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Abstract Pecan (Carya illinoinensis) is an economically
important nut tree native to the Mississippi basin and
cultivated worldwide. In North America, species of truffles
are regularly found fruiting in productive pecan orchards
and the truffle genus Tuber appears to be abundant in pecan
ectomycorrhizal (EM) communities. As an initial step to
determine the feasibility of co-cropping European truffle
species with pecan, we evaluated whether mycorrhizae of
highly esteemed European truffle species (Tuber aestivum
Vittad. T. borchii and T. macrosporum) could be formed on
pecan seedlings. Seedlings were inoculated with truffle
spores and were grown in a greenhouse for 10 months.
Levels of EM colonization were estimated visually and
quantified by counting EM tips. Ectomycorrhizae were
identified both morphologically and molecularly with
species-specific amplification and by sequencing of the
ITS region of the nuclear ribosomal DNA (nrDNA). Both T.
borchii and T. aestivum spores produced well-formed
ectomycorrhizae on pecan seedlings with average root
colonization levels of about 62% and 42%, respectively,
whereas no ectomycorrhizae of T. macrosporum were
formed. The anatomy and morphology of these truffle
ectomycorrhizae on pecan was characterized. The co-

cropping of T. aestivum and T. borchii may hold promise
as an additional stream of revenue to pecan growers,
although, further studies are needed to assess whether this
symbiosis is maintained after planting in the field and
whether truffle production can be supported by this
host species.
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Introduction

Truffles are hypogeous fungi, the most famous of which
belong to the genus Tuber (Pezizales, Ascomycota).
Truffles undergo a complex life cycle (Paolocci et al.
2006). After their spores germinate, the growing mycelium
must establish a mutualistic ectomycorrhizal (EM) symbi-
osis with the roots of forest trees (e.g., spp. of Quercus,
Corylus, Salix, Pinus) or shrubs, such as Cistus spp.
(Bustan et al. 2006; Fontana and Giovannetti 1978–1979;
Hall et al. 2007; Harley and Smith 1983; Norris et al.
1994). Truffles are formed through obligate outcrossing of
opposite mating types, although details pertaining to
fertilization events are not completely resolved at this time
(Riccioni et al. 2008).

Some truffles, especially European ones, are highly
valued economically due to their unique organoleptic
aroma. Accordingly, they are marketed worldwide. Among
these prized species, the winter fruiting species Tuber
magnatum Vittad. (white truffle) and T. melanosporum
Vittad. (black truffle) are naturally confined to limited areas
of southern Europe. Other species such as T. aestivum
Vittad. (syn T. uncinatum as reported by Wedén et al. 2005)
and T. borchii Vittad. are widely distributed throughout
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Europe (Bertault et al. 1998; Gryndler et al. 2011). Tuber
borchii is reported from southern Finland to Sicily and
from Ireland west to Hungary. T. aestivum is reported
latitudinally from Spain and westward across Eastern
Europe and China, and longitudinally from Gotland
(Sweden) to North Africa (Song et al. 2005). T. aestivum
is considered the most widespread truffle species in
Europe (Gryndler et al. 2011; Hall et al. 2007). In some
countries (e.g., Italy, France, New Zealand, United States),
T. aestivum and T. borchii cultivation is feasible and
truffles are successfully produced (Chevalier and Frochot
1997; Zambonelli et al. 2002).

An established market for T. borchii and T. aestivum exists
despite the fluctuating price of truffles year by year. In Italy,
about the 65% of truffles reaching the processing industry
(approximately 80% of the national production of truffles) is
attributed to T. aestivum, while approximately 10% belongs
to T. borchii (Pampanini and Martino 2006). The market
value of truffles harvested during the season is strongly
mediated by weather conditions and annual production
levels, but in central Italy for the last year, fresh fruiting
bodies of T. aestivum were sold for between $110 and $250
per kg, while fresh T. borchii sold for $110 up to $180 per kg
(commercial truffler; personal information).

