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Abstract

Endomycorrhizal fungi play an important role in the survival of plants on poor soils. Planting
seeds into lunar soil at a lunar colony will be a challenge for seeds of any plant. The seeds will
need a special microbial “tool kit” that will help them germinate and the young seedlings establish
themselves. In this study, seeds of the prickly pear cactus, Opuntia ficus-indica, were chosen to
examine the presence of fungus spores in the soil, inside the seeds and after germination in the
rhizosphere, roots and other tissues of the young seedlings. The nutrient poor lunar regolith si-
mulant JSC-1A was used as autoclaved or untreated growth medium. The mycorrhizal fungus Tri-
choderma viride was predominantly identified on the roots of new seedlings. This fungus also
demonstrated the strongest effect on the germination rate of the seeds in comparison with other
fungi isolated from the rhizosphere of Opuntia plants. T. viride was not detected within seeds and
also not within seedlings, besides the root tips, whereas an arbuscular mycorrhizal Glomus species
was seed-borne and present throughout most of the seedling. A close association between T. viride
and a Glomus species associated with O. ficus-indica is demonstrated through light microscopic
and electron microscopic images of the outside and inside root tips of the seedlings.
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1. Introduction

The prickly pear cactus, Opuntia ficus-indica, is an important crop plant from Mexico that is well suited for hot,
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semiarid and arid environments and was therefore chosen by our team as a possible starter plant for an extrater-
restrial colony. It establishes itself easily and is one of the most productive crop plants known [1]. The lunar re-
golith simulant JSC-1A is a volcanic, nutrient-poor and dusty soil that simulates the soil retrieved from the
moon by NASA and is used to study the suitability of plants for agriculture in a lunar colony. It is also well
suited for a study of associated microbes of plants that grow very successfully on nutrient-poor soils and the role
that these microbes may play in their success. The symbiotic relationship of fungi with roots in the rhizosphere
at the soil-root interface is a well-known phenomenon and assumed to be present in almost all plants, including
the cacti of the genus Opuntia [2]. The mycorrhizae are formed by fungal hyphae growing either on the outside
of plant roots (ectomycorrhizae) or into the roots (endomycorrhizae). Thus the mycorrhizal fungi increase the
root surface and extend the plant’s reach for nutrients. They are known to play a major role in phosphate uptake
of the plant and in accessing other nutrients in poor soils as well [3]-[6]. AM fungi reportedly also increase the
production of dry matter in seedlings of the cactus Pachycereus pectin-aboriginum [7]. According to Pope
(1993) [8], the growth of endomycorrhizal fungi is promoted by high light intensity and poor soil conditions.
Especially on desert soils they may therefore help plants acquire the minerals they need from the soil. The de-
gree of root colonization, however, also varied and showed seasonal site variation on the prickly pear Opuntia
humifusa in the study of Whitcomb (2000) [2]. Therefore the author suggests classifying a “plant’s mycorrhizal
status based on the ecological condition in which they are found”. Dubrovsky and North (2002) [9] recognize
three species of the genus Glomus as inhabitants of the rhizosphere of the Opuntia species they studied. These
form arbuscular-mycorrhizal (AM) fungus associations between the zygomycete fungus with coenocytic hyphae
and the plant. They are diagnosed by the presence of arbuscules in the cortical root cells and of terminal vesicles
that contain oil droplets [8]. The hyphae extend from the infected root into the adjacent soil or may connect root
to root. The spores of AM fungi remain in the soil in sporocarps, but may also become windborne. According to
Barrow et al. (2008) [10], endosymbiotic fungi even grow into developing seed embryos and are thus vertically
transmitted by seeds, as reported from C3 forage grasses.

