inoculation 
with RI isolate. B. Protocorms 2 months after inocu­
lation with Rl6 isolate. 

Images were recorded with a Kodak Ektachrome 
400 film using an Olympus C-35AD-4 camera 
controlled by an Olympus exposure control unit. 

RESULTS 

Fungal Isolates and Germination 

Macroscopic observations revealed that Rl 
stimulated uniform germination and growth of 
healthy Caladenia tentaculata protocorms pro­
duced photosynthetic shoots 28 days after prop­
agation. Healthy protocorms infected with Rl, 
54 days after propagation, are shown in FIGURE 
lA. Rl6 failed to induce uniform germination, 
the few resulting protocorms were small, and 
photosynthetic shoots developed from only 
0.02% of embryos (FIGURE IB). No protocorms 
formed in the un-inoculated embryos. 
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FIGURE 2. Caladenia tentaculata. Autofluores­
cence (A). Meristem (M). Suspensor (S). A. Uninoc­
ulated embryo I day after propagation, visualized with 
UV light (365 nm). Cells of the whole embryo contain 
autofluorescent compounds. B. Uninoculated embryo 
2 days after propagation, visualized with UV light (365 
nm). Autofluorescent compounds have contracted to­
wards the suspensor end of the embryo. C. Uninocu­
lated embryo 4 days after propagation, visualized with 

Imbibition and Development of Embryos 

UV autofluorescence was observed in the cy­
toplasm of the entire cells of the pre-imbibed 
embryos. During imbibition (swelling of seed 
with water absorption), autofluorescence reced­
ed towards the suspensor region (FIGURE 2A, 
B).At the completion of imbibition, the autofluo­
rescence was observed only in the suspensor cell 
(FIGURE 2C). 

Starch accumulation and meristematic divi­
sion were observed in sectioned imbibed, inoc­
ulated, and un-inoculated embryos. The cortical 
cells of the embryos infected with Rl (FIGURE 
3A) had more starch than the un-inoculated em­
bryos 14 days after propagation (FIGURE 3B). 
They also were larger and had a more developed 
meristem. Rhizoids formed from single enlarged 
epidermal cells, which elongated as early as 6 
days after propagation in all treatments (the Rl 
inoculated treatment, the R16 inoculated treat­
ment, and the un-inoculated treatment). These 
rhizoids developed into symmetrical multicellu­
lar structures in the mature protocorms inocu­
lated with Rl. No R16 infection was observed 
until 35 days after propagation, and the effects 
on growth and development were variable. 

Infection Pathway 

Fungal hyphae of Rl were observed cluster­
ing at the base of the embryos, penetrating their 
suspensor cells as early as 5 days after propa­
gation (FIGURE 3C). Hyphae grew straight 
through to the adjacent cortical cells and formed 
pelotons in these cells. 

In the older infected cortical cells of sectioned 
embryos, collapsed fungal hyphae were ob­
served in the center of the cell, as remnants of 
empty hyphal cell wall material (FIGURE 3D). 
These cortical cells were re-infected and con­
tained healthy as well as collapsed fungal hy­
phae. Rl hyphae grew through the rhizoids of 
the protocorms, although the direction of growth 
could not be distinguished (FIGURE 4A). No pe­
loton formation was observed within the rhi­
zoids. Protocorms resulting from Rl infection 
were pear-shaped, with prolific multicellular rhi­
zoids emerging from the basal epidermal cells 
(FIGURE 4B). 