Another European truffle species that merits mention is
Tuber macrosporum Vittad. for several reasons: (1) its
excellent organoleptic characteristics and aroma resemble
that of the esteemed white truffle (T. magnatum); (2) it is
widely distributed across Europe; (3) some Italian nurseries
have started to produce plants that have been inoculated with
T. macrosporum spores and several truffle orchards have
already been established with this species (Benucci et al.
2011; Vezzola 2005). Although rare in France and Great
Britain, T. macrosporum appears to be common in Serbia,
Hungary, and Romania, and is frequently collected in Italy
and Slovenia. There are also reports of T. macrosporum in
Germany, Czech Republic, Swiss, Ukraine, Croatia, Slovakia,
Serbia, and Montenegro (Gógán et al. 2011; Marjanovic et al.
2010). T. macrosporum was also recently collected in Turkey
(M Bencivenga, personal information).

Truffle cultivation begins by inoculating axenically
raised seedlings with truffle spores and, after ectomy-
corrhizae have formed, out-planting the truffle-infected
seedlings into fields managed to meet the ecological
requirements of both the truffle fungus and the plant
host. This technique (and variations of it) is considered
routine today and is used worldwide (Granetti et al.
2005).

At present, nearly all commercial truffle orchards are
specialized for the production of truffles alone: host plants
are grown and cared for with the sole purpose of promoting
and increasing the yield of truffles. Literature on co-
cultivation of truffles and economic tree species in which

the production of wood or fruits are taken into account are
completely lacking. Popular host choices for growing
European species of truffles are European species of oak,
poplar, willow, and hazelnut with which these truffle
species appear to be associated with in nature. In Italy,
orchards are often established on marginal lands with low
fertility and steep slopes, and many times are inaccessible
to farm machineries.

Nevertheless, there are cases where truffles are
harvested alongside other commercial crops. For in-
stance, some economically productive hazelnut planta-
tions in Spain also support natural fruitings of T.
melanosporum and T. brumale (Reyna Doménech 2007).
In another case, plantations of Populus spp. established
for wood production in Northern Italy became naturalized
in the field by T. borchii and T. magnatum, and now
truffles fruit in these plantations (GMN Benucci, personal
observation).

Given that truffle cultivation requires relatively low
agricultural inputs (in Europe), Bonet et al. (2006)
suggested T. melanosporum mycorrhized plants as a valid
way to promote reforestation and economic restoration of
rural lands and land-use stability.

Recently, Bonito et al. (2011a) showed that truffles are
dominant in EM communities of commercial pecan
orchards in North American. Ever since the discovery of
Tuber texense Heimsch with pecan (Heimsch 1958), it has
been known that pecan trees support the fruiting of truffles.
This truffle species, later synonymized with Tuber lyonii
Butters by Trappe et al. (1996), is native to North America
and is distributed across at least of 13 US states, and
Northern Mexico (Bonito et al. 2011a; Hanlin et al. 1989;
Taber 1988). Bonito et al. (2011a) hypothesize that pecan
orchards could be managed to optimize both truffle and
pecan production, given its prevalence in pecan orchards.
Despite the fact that limited quantities of T. lyonii are sold
commercially and are served in restaurants, the market is
still struggling because of several factors: (1) its aroma is
not as pungent as prized European Tuber species; (2) its
occurrence and natural production levels fluctuate from
year to year, making it difficult to provide a consistent
truffle supply to the market; and (3) truffles are harvested
by raking, so a mixture of mature and less aromatic
immature truffles are collected and marketed, which
adversely affects their reputation (Bonito et al. 2011a).
Successful mycorrhization of pecan seedlings with European
truffle species (e.g., T. borchii and T. aestivum), which have a
flourishing market, could represent the first step for further
co-cropping efforts.

Pecan [Carya illinoinensis (Wangenh.) K. Koch] belongs
to Juglandaceae and is native to the Mississippi basin in
North America. C. illinoinensis is important agronomically
for its nuts (drupe, technically), particularly in the southern
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USA. Pecan production in the USA alone is valued at over
$433 million (USDA 2008). Large productive orchards
have also been established in Brazil, Israel, and Australia
(Wakeling et al. 2001).

In Italy, cultivation of C. illinoinensis is limited to small
plots in southern regions such as Sicily and Puglia and the
nuts are marketed locally. Nevertheless, increased plantings
of pecan has been proposed to promote timber wood
production in Sicily (Raimondo et al. 2009).