The seeds of the prickly pear cacti of the genus Opuntia are known for their strong physiological dormancy
and a low growth potential of their embryos, which means that their seeds do not germinate easily, an adaptation
to desert environments [11]. The seeds have a very hard endocarp so that the dormant seed embryo cannot break.
Delgado-Sanchez et al. (2010; 2011) [12] [13] found an effect of Penicillium chrysogenum, a Phoma species,
and Trichoderma koningii on breaking germination resistance in Opuntia seeds. Since these fungi were observed
growing on the testa of all germinated seeds and eroding the funiculus, the authors interpreted the resistance to
germinate as a mechanical problem. This idea goes along with the commonly used methods of breaking Opuntia
seed dormancy through scarification methods, which involve treatment with sulfuric acid, cold treatment and/or
rubbing with sandpaper [14].

In this study the effect of different soil fungi, including mycorrhizal fungi, on the germination rate of seeds of
the prickly pear cactus, Opuntia ficus-indica, was evaluated, and the presence of endomycorrhizal fungi on and
in the seeds and the seedlings growing on lunar regolith simulant JSC-1A was studied with the use of light and
scanning electron microscopy (SEM). The importance of these fungi for the seed germination on a nutrient poor
soil and the establishment of the seedlings are discussed.

2. Methods

Seeds of Opuntia ficus-indica were collected from mature fruits (tunas) obtained in supermarkets and stored in
paper bags at room temperature to allow for a normal aging process to overcome their dormancy. At the time of
usage, they were between 2 - 3 years old.

2.1. Determination of Fungi on and Inside Seeds

The presence of fungi on and inside the seeds was studied using untreated and surface-sterilized seeds. Alcohol,
often together with hypochloride, is commonly used to sterilize the outer surface of seeds, including seeds of
Opuntia species [12] [15]. To surface-sterilize the seeds for planting, they were washed in 70% ethanol for 10
min, rinsed four times in sterile, distilled water and dried before planting. Surface-sterilization of the seeds for
fungus growth on agar included a bleach treatment. They were submerged in 70% ethanol for 30 sec, then for 10
min in a solution of 1% hypochlorite prepared of household bleach, followed by four rinses in distilled water.
The seeds were then placed whole or crushed on sterile Sabouraud Dextrose Agar (Becton Dickinson) in Petri
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dishes (SDA plates). The plates were incubated in the dark at room temperature. Samples of the growing colo-
nies were placed on microscopic slides and stained with Lactophenol cotton blue (LPCB) to check for presence
of bacteria and fungi, and to identify the fungi microscopically. Bacteria were also Gram stained.

2.2. Mycorrhizal Fungi and Seed Germination

To study the fungus or fungi growing on the roots of seedlings, we designed several planting experiments. The
lunar regolith simulant JSC-1A (Orbitec, LLC) was used as a planting soil for the seeds. Preliminary studies in
our lab demonstrated that prickly pear cacti grow well on the regolith. First the native germination rate of our O.
ficus-indica seeds on JSC-1A was determined. 20 seeds were placed into plain JSC-1A held within a coffee fil-
ter in a plastic planting pot and kept moist with distilled water (Table 1, #0). The roots of the freshly sprouted
seedlings were swabbed with sterile cotton swabs to prepare streaks on SDA plates. The resulting fungal cul-
tures were later used to study their effect on the germination rate of the O. ficus-indica seeds from the same
batch.

In these germination experiments JSC-1A was used either untreated or autoclaved for 30 min at 121°C. The
presence of fungus spores in the untreated and autoclaved soil was determined through sprinkling a small sam-
ple onto sterile SDA plates. The SDA plates were kept in the dark at room temperature to promote fungus
growth.