Of the R16-inoculated embryos, 67% re­
mained un-infected. In 74% of the infection 
events observed, penetration occurred through 
the epidermal cells (FIGURE 4C). This pathway 

UV light (365 nm). Autofluorscencing compounds re­
main only in the suspensor cell. 
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FIGURE 3. Caladenia tentaculata. Cortical cells (C). Digested peloton (D). Epidermal cell (E). Hyphae (H). 
Meristem (M). Pelotons (P). Starch (S). Testa (T). Orchid cell vacuole (V). A. Longitudinal section through an 
embryo infected with Rl isolate 14 days after propagation stained with Toludine blue pH 4.4. B. Longitudinal 
section through an uninoculated embryo 14 days after propagation stained with Toludine blue pH 4.4. C. Cleared 
protocorm 21 days after propagation infected with Rl stained with Chorozol Black. D. Transverse section through 
the basal cortical cells of a protocorm infected with Rl isolate 42 days after propagation stained with Toludine 
blue pH 4.4. 

resulted in extensive colonization and collapse 
of infected cortical cells (FIGURE 4D). Of the in­
fection events, 23% penetrated through the rhi­
zoid initials (FIGURE 4E). Rhizoid infection re­
sulted in sparse colonization of the adjacent cor­
tical cells with no peloton formation. 

In only one embryo infected with R16 was 
suspensor penetration microscopically observed 
(FIGURE 4E). Fungal hyphae clustered around the 
penetration site, as seen with Rl infection. Sus­
pensor infection resulted in protocorm forma­
tion. Of the 7600 embryos inoculated with R16, 
only 20 protocorms developed. Protocorms pre­
pared for SEM varied in shape, and most had 
reduced meristem formation (FIGURE 4F). Rhi-

zoid formation was not restricted to the basal 
epidermal cells of these protocorms, and for­
mation of the multicellular rhizoids was not 
symmetrical. These were termed "intermediate 
protocorms. " 

Colonization Patterns 

Colonization with RI was restricted to basal 
cortical cells of the protocorm. The meristemat­
ic, vascular, and storage cells remained unin­
fected (FIGURE 5A). Starch grains accumulated 
in the cortical cells located near the vascular 
bundle (FIGURE 5B). Storage cells at the periph­
ery of the infected region contained limited un-
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FIGURE 4. Caladenia tentaculata. Epidermal cells (E). Hyphae (H). Rhizoid (R). Photosynthetic shoot (S). 
A. Developing rhizoid of a cleared protocorm 14 days after propagation infected with Rl stained with Chorozol 
Black. Fungal hyphae are shown growing through the cell wall of the rhizoid initial. B. Scanning electron 
micrograph of an Rl-infected protocorm 28 days after propagation. C. Longitudinal section through an embryo 
inoculated with R16 isolate, 49 days after propagation stained with Toludine blue pH 4.4. D. Longitudinal 
section through an embryo inoculated with Rl6 isolate 28 days after propagation stained with Toludine blue pH 
4.4, showing extensive colonization and collapse of cortical cells. E. Longitudinal section through an embryo 
inoculated with Rl6 isolate 21 days after propagation stained with Toludine blue pH 4.4, showing infection 
through a rhizoid. F. Scanning electron micrograph of the basal end of a protocorm shows suspensor infection 
by R16 isolate 56 days after propagation. 
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FIGURE 5. Caladenia tentaculata. Hyphae (H). Meristem (M). Pelotons (P). Peloton type 1 (PI). Peloton 
type 2 (P2). Rhizoid (R). Starch storage cells (S). Vascular tissue (V). A. Scanning electron micrograph of a 
protocorm infected with R 16 isolate 56 days after propagation. B. Longitudinal section through a protocorm 
infected with RI isolate 56 days after propagation stained with Toludine blue pH 4.4. C. Longitudinal section 
through a protocorm infected with R 1 isolate 56 days after propagation stained with Toludine bluc pH 4.4. D. 
Longitudinal section through a protocorm infected with Rl isolate 56 days after propagation stained with To­
ludine blue pH 4.4. E. Scanning electron micrograph of a protocorm infected with R I isolate 28 days after 
propagation. F. Scanning electron micrograph of a protocorm infected with Rl isolate 28 days after propagation. 
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coiled fungal hyphae and less starch than the 
uninfected storage cells (FIGURE SC). 

