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Abstract

The ability of mycelial strains of Tuber borchii and T. melanosporum to produce 
either ecto- or endomycorrhiza with two clones of transformed roots of Cistus incanus 
was studied in vitro in relation to nitrogen and phosphate concentrations in the culture 
medium. While differing in their response to the Cistus clones at particular P and 
N concentrations, both Tuber species displayed the ability to form endomycorrhiza 
and pseudo-ectomycorrhiza without Hartig net; however, typical ectomycorrhiza with 
mantle and Hartig net was not obtained. These results support the notion that Tuber can 
produce different types of mycorrhiza depending on external conditions.

ABBREVIATIONS
VAM: Vesicular-Arbuscular mycorrhizas; ECM: 

Ectomycorrhiza; EM: Endomycorrhiza; EEM: Ectendomycorrhiza; 
IAA: Indole 3-Acetic Acid; MMN: Melin And Norkrans Medium; 
TR: Cistus incanus Transformed Roots; Ps-ECM: Pseudo-
Ectomycorrhiza

INTRODUCTION
The notion that the majority of land plants are completely 

dependent on symbiotic microorganisms for growth and survival 
is now well established, highlighting the importance of soil 
microbes as regulators of plant diversity and abundance [1]. 
Among the various symbiotic associations discovered so far, the 
one linking roots and fungi – the mycorrhiza – is very widespread 
and is considered to be the determining factor in the evolution of 
land plants [2,3].

Several types of mycorrhizas have been described, and 
different systems of mycorrhizal classification have been 
proposed based on their anatomy [4,5]. Increasingly, however, 
results of in vitro experiments [6,7] and field and greenhouse 
observations [8], coupled with the new picture of the 
phenomenon in nature revealed by molecular identification tools 

[9], support the idea that there are basically just two classes of 
mycorrhiza: 1) those produced by the aseptate mycelia of species 
belonging to the Glomerulomycota and Mucoromycotina [10], 
usually referred to as vesicular-arbuscularmycorrhizas (VAM) 
in view of the structures formed inside the host cells – although 
some Endogonaceae can also produce ectomycorrhizas [11]; 
2) mycorrhizas produced by the septate mycelia of septomycetes, 
that is, members of the Ascomycota and Basidiomycota.

Ectomycorrhizas (ECMs) are particularly widespread among 
the septomycetes and have been extensively studied for their 
role in forest ecosystems. They were discovered in the late 
nineteenth century (1885) by B. Frank and were the first form 
of mycorrhizal symbiosis to be described.  In an ectomycorrhiza 
the fungal hyphae completely cover the root tip, forming a mantle 
(mycoclena) from which they penetrate the apoplastic spaces of 
the cortical layers of cell wall surfaces [12].

The genus Tuber (Ascomycota, Pezizales), from which our 
earliest knowledge about mycorrhizas was derived [13], has 
long been considered a typical ectomycorrhizal fungus. However, 
molecular tools [9] have revealed that certain fungal species 
hitherto considered to be exclusively ectomycorrhizal (including 
Tuber species) may produce septateendomycorrhizas (orchid 
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mycorrhiza, OM) with the achlorophyllic orchid Neottia. This 
has been repeatedly confirmed with other species of orchids, 
including chlorophyllic species [14], and with other plants such 
as Ericaceae[15].

The possibility of obtaining two or even three different types 
of mycorrhiza in vitro –ectomycorrhiza (ECM), endomycorrhiza 
(EM), and ectendomycorrhiza (EEM) – was already known from 
studies conducted with Terfezia spp, (desert truffles) which form 
both ectomycorrhizas characterized by a Hartig net [6,16]and 
septateendomycorrhizas with hyphae penetrating into cortical 
host cells, in both cases without a hyphal mantle [6,17]. As the 
former are observed under rich nutritional conditions while the 
latter occur on media poor in phosphorus [6], it would appear 
that the nutritional status of the host plant determines which 
type of mycorrhiza will develop. The notion that the phosphate 
status of a plant affects mycorrhizal synthesis is well established 
[18]. It seems that P deficient plant roots exude a greater range 
and volume of substances to their environment, probably due 
to increased permeability of the plasma membranes [19]. It 
has lately been shown that P deficient Arabidopsis plants are 
characterized by an increased sensitivity to auxin [20]. Auxins 
have long been known to be implicated in ectomycorrhizal 
formation. More especially, they have been shown to play a 
role in the morphological changes that roots undergo during 
mycorrhiza formation [21]. It has been demonstrated that a 
fungal mutant overproducing indole 3-acetic acid (IAA) forms 
three to five times more mycorrhiza than a wild-type mycelium 
[22]. In some instances, such a mutant has been reported to form 
ectendomycorrhiza characterized by intracellular penetration 
and Hartig net [23]. External auxin level has also been shown to 
play a role in determining the type of mycorrhiza produced [7].