For the first series of germination experiments (Table 1) autoclaved soil was used to study the effect of a
mycorrhizal fungus on the seed germination rate of O. ficus-indica seeds. The planting pots, coffee filters and
plastic bags needed were first placed overnight under UV light in the laboratory hood for sterilization purposes.
The planting procedure was performed under application of aseptic techniques. First the coffee filters were
placed into the planting pots. Then autoclaved JSC-1A was added into the coffee filter and sterile distilled water
added to moisten the soil well. The seeds were then placed onto the moist soil and pushed slightly into it, but
care was taken to not cover them. The control pots were transferred at once into plastic Ziploc bags and the bags
closed by 3/4 allowing for air exchange, but preventing airborne spores from falling onto the soil. To the other
pots samples of the fungal culture, obtained from the root streak of seedlings described above (seedlings from
experiment #0, Table 1), representing a green mycrorrhizal fungus (identified as Trichoderma viride), were
streaked with a sterile loop onto the soil close to the seeds. For experiment #3 (Table 1) surface-sterilized seeds
were used. These planting pots were then too placed into plastic bags and closed as described above. All germi-
nation experiments were kept at room temperature on a plant stand with artificial lighting. The humidity in the
plastic bags was kept high by pouring sterile distilled water into the bags on demand. Twice a week the planting
pots were checked for growth. The bags were opened under the laboratory hood when a seedling was visible and
the root was swabbed to prepare a fungal culture.

In a second experiment the seed germination effect of the green mycorrhizal fungus (T. viride) (from experi-
ment #0, Table 1) was compared to that of other soil fungi. Only untreated seeds were used in this experiment,
and different soil fungi were added to untreated JSC-1A soil, in which also fungi originally present in the soil
were allowed to interact with the introduced fungus. The fungi used for infection were isolated from swabs of
JSC-1A soil, in which adult Opuntia plants were grown under carbon dioxide stress. We decided to use these

Table 1. Seed germination results with and without T. viride addition.

Seed Germination

JSC-1A Autoclaved JSC-1A AR T5E-

. lain
Exp # VIIEEZETD G2 # of slégé;?itees% Iting plzlgf(g::é;(/)l) % g;(-e?n;r iﬁzl;tion : l;rf]é):: dﬁiegf % g-[e(r)rrrﬁeli_tion
seedlings # of seedlings seedlings
0 8 wk 20/11 55
1 12 wk 27/0 0] 27/8 29.6
2 14 wk 50/0 0 50/21 42
3 6 mo su rfacz:eL cgce)rilized 0 su rfacz:eL %irilized 10
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fungi, since they were present around the roots of these extremely stressed plants that survived the stress treat-
ment well. Five different fungus colonies and one bacterial culture were isolated from their soil previously in
our lab. All experiments of this second seed germination series, including a control in which the soil was not in-
fected, were prepared in parallel. The resulting germination rates (Table 2) were scored as positive (germination)
or negative (no germination). SDA cultures were prepared from swabs of the roots of each seedling shortly after
germination and of some seedlings again at a later time to determine the type of fungus growing on the root.

2.3. Fungus Staining and SEM Studies

From at least one seedling of each experiment with a positive result, roots were used for mycorrhizal staining
followed by light microscopic studies. For the mycorrhizal fungus staining of the seedling roots the method de-
scribed by Vierheilig et al. (1998) [16] was applied. The roots were rinsed well in tap water, boiled in 10% KOH
for 5 min, stained for 3 min in a boiling hot 5% ink/vinegar solution (blue Pelican ink) and rinsed for 20 min
with tap water containing a few drops of household vinegar. Other roots were used untreated for observation in
the Scanning Electron Microscope (Hitachi TM-1000).

2.4. Mycorrhizal Fungi within Seedlings

Three seedlings from different pots were surface-sterilized, in order to look for evidence of fungi within the
seedling itself. We followed the surface-sterilizing procedure described by Shekhawat et al. (2013) [17] for
leaves and roots. Each plant was immersed into 75% ethanol for 1 min, then into an aqueous solution of sodium
hypochloride (household bleach) for 15 min, followed by washing in 70% ethanol for 5 sec and rinsed in sterile
distilled water. The seedling and its roots were then cut into segments, sliced open and placed on different SDA
plates to examine fungus growth.

2.5. Interaction of an Endophytic with a Mycrorhizal Fungus

Finally, we also wanted to observe the interaction of the most prevalent green fungus obtained from root swabs
of the seedlings in all our studies with one of the fungus species (Aspergillus terreus) identified from the
crushed surface-sterilized seeds. In duplicate cultures (n = 2), both were placed on the same SDA plates near the
edge and on opposite sides of each other and studied for their growth behavior over a period of three weeks.