Two peloton types were observed in proto­
corms infected with R1. The first type occurred 
in the outer layer of cortical cells and consisted 
of branched hyphae and loosely coiled monilioid 
hyphae (FIGURE 5D). These pelotons were not 
seen in stages of digestion. The second type con­
sisted of unbranched hyphae, which coiled in 
one direction and were located in a deeper cor­
tical layer (FIGURE SE). In sectioned protocorms, 
these pelotons were seen in stages of digestion, 
and the cells containing them also were infected 
with healthy hyphae. 

Infection with R16 extended from the basal 
cortical cells of the protocorm to cells near the 
meristem (FIGURE SF). The starch storage cells 
contained more starch in comparison to those in 
protocorms infected with Rl. All of these stor­
age cells were infected with fungal hyphae (FIG­
URE 6A). 

DISCUSSION 

The seed of Caladenia tentaculata, like that 
of Northern Hemisphere terrestrial orchid spe­
cies, requires infection by a compatible symbi­
ont for germination and healthy protocorm de­
velopment to proceed. The stages of mycorrhizal 
infection and colonization in C. tentaculata are 
similar to those previously described for North­
ern Hemisphere species. Two unique observa­
tions were made in this study: (1) the presence 
of phenolic compounds in the pre-imbibed C. 
tentaculata seed and (2) the development of two 
morphologically distinct peloton types observed 
during infection with the compatible isolate, oc­
curring in different layers of cortical cells in the 
protocorms. 

Compatible Colonization 

Initial infection of Caladenia tentaculata seed 
by the compatible isolate (R1) occurred through 
the suspensor cell similar to the most commonly 
observed initial infection pathway in Northern 
Hemisphere species of terrestrial orchids (Mol­
lison 1943, Richardson et al. 1992, Rasmussen 
1995, Uetake & Peterson 1997). This infection 
pathway also was observed in c.. menziesii by 
Clements (1988). Rasmussen (199S) suggests 
that infection through the suspensor cell indi­
cates that the fungal isolate facilitates germina­
tion. 

The disappearance of starch grains in the cells 
of Caladenia tentaculata protocorms when in­
fected by the compatible isolate is not unique to 
this species. Previously it has been observed in 
protocorms and roots of Northern Hemisphere 

FIGURE 6. Caladenia tentaculata. Hyphae (H). 
Meristem (M). Starch storage cells (S). A. Scanning 
electron micrograph of a longitudinal cross section 
through a protocorm infected with Rl6 isolate 56 days 
after propagation. B. Scanning electron micrograph of 
a longitudinal cross section through a protocorm in­
fected with Rl6 isolate 56 days after propagation. 

orchid species (Hadley & Williamson 1971, Pur­
ves & Hadley 1975). A small proportion of the 
starch storage cells at the periphery of the my­
cotrophic tissue of C. tentaculata contained fun­
gal hyphae, associated with fewer starch grains 
in these cells, similar to the report of Uetake et 
al. (1992) in Spiranthes sinensis. As the C. ten­
taculata protocorm enlarges during colonization, 
the mycorrhizal fungus either translocates or de­
grades the starch. 

UV autofluorescence in the pre-imbibed em­
bryos indicates the presence of phenolic com­
pounds. This autofluorescence contracted to­
wards the suspensor region during imbibition, 
suggesting that the phenolic compounds are wa­
ter-soluble and are leached from the embryo via 
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its most permeable point, the suspensor cell. The 
seed of Australian terrestrial orchids has been 
shown to survive the dry summer months after 
dispersal in the soil in the pre-imbibed state 
(Batty et al. 2000). The presence of phenolic de­
fense compounds in the pre-imbibed embryos 
could protect the seed from saprophytic fungi 
and bacteria. Tannins (phenolic compounds) 
have been observed in the suspensor cell of 
Dactylorhiza majalis (Rasmussen 1990), where 
they may inhibit peloton formation. Caladenia 
also may regulate the establishment of mycor­
rhizal fungi by accumulating inhibitory phenolic 
compounds. 