Less studied is the effect of nitrogen concentrations on the 
determination of mycorrhizal types: Haug et al. [24] working on 
mycorrhizas of Pisolithus tinctorius in Picea abies roots showed 
that high concentrations of either nitrate or ammonia resulted in 
a diminished Hartig net and in hyphal penetration into cortical 
cells. Brunner and Scheidegger [25] studying colonization of 
the same plant species by Hebeloma crustuliniforme reported 
thatNH3concentrations in excess of 30 mM caused a similar shift 
in mycorrhizal morphology, namely from the known wild type 
ectomycorrhiza to an atypical endomycorrhiza. Lately, Flores-
Monterroso et al. [26] demonstrated that either excess of NH3 
or its deficiency, altered gene expression and ectomycorrhiza 
stability in maritime pine roots.

In the study reported below, we examined the types of 
mycorrhizal association formed in vitro by Tuber borchii 
Vittad. and Tuber melanosporum Vittad. With two transformed 
roots clone of Cistus incanus L. in relation to diverse external 
nitrogen and, to some extent, phosphate concentrations, using 
an in vitro culture system. In vitro culture systems offer a 
controlled environment in which the mechanisms involved in the 
morphogenesis of mycorrhizas may conveniently be explored, as 
demonstrated by Ventura et al. [27] and Zaretsky et al. [7].

MATERIALS AND METHODS
Tuber cultures

Tuber melanosporum strain 1015 and Tuber borchii strain 

ATCC96540 mycelia were sub cultured routinely on modified 
Melin and Norkrans (MMN) medium at 25°C for 40 days.

Cistus incanus transformed roots

For mycorrhization, we employed two clones of Cistus incanus 
transformed roots (TR) previously used by [7], namely M2 and 
W51. These were subcultured for 60 days at 25°C on N5 medium 
(MS medium with 20% of the amount of nitrates), solidified 
with 0.2% Phytagel adjusted to pH 5.8 before autoclaving and 
supplemented with 500 mg l-1 ampicillin.

Mycorrhization

M medium was used to obtain mycorrhizal synthesis based on 
the results of Wenkart et al. [32] and Zaretsky et al. [7]. TRs were 
transferred to Falcon 50 ml tubes containing 30 ml of medium for 
all experiments.

Transformed roots were allowed to grow for 3 weeks before 
inoculation. A cube of MMN agar containing the Tuber mycelium 
was then added to each TR containing tube. The co-cultures were 
kept in the dark at 25°C for 2-4 months prior to examination.

Experimental design

The following formulations of M medium were tested:

- original minimal M medium (4.8 mg/ l KH2PO4 and 80 mg/l 
KNO3)

- M medium modified with respect to phosphorus 
concentration: low P (0.96 or 0.48 mg/l KH2PO4)

- M medium modified with respect to nitrogen concentration: 
low N (20.2, 80, or 101.1 mg/l KNO3), and high N (404 or 
606 mg/l KNO3).

Both basic and modified M media were gelled with 0.7% Plant 
Agar (Sigma) adjusted to pH 5.5 before autoclaving. 

Each test was performed with at least five samples.

Microscopy

Fungal mycorrhizal colonization of the roots after 2-4 months 
was assessed by staining with cotton blue (0.1% methyl blue in 
Amman lactophenol). Prior to staining, each sample was cleared 
by heating in 10% KOH for 15-30 min in a warm bath (60°C). Next, 
it was then washed in 0.1 N HCl and bidistilled water, placed in 
cotton blue, and heated to boiling, then rinsed in lactophenol and 
observed in the same liquid, or embedded in the resin Tissue-Tek 
OCT (Sakura) and then deep frozen at -20ºC.

Sections of 12 µm were obtained using a cryostat and 
observed in lactophenol with a Leitz DMRB microscope.

RESULTS
The results of the mycorrhization experiments are presented 

in (Table 1). They may be summarized as follows:

Effect of varying the N concentration from 20 to 606 
mg/l

P 4.8, N 20.2: the two truffle species react in the same way, 
each forming endomycorrhiza (Figure 1a) with clone M2 and 
pseudo-ectomycorrhiza (Figure 1b,c) with clone W51, i.e. both 
exhibit differential responses to the TR clones.
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P 4.8, N 80 (original M medium): the two truffle species 
produce endomycorrhiza with both TR clones, i.e. they react in 
the same way to both clones.

P 4.8, N ranging from 101 to 606: T. melanosporum does not 
enter into mycorrhizal relations at all while T. borchii does, with 
endomycorrhiza predominating. The differences observed are 
between fungal species. 