3. Results

On SDA plates with untreated JSC-1A many bacterial colonies grew first and a few green fungal colonies ap-
peared after one week in culture. Autoclaved JSC-1A soil samples on SDA still produced a few bacterial, but no
fungal colonies. Soil samples taken immediately after seed germination produced bacterial and fungal colonies
on SDA. Microscopic analysis of samples from the colonies on the latter culture revealed a Penicillium sp., a
Glomus sp., and cluster-forming, rod-shaped bacteria (Figure 1).

Table 2. Seed germination after addition of different soil fungi and bacteria.

Exp# Culture used for infection Germination time # seeds germinated Remark Fungus identified on roots of seedlings

1 colony of bacilli 6.5 wk 1/15 (7%) Bacilli & Glomus sp.

2 Aspergillus terreus & Glomus sp. 4.5 -6.5 wk 3/15 (20%) T. viride, Bipolaris; later: bacilli &

Glomus sp.
3 Unknown sp. 13 - 14 wk 4115 (27%) Last to T. viride & Glomus sp. & Unknown
germinate species
- . First to T. viride & Glomus sp. & P. bilaiae;
- 0, ’
4 T. viride & Glomus sp. mix 1-11wk 7/15 (47%) germinate later Phoma sp.
5 Aspergillus glaucus 4.5-11 wk 6/15 (40%) T. viride & D|p|ogi|a SP- &.BaC'"' &
Syncephalis sphaerica
6 Penicillium bilaiae 45-11wk  5/15 (33%) T. viride & P. bilaiae & Glomus sp. &
Phoma sp.
7 plain JSC-1A = control Up to 17 wk 0/15 (0%) No seed germination
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Figure 1. Example Light microscopic images of fungus cul-
tures from (previously autoclaved) JSC-1A soil sampled after
seed germination—(a) Penicillium sp.; (b) Glomus sp. and ba-
cilli (Magnification: 1000x).

Untreated whole seeds placed on SDA produced no fungus growth at all, but some bacterial colonies, which
were identified as small rods. From surface-sterilized crushed seeds a diversity of bacterial and fungal cultures
grew on SDA. Among the fungi were: Aspergillus terreus, a Phoma sp., a Glomus sp., and a Penicillium sp., as
demonstrated through light microscopic examination after LPCB staining (Figure 2). Bacteria were not identi-
fied. Not every seed produced the same fungi and bacteria. None of the tested surface sterilized seeds germi-
nated during the experiment.

The regular (control) germination rate of non-surface-sterilized seeds on untreated JSC-1A was 55% (Table 1,
exp. 0). Root swab cultures from the seedlings revealed predominantly a first white and later green colored fun-
gus, which was identified as Trichoderma viride (Figure 3). The addition of the T. viride fungus from SDA cul-
tures of the root swabs from control seedlings (exp. 0) had an obvious effect on the germination rate of the O.
ficus-indica seeds in the autoclaved JSC-1A soil as recorded in Table 1. Autoclaving the soil had reduced the
total number of seed germination from 55% to 0% in the cultures without fungus addition. Adding T. viride to
the seeds restored the germination rate to 29.6% and 42% respectively. In the exp. 1 and 2 (Table 1) the seeds
were untreated, for exp. 3 (Table 1) seeds surface-sterilized with alcohol were used. Surface-sterilizing the
seeds did affect germination negatively, with only one seed germinating very late in the culture where T. viride
was added. Even an incubation period of six months did not improve this result.

Mainly T. viride was identified as the mycorrhizal fungus on the roots of all freshly germinated seedlings.
Also present, but less frequent were Aspergillus nidulans, Penicillium sp., a Glomus sp., and a Phoma sp. To-
gether with the T. viride fungus gram® bacilli and spore aggregates were regularly present (Figure 3).