In view of co-cultivation systems, C. illinoinensis is an
attractive option for the production of nuts, truffles, and
wood at the end of the cultivation cycle. It is currently not
known whether pecan trees planted in Europe associate
with European truffle species.

In this study, we aimed to: (1) determine whether
ectomycorrhizae of the European truffle species (T. borchii,
T. aestivum and T. macrosporum) can be formed on pecan
trees using spore slurry inoculations; (2) verify the
effectiveness of distinguishing truffle ectomycorrhizae on
pecan by morphological and molecular techniques; (3)
quantify the level of EM colonization on pecan root
systems by comparing two different morphological
approaches for the evaluation of the ectomycorrhizal
colonization levels; and (4) describe the anatomical and
morphological features of European truffle ectomycorrhizae
on pecan. We were particularly interested in studying T.
aestivum and T. borchii because they are adapted to a broad
range of climatic and soils conditions compared to T.
melanosporum and T. magnatum (Hall et al. 2007; Iotti et
al. 2010). Moreover, both T. aestivum and T. borchii are
successfully cultivated (Chevalier and Frochot 1997;
Zambonelli et al. 2002) and plants inoculated with these
truffles can easily be produced in nursery conditions. This
is not yet routine for the esteemed white truffle, T.
magnatum (Bertini et al. 2005).

Material and methods

Pecan seedling production and truffle spore-slurry inoculation

Pecan seeds were collected from commercial pecan
orchards in North Carolina, USA, and were sent to Italy
for inoculation studies. Upon arrival, they were soaked in
tap water for 10 days at room temperature, changing the
water daily to maintain aerobic conditions prior to
stratification (Adams and Thielges 1978). For stratification,
pecan seeds were placed in zip-lock plastic bags and were
stored at 4°C for 30 days. After stratification, seeds were
surface sterilized by soaking in a 5% sodium hypochlorite
solution for 20 min, rinsed, set in a mix of 50% sterile
perlite and 50% sterile vermiculite and placed in a nursery
until germination. Ascocarps of T. borchii, T. aestivum and
T. macrosporum (collected from central Italy and Hungary,
generously provided by truffle collectors) were washed
under cold tap water and after accurate morphological
identification were stored in plastic bags at −20 ° C.
Specimen samples of each truffle were preserved in the
Herbarium Universitatis Civitatis Perusii with the following
IDs: PERU-182411; PERU-182511; PERU-182611. Spore
inocula were prepared by blending frozen truffles for 5 min.

In the summer of 2010, pecan seedlings were selected
and cut back to two leaves; then, their taproot was removed
and they were transplanted into 9×9×13 cm pots containing a
potting mix consisting of sterile natural soil (see Table 1
for soil physicochemical properties), sterile sand, sterile
vermiculite and sterile perlite (5:1:2:2). The potting mix
was amended with 2g/l NPK (nitrogen, phosphorus and
potassium) slow-release fertilizer.

For inoculations, 2g of truffle spore-slurry were dis-
pensed to each seedling. Each of these 2-g doses were
diluted in 10 ml tap water and distributed, prior to planting,

Table 1 Physical and chemical
characteristics of the natural
soil used in the potting mix
formulation

Soil analyses were carried out
according to the government
rules on official methodology
for soil analysis (Ministero per
le Politiche Agricole 1999)

Soil texture parameter Equivalent diameter size (mm) Units Quantity

Stone >2 g/kg 37

Sand 2–0.05 g/kg 325

Silt 0.05–0.002 g/kg 325

Clay <0.002 g/kg 350

Soil chemical parameter Units Quantity

pHKCl – pH units 7.4

pHH2O – pH units 8.1

Total lime – g/kg 180

Soluble CaCO3 – g/kg CaCO3 88

Organic matter – g/kg 21.88

Total nitrogen – g/kg 1.42

Assimilable phosphate – mg/kg P2O5 20.12

Exchangeable potassium – meq/100 g 0.76
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into the transplanting hole immediately below the rooting
zone. After mycorrhization procedures were completed, 12
seedlings of each treatment were grouped in plastic pot
containers holding 15 pots, each with three negative
controls (no inoculum added). These were grown in three
blocks side by side in an isolated part of an unheated
greenhouse until spring 2011 (Fig. S1).