Effect of varying the P concentration from 4.8 to 0.48 
or 0.96 mg/l

At P 0.48 or 0.96, N 80, T. melanosporum reacts differently to 
each of the root clones, forming endomycorrhiza with M2 but Ps-
ECM with W51. T. borchii consistently forms Ps-ECM mycorrhiza 
with both root clones. In this situation, differences were found 
both between fungal species and between root clones.

DISCUSSION
Our main finding is that both fungal species proved capable 

of forming septate endomycorrhiza on both Cistus incanus 
transformed root clones, given appropriate conditions (Table 
1, Figure 1a). On the other hand, in none of the experiments 
performed in this study was a true ectomycorrhiza formed by 
either fungal species on either clone. This is surprising in view of 
the finding that, under appropriate conditions, Terfezia spp did 
form such associations in vitro with clone W51 [7], and so did T. 
melanosporum with clone L2A;  we note that the latter clone is no 
longer available. The reasons for the discrepancy are unknown 
at the moment, though it seems reasonable to suppose that they 
reflect differences between the clones. To be certain of our result, 

the roots in this study were most scrupulously analyzed. However, 
underdeveloped ectomycorrhizal relations have been described 
before. Malajczuk et al. [29] described in detail what they termed 
‘superficial ectomycorrhiza’ in which fungal hyphae of two 
different species never penetrated the cortex of the Eucalyptus 
species studied. Brundrett [4] analyzed ectomycorrhizal forms 
and also reported epidermal or superficial forms. We believe that 
the term ‘pseudo-ectomycorrhiza’ best describes our findings, 
as no true penetration of hyphae into apoplastic spaces between 
root cells was observed.

Clone M2 differs from Clone W51 mainly in its greater 
sensitivity to external auxins [7]. The only instances where 
mycorrhizal type differed between the two clones resulted in 

Figure 1 Types of mycorrhiza produced in vitro by Tuber strains 
cultivated with transformed roots of Cistus incanus: (A) – Septate 
endomycorrhiza; (B) – Squash of a pseudo-ectomycorrhiza; (C) – Thin 
section of a pseudo-ectomycorrhiza lacking any visible true Hartig 
net. Bar 50 µm.

Medium (mg/l) TR Mycorrhizal type

P N  T. melanosporum T. borchii

4.8 20.2 M2 ENDO ENDO

  W51 Ps-ECM Ps-ECM

4.8 80 M2 ENDO ENDO

  W51 ENDO ENDO

4.8 101.1 M2 None Ps-ECM

  W51 None Ps-ECM

4.8 404 M2 None ENDO

  W51 None ENDO

4.8 606 M2 None ENDO

  W51 None ENDO

0.96 80 M2 ENDO Ps-ECM

  W51 Ps-ECM Ps-ECM

0.48 80 M2 ENDO Ps-ECM

  W51 Ps-ECM Ps-ECM

Table 1: Types of mycorrhiza formed by Tuber melanosporum and Tuber 
borchii with transformed roots (TR) of two clones of Cistus incanus (M2 
and W51) under various concentrations of nitrogen (N) and phosphate 
(P). ENDO - septate endomycorrhiza; Ps-ECM - pseudo-ectomycorrhiza; 
none -no growth of mycelium and/or mycorrhizal symbiosis.

Abbreviations: TR: Transformed Roots; ENDO: septate endomycorrhiza; 
Ps-ECM: pseudo-ectomycorrhiza; None: no growth of mycelium and/or 
mycorrhizal symbiosis
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the formation of endomycorrhiza with clone M2, suggesting that 
under these two controlled conditions (4.8 mg/ml P and 20.2 
mg/ml N, as well as 0.48 P and 80 N) the differential response 
of the two clones may have stemmed from differences in auxin 
excretion by the two fungal species. As auxin secretion levels 
were not measured in this research, this must be seen as an 
assumption at this time.

Analysis of the different responses of the two fungal species 
leads us to conclude that T. melanosporum is more sensitive 
to high nitrogen concentration than T. borchii. Indeed, T. 
melanosporum failed to form any kind of association with either 
root clone when N concentration reached 101 mg/ml or higher, 
while T. borchii did produce mycorrhiza at these levels, whether 
ENDO or Ps-ECM.

CONCLUSION
Above we described conditions that support in vitro formation 

and maintenance of endomycorrhizal associations of two Tuber 
species with transformed roots of Cistus incanus. Indeed, the 
most interesting conclusion to be drawn from this study seems 
to be that, under suitable conditions, any ectomycorrhizal fungus 
may be capable of forming an underdeveloped type of septate 
endomycorrhiza [7,8,13,16,22,30].
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