In the second series of seed germination experiments the effect of different soil fungi and a bacterial colony on
the seed germination rate of O. ficus-indica seeds was compared with the effect of the T. viride fungus. All seeds
used in this series were untreated, planted into untreated JSC-1A and observed over a period of 3.5 months.
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Figure 2. ldentified from surface sterilized crushed seed cul-
tures were (a) Aspergillus terreus; (b) Penicillium sp.; (c) (d)
Phoma sp., and (e) (f) Glomus sp. Magnification: 1000x (a)-(e),
400x ().
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Figure 3. The green endomycorrhizal fungus Trichoderma vi-
ride (a) with pink colonies of gram + bacilli (b) on SDA; (c)
After Gram-staining and with white colonies of gram + bacilli
and spore aggregates (d) on SDA; (e) After Gram-staining.
(Magnification 1000x (a, c, €)).

The germination time, germination rate and the fungi applied at the start of the experiment are listed in Table 2.
In addition the fungi present in the rhizosphere of the freshly sprouted seedlings are also listed in this table. The
highest germination rate was obtained by infecting the soil with a mixture of T. viride and Glomus sp., which
yielded a 47% germination rate. The second best germination rate (40%) was produced by adding Aspergillus
glaucus to the seeds, followed by Penicillium bilaiae with the third highest germination rate (33%). Except for
experiment #1, in which only one seed germinated, all swab cultures from seedling roots revealed the presence
of T. viride and a Glomus sp., irrespective of the fungal culture originally used for infection. Some of the root
swab cultures immediately showed strong presence of the T. viride fungus while it took some time to see it growing
in others. We found that the earlier the green T. viride fungus appeared in the root swab cultures, the earlier the
seeds had germinated in that experiment. Weak presence of T. viride thus resulted in poor seed germination.
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Roots of seedlings from these infection experiments were studied in the SEM and the results compared to
those obtained with light microscopy after mycorrhiza staining. Both examinations revealed that the roots were
covered by mycorrhizal fungi—including the seedling of experiment #1 and that the Glomus sp. and T. viride
fungi grew intertwined at the surface and into the inside of the roots (Figure 4). The hyphae of Glomus are coe-
nocytic and wide, whereas those of T. viride are septate, thinner and branched at right angles. Glomus, a com-
mon AM fungus, forms vesicles inside the root, as depicted in the light-microscopic pictures (Figure 4). The
vesicles inside the roots are clearly visible. Outside the root the characteristic sporangium of T. viride is recog-
nizable (Figure 4(d) and Figure 4(e)).

A thin septate hypha extends from the sporangium into the root. Glomus sporangia are visible in the SEM
picture from the root of a seedling (Figure 5(a)). In our SEM examination we found on several occasions pene-
tration of Glomus hyphae into root cells (Figure 5(b)).

From sliced sections of the root tip of surface sterilized seedling roots we grew both T. viride and a Glomus sp.
on SDA plates. Higher up within surface-sterilized roots and within the actual seedlings, we did not detect any T.
viride, but a Glomus sp., Aspergillus sp. and a Phoma sp. were found to grow even high up inside the seedling.

The interaction of the endomycorrhizal fungi T. viride and Glomus with a pathogenic fungus, Aspergillus ter-
reus, one of the fungi present inside the O. ficus-indica seeds, was demonstrated on SDA plates. Within two
days the endomycorrhizal fungi produced a secretion that stained the agar yellow. Within a week the Aspergillus
appeared contained in growth by the faster growing T. viride and Glomus sp. mix and a dense rim of T. viride-
surrounded A. terreus.

4. Discussion

On the nutrient poor soil JSC-1A good mycorrhizal fungus growth on and around the roots of O. ficus-indica
seedlings could be documented through light and electron microscopic studies, confirming the results of Pope

Figure 4. Mycorrhizae on roots of seedlings: septate hyphae
of T. viride grow alongside the coenocytic Glomus hyphae
outside of the root (a); Septate hyphae show penetration into
the root (c). Vesicles formed by the AM fungus are visible (b)
(d) (e); and on the root sporangia at the end of septate hyphae
resemble those of T. viride (d) & (e) (Magnification 1000x).