Two distinct peloton types formed in separate 
layers of the cortical cells of Caladenia tenta­
culata protocorms, as in developing protocorms 
of the Northern Hemisphere orchids Dactylorhi­
za majalis (Rasmussen 1990) and Spiranthes si­
nensis (Uetake et al. 1992). In D. majalis and S. 
sinensis, the two types were differentiated on 
functional grounds. Cortical cells containing 
permanently un-digested pelotons were termed 
"host cells," and those containing regularly di­
gested pelotons, "digestion cells" (Rasmussen 
1995). Huynh et al. (in press) found morpholog­
ically distinct pelotons in adult Caladenia for­
mosa plants in-situ and concluded the presence 
of more than one fungus. The different peloton 
types in C. formosa did not appear in separate 
cortical layers, and this organization may differ 
between the protocorm and that of the adult 
plant. 

The morphology of the pelotons in the outer 
layer suggests that they are more vigorous; and 
the branched hyphae, multi-directional growth, 
and presence of monoiliodal cells are similar to 
the morphology of the extracellular hyphae. The 
inner layer of cortical cells can only be re-in­
fected by the intracellular hyphae in the first cor­
tical cell layer and thus contain less vigorous 
mycorrhizal growth. The functions of nutrient 
deficiency, limited re-infection, and continual di­
gestion may restrict fungal infection and protect 
the starch storage and vascular tissue from col­
onization. 

Kristiansen et al. (2001) showed by DNA se­
quencing that two fungi were isolated from sin­
gle pelotons in Dactylorhiza majalis. This find­
ing sheds a different light on the distinct peloton 
morphology observed in protocorms inoculated 
with Rl; they may be two different fungal 
strains, as reported in Caladenia formosa 
(Huynh et al. in press) The two peloton types 
observed in C. tentaculata may represent the 
two fungal organisms sequenced by Raleigh in 
the Rl isolate (R. Raleigh pers. comm.). The 
effectiveness of the Rl isolate to germinate C. 
tentaculata seed may be dependent on both fun-

gal organisms being present, as the different pe­
loton types appear to have different functional 
roles within the protocorm. This evidence sug­
gests that more than one fungus is required to 
stimulate germination and growth in some ter­
restrial orchid species, including Caladenia. 

Incompatible Colonization: A Comparison 

The infection pathway and colonization pat­
tern of Caladenia tentaculata varied widely fol­
lowing incompatible inoculation, ranging from 
protocorms bearing photosynthetic shoots indi­
cating stable protocorm formation (Anderson 
1991) to soft rot as a result of parasitism (Beyrle 
et al. 1991, Masuhara et al. 1993). Similar var­
iation in protocorm formation has been observed 
in mycorrhizal associations with other species of 
terrestrial orchids (Clements 1988, Beyrle et al. 
1991). Although rare, suspensor infection was 
inevitably successful, even with the incompati­
ble isolate. 

Most Caladenia tentaculata seed remained 
un-infected by :the incompatible isolate, reflect­
ing the resistance described by Clements (1988) 
in Pterostylis species. Such resistance is not ap­
parent with the compatible isolate, where all vi­
able C. tentaculata seed germinated and pro­
duced protocorms. The difference in resistance 
to the two isolates indicates recognition by the 
orchid of differences between the compatible 
and incompatible isolates. The suspensor may be 
the site of recognition, for it is the only infection 
pathway that leads to healthy protocorm for­
mation. The importance of suspensor infection 
for C. tentaculata seed was highlighted by the 
rarity of this infection pathway with the incom­
patible isolate. The phenolic compounds located 
in the suspensor cell may control stable mycor­
rhizal establishment; if such is the case and ini­
tial infection occurs through another pathway, 
stable mycorrhizal establishment cannot be 
reached. 