In total, 36 seedlings were inoculated: 12 with T.
aestivum, 12 with T. borchii and 12 with T. macrosporum.
They were watered by sprinkling two times a week during
the months of June and August, once a week in all other
months of their stay in the greenhouse.

Mycorrhizal colonization levels and morphology
of ectomycorrhizae

Mycorrhizal colonization levels were tested 6 months after
inoculation in two seedlings of each truffle species. Due to
the low presence of ectomycorrhizae we decided to let the
plant grow for an additional 4 months. In spring 2011, the
remaining ten pecan seedlings inoculated with truffle spores
were chosen for mycorrhizal evaluation; their stem length,
stem diameter, and root system length were also measured.
To visualize mycorrhizae, roots were first gently washed in
cold tap water and were placed in a glass Petri dish
contained distilled water (Avis et al. 2003). EM coloniza-
tion levels were estimated using two different approaches:
(1) visual evaluation (VE) by estimating the percentage of
ectomycorrhizae present in the whole root system visually
under a stereomicroscope microscope or (2) relative
abundance valuation (RAV) following the methodology
described by Bencivenga et al. (1995), which nowadays is
the standard quality test for truffle-infected plants produced
by commercial nurseries in some Italian regions. To
calculate the RAV, the root system is divided into two
sections: one proximal and one distal. Four portions of the
root system are selected for each of these. In every portion,
50 root tips are counted starting from the end of the root,
for a total of 400 root tips examined for each seedling. The
numbers of mycorrhizal and non-mycorrhizal root tips are
then tallied. Non-mycorrhizal tips values were used to
determine percentage of EM presence. Mycorrhizae were
first observed under a stereomicroscope (Leica Leitz Wild
MZ8) and then with a light microscope (Leica Leitz
DMRB). Each ectomycorrhiza was considered as a single
individual (Bruns 1995; Dickie et al. 2002). EM description
and digital photographs were made according to Agerer
(1991).

Statistical analyses

Shapiro–Wilk and Anderson–Darling tests (α=0.05) were
used to assess whether the data were normally distributed.

Significant differences in seedling dimensions (stem
length, root system length and stem diameter) and
mycorrhizal colonization levels between different inoc-
ulation treatments were detected by ANOVA. Tukey’s
test was used to identify significant differences between
means (p<0.05).

Molecular analyses of ectomycorrhizae

Genomic DNA was extracted from single ectomycor-
rhizae at various developing stages, capturing a range of
ectomycorrhizae color and mantel thicknesses, and from
a pool of ten ectomycorrhizae with or without peritrophic
elements (cystidia and emanating hyphae) and coming
from different seedling. Extractions were performed with
the Extract-N-Amp kit (Sigma). The manufacturer’s
protocol was followed except that only 20 μl of the
extraction and dilution buffer each was used in extracting
from individual tips (rather than the 100 μl of each
solution as recommended by the manufacturer for
extracting DNA from plant leaves).

DNA extracts were then amplified with the ITS1/ITS4
primer pair (White et al. 1990) to amplify the ITS1, 5.8S,
and ITS2 regions of the nuclear ribosomal DNA (nrDNA),
and with species-specific TBA/TBB primer pair for T.
borchii (Mello et al. 1999) and species-specific UNCI/
UNCII primer pair for T. aestivum (Mello et al. 2002). Each
50-μl PCR reaction consisted of 10× PCR buffer (Invi-
trogen), 200 μM dNTPs, 20 mg of bovine serum albumin,
10 pmol of forward and reverse primer, and 1.75 U of Taq
DNA polymerase (Invitrogen). PCR thermoprofiles con-
sisted of an initial denaturation of 94°C for 5 min, followed
by 35 cycles at 94°C for 30 s, 58°C annealing for 30 s for
ITS1/ITS4 (60°C for UNCI/UNCII and 72°C for TBA/TBB
with an extension of 1 min) and with a final extension at
72°C for 10 min. Ten microliters of PCR products were run
on 1.8% (w/v) agarose gel stained with ethidium bromide.
For sequencing the ITS region, amplified products were
purified using an Illustra GFXTM PCR DNA kit (GE
Healthcare), sequenced in both directions using a Big
Dye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems) and run on an ABI 3130XL DNA Analyzer.
Single strand ITS sequences of the same PCR product
were merged into a contig with ContigExpress ® Module
(Vector NTI Suite, Invitrogen). The similarity of ITS
sequences to sequences in GenBank was assessed using
the BLASTN algorithm at the NCBI website (National
Center for Biotechnology Information; website: http://
blast.ncbi.nih.gov/Blast.cgi) (Altschul et al. 1997). Repre-
sentative sequences from ectomycorrhizal tips have been
submitted to GenBank (Benson 2004) with the following
accession numbers: JN040498 for T. borchii and
JN040499 for T. aestivum.
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Results