SCT41652 5 D53 x5k 50um

Figure 5. (a) Spores of the AM fungus on the root of a seedI-
ing (white arrow); (b) Penetration of the hyphae into the root
cells are indicated by black arrows (SEM magnification 1500x).
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(1993) [8] that poor soil conditions promote the presence of mycorrhizal fungi in the rhizosphere of plants. The
endomycorrhizal fungus, T. viride, increased in our studies the germination rate of O. ficus-indica seeds by
29.6% and 42% respectively on the sterilized soil and under the conditions provided in this study (Table 1). On
the roots of the young seedlings the presence of T. viride was regularly confirmed, even when other fungi or on-
ly bacteria were added to the soil together with the seeds (Table 2). The stronger the presence of T. viride was
on the seedlings’ roots, the earlier the seeds had germinated. Though Aspergillus and Penicillium fungi also af-
fected the germination rate of the seeds positively, the presence of T. viride in root swab cultures of the seed-
lings indicates that their role in the rhizosphere of the young seedling might be supportive of T. viride. Kumar
(2012) [18] found the highest mycorrhizal root colonization in his studies with Menthaspicata when Glomus
mossae and T. viride were inoculated together. The additional presence of an AM fungus, in our experiments an
unidentified Glomus species, is demonstrated by the occurrence of vesicles and arbuscules in root tips of seed-
lings through light microscopic observation after mycorrhizal staining (Figure 4). AM fungi are Glomeromyco-
ta [4]. Their hyphae are coenocytic and the spores form terminal on them [19], which we could demonstrate in
SEM studies (Figure 5(a)). Endomycorrhizal fungi penetrate the root of the plant and enter the cells where they
will live as intracellular symbionts. Penetration sites of the fungus into the root were recognized in our studies in
the SEM (Figure 5(b)). De Jaeger et al. (2010) [20] describe that Trichoderma harzianum is penetrating its host
plant through the arbuscular mycorrhizal fungus Glomus. In our studies with mycorrhizal fungus staining the
septate and coenocytic hyphae seem to grow next to each other outside and inside the root (Figure 4). We could
therefore not confirm a similar interaction of the two fungi in O. ficus-indica roots in our test system.

Glomus forms “Chlamydospores singly or in tight clusters (sporocarp), sometimes covered with hyphal peri-
dium”, as described by Schenck and Smith (1982) [21]. Observations in the SEM (Figure 5(a)) revealed similar
structures in our studies. Our combined data thus confirm also the presence of a Glomus sp. as the AM fungus in
the rhizosphere of the O. ficus-indica seedlings on JSC-1A.

Myecorrhizal fungi reportedly protect the plant from pathogens by producing signaling compounds like ab-
scisic acid [22]. Ellouze et al. (2012) [23] studied the effect of phytochemicals produced by the plant roots on
fungus spore germination and concluded that the plants modify the microbial community of the soil to their ad-
vantage and the interaction is under genetic control. In our studies the T. viride—Glomus mixture produced a
yellow secretion that prevented other fungi from growing on the same plate. Both endomycorrhizal fungi seem
to be needed to secure the germination and establishment of the young O. ficus-indica seedling on the nutrient
poor JSC-1A soil.

In this study we also demonstrate the presence of fungal spores and bacteria within the seeds of O. ficus-in-
dica (Figure 2). Hijri et al. (2002) [19] found spores of pathogenic fungi inside the spores of an arbuscular my-
corrhizal fungus without causing symptoms, which they interpreted as a possible weapon of the fungus against
non-mycorrhizal competitors. The cultivation of a Glomus sp. among other fungi from sterilized seeds in our
study (Figure 2) confirms the finding of Barrow et al. (2008) [10] that AM fungi can be transmitted through
seeds. We speculate that the presence of fungal spores and bacteria in the seeds might give cacti an advantage on
poor soils, which might also be poor of spores of mycorrhizal fungi that the plant could acquire. Thus the seeds
of O. ficus-indica might be equipped with a “survival kit” to inhabit inhospitable areas. Dastager et al. (2010)
[24] found that among phosphate solubilizing fungi, Aspergillus and Penicillium species were the most promi-
nent. In our experiments both these two genera were represented in the rhizosphere of Opuntia seedlings (Table
2) and even within seeds themselves (Figure 2), another indication that their seeds are especially equipped for
survival on nutrient poor soils.