Rhizoid infection was observed during inoc­
ulation with both isolates, although it resulted in 
different outcomes. Rhizoid infection by the in­
compatible isolate occurred as primary infection 
resulting in a colonization pattern without pe­
loton formation in the cortical cells, similar to 
pathogenic infection seen in Dactylorhiza incar­
nata by BeyrJe et al. (1991). Hyphae of the com­
patible isolate also were observed penetrating 
the rhizoids, although this occurred secondarily 
to suspensor infection, and fungal colonization 
would be limited, because digestion already has 
been initiated in the cortical cells. This compar­
ison again highlights the importance of initial 
infection through the suspensor cell in the de­
velopment of a stable mycorrhizal association. 
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Incompatible infection did not inhibit starch 
assimilation in storage cells of the protocorms 
infected with the incompatible isolate, as these 
cells were densely packed with starch grains and 
hyphae. By comparison, starch reserves in cor­
tical cells infected by the compatible isolate 
were limited. Incompatible fungal infection may 
increase the rate of starch deposit in infected 
cells, allowing the isolate access to the nutrient 
reserves of the orchid. This study was unable to 
elucidate the fate of starch grains in cells in­
fected by either the compatible or the incom­
patible isolates. It follows, however, that if the 
isolate is parasitizing the protocorm (incompat­
ible isolate), it is likely to be degrading the or­
chid's stored reserves. 

Photosynthetic shoot formation is extremely 
rare during infection with the incompatible iso­
late. Most protocorms had greatly reduced mer­
istematic regions, in which colonization was not 
restricted to the basal cells and reached the pe­
riphery of the meristematic tissue. Clements 
(1988) observed protocorms developing normal­
ly, until colonization reached the meristem, re­
sulting in death of the seedling. Meristematic 
colonization by the incompatible isolate also 
may have occurred in the Caladenia tentaculata 
protocorms showing symptoms of soft rot; how­
ever, the disease symptoms technically prevent­
ed microscopic analysis. Meristematic tissues re­
main un-infected during compatible coloniza­
tion, a phenomenon also observed in many 
Northern Hemisphere (Uetake et al. 1992, Ras­
mussen 1995) and Australian species (Clements 
1988), including C. tentaculuta. 

Rhizoid development stimulated by incom­
patible infection was not restricted to the epi­
dermal cells at the base of the protocorms. The 
rhizoids appeared to develop haphazardly, some 
forming multicellular structures and others not. 
This seemly random distribution of rhizoids over 
the epidermal surface gave the fungus access to 
the entire protocorm. The orchid therefore was 
unable to restrict the fungal invasion to the basal 
cells. Abnormal rhizoid development previously 
has not been implicated in incompatible infec­
tion of other terrestrial orchid species, but ob­
servations for Caladenia tentaculata illustrate 
that normal rhizoid development may be impor· 
tant in the production of a stable healthy proto­
corm. These observations implicate rhizoid de­
velopment as a diagnostic feature in asSessment 
of protocorm health. Rhizoid development may 
be used as a macroscopic feature to assess prob­
ability of survIval for a given protocorm, and 
therefore time may be saved by discarding those 
that would not survive deflasking and re-intro­
duction to field habitats. 

CONCLUSIONS 

This study revealed details of the obligate my­
corrhizal associations with Caladenia tentacu­
lata and confirmed that ex-situ conservation ef­
forts for Caladenia require symbiotic germina­
tion with an appropriate mycorrhizal isolate, for 
normal protocorm development to proceed. Sus­
pensor infection by the mycorrhizal fungi not 
only leads to normal protocorm development in 
C. tentaculata but may be important for con­
trolling in which cells of the embryo mycorrhi­
zal colonization occurs. 

Future studies into the development of my­
corrhizal associations in Caladenia species us­
ing UV autofluorescence during initial infection 
may offer an explanation for the apparent resis­
tance to infection by incompatible isolates. The 
question of the origin of the two peloton types 
could be answered with RNA in situ hybridiza­
tion with probes designed for the two organisms 
sequenced by R. Raleigh (pers. comm.). 
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