AM fungi also interact with bacteria living on the roots and within the rhizosphere, but also incorporate bac-
teria as endosymbionts. The interaction between fungi and bacteria in the rhizosphere is another important find-
ing of studies on plant fungus interactions. Dastager et al. (2010) [24] report on a plant growth promoting Mi-
crococcus species. In our study the addition of a prevalent bacterial colony to O. ficus-indica seeds did not en-
hance the germination rate of the seeds. However, the presence of bacteria around and within the root tip and
within the seeds seems to suggest a possible role in seed germination and/or establishment of the seedling. Pu-
ente et al. (2004) [5] found hardly any fungus spores in soil of arid areas they studied in Mexico. However, a
large bacterial population was present in the rhizosphere of the plants, including cacti, which may indicate a
stronger role of bacteria than fungi on dry soils.

T. viride was not growing in our cultures of surface-sterilized normal or crushed seeds, though its presence
was striking in the swabs of the roots from seedlings and even within the root tips that were surface-sterilized. It
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therefore could be acquired from the soil, though we could not prove its presence in autoclaved soil. An interac-
tion of T. viride with other fungi and bacteria—probably with the help of a Glomus sp.—in the early stages of
the establishment of the seedling—probably led to the persistence of T. viride at the end, no matter what the ini-
tial culture condition was. This fungus is known for its protective function in different plants and is now ex-
ploited in agriculture as a natural biocontrol agent. T. viride and other Trichoderma species were successfully
tested against pathogens of the onion [25]. In Turkey Trichoderma species have been introduced as a biocontrol
agent against soil-borne diseases of several crops [26]. Its inhibitory effect on pathogenic fungi was recently also
reported by Bouziane et al. (2011) [27], who found it effective against most pathogens they tested, including
three Phoma species. In their paper Phoma is considered a pathogen of Zea mays. In our study the presence of a
Phoma species in the seeds and seedlings that were healthy looking, seems to indicate that this fungus is
seed-borne and might also play a special role in the endomycorrhizal interplay during the germination process of
O. ficus-indica seeds and the establishment of the young seedlings in our test system. A synergistic interaction
of AM fungi with T. viride and a subsequent increase in root colonization is reported by Kumar (2012) [18].
Sjoeberg (2005) [28] reports in her thesis on AM fungi about their protective effect against the plant pathogenic
fungus Bipolaris sorokiniana. A Biplolaris species could also be documented in the rhizosphere of some seedl-
ings in our experiments and also within seeds. Similar to Phoma, the Bipolaris fungus might play a role in es-
tablishing the seedling. In agreement with Hijri et al. (2002) [19], these fungi might serve as a possible weapon
against non-mycorrhizal competitors. T. viridae is presently on the market as an antagonistic fungus to protect
crops from soil borne diseases. Still, Dalling et al. (2011) [29] criticize in their review that the role of seed-borne
fungi in the defense against soil-borne pathogens has been underestimated and overlooked too often.

The finding that alcohol sterilized seeds were negatively affected in their germination capability was a sur-
prising result of our study, especially since alcohol is commonly used in seed sterilization procedures and was
found to even enhance germination in some [15]. In their study these authors found that high concentrations of
alcohol can be lethal to turfgrass seeds, which they studied. Alcohol seems to affect O. ficus-indica seedlings
similarly; however more studies are needed to confirm this finding.

5. Conclusion

In conclusion, the endomycorrhizal fungus T. viride demonstrates a close interaction with a Glomus species
during and after germination of O. ficus-indica seeds on the nutrient poor lunar regolith simulant JSC-1A soil.
They both grow in the root tip, however only the Glomus sp. was present within the rest of the seedling. The
Glomus sp. is also passed on through the seed, together with bacteria and some pathogenic fungi, whose role still
has to be evaluated.
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