Pecan seedlings survivorship, growth and truffle
mycorrhization levels

Forty-seven of the 98 stratified seeds germinated (47.9%).
Germination happened slowly over a 30-day period.
Nonetheless, after a few months the seedlings looked
similar in growth and health (Fig. S2).

In April 2011, the remaining ten seedlings from each
inoculation treatment were assessed for the mycorrhizal
colonization levels. Seedlings had very good aboveground
development and looked healthy and well-structured. No
statistical differences were detected in the stem length, stem
diameter or root system length between T. borchii, T.
aestivum and T. macrosporum trials (Table 2).

Seedlings inoculated with T. borchii and T. aestivum
were well colonized with ectomycorrhizae; however,
mycorrhizae were absent in roots of seedlings inoculated
with T. macrosporum.

We did not find any ectomycorrhiza of fungal contaminants
in any of the treatment or control seedlings. The level of
mycorrhization obtained with VE and RAV approaches gave
similar results, and were not statistically different (ANOVA,
p<0.05). Data obtained by the RAV method showed the
average percentage of EM colonization was statistically
higher for T. borchii (≈0.62) than for T. aestivum (≈0.42)
(Table 2) (ANOVA, p<0.05). Eight of ten seedlings
inoculated with T. borchii showed >50% EM relative
abundance with a maximum value of≈79% and a minimum
of≈34%, while only four of ten seedlings inoculated with T.
aestivum showed >50% of relative abundance with a
maximum value of≈83% and a minimum values of≈8%.

Morphological and anatomical traits of T. aestivum and T.
borchii ectomycorrhizae on pecan

Morphological and anatomical traits of T. aestivum×C.
illinoinensis and T. borchii×C. illinoinensis ectomycorrhi-
zae are reported in Figs. 1 and 2. Measurements for specific
anatomical characters are provided in Table 3. The majority
of T. borchii and T. aestivum ectomycorrhizae were well

formed on pecan seedlings 10 months after they were
inoculated.

T. borchii ectomycorrhizae on pecan are simple or ramified
in a monopodial-pinnate pattern (Fig. 1a, b). Single EM tips
are straight, fragile, cylindric or club shaped with rounded
ends; the color varies considerably as they develop, from
light yellow with pale grey shades in the youngest to dark
ocher or brownish of the oldest (Fig. 1b, c, d). The mature
ectomycorrhizae frequently had a whitish growing tip apex
(Fig. 1a, b). Cystidia are the typical of T. borchii ectomycor-
rhizae (Giomaro et al. 2000). They are needle-shaped, simple
or connected at the base, smooth, colorless and generally
mono-septate (Fig. 1e, g). Cystidia are well distributed over
the entire surface of the ectomycorrhiza, preferably in the
proximity of the apex that is under development. From our
observations the presence of cystidia is not connected to the
growth stage of the ectomycorrhiza because both young than
old ones could show these emanating elements (Fig. 1b, c).
The pseudoparenchymatic mantle type is arranged in few
cell layers (4–6) and Hartig net that penetrate the root
epidermids until almost second cell layer (Fig. 1f). The outer
mantle surface is densely short-spiny, composed by epider-
moids cells structured in a uneven regular puzzle-like
pattern; cells are variable in shape but less in size (Table 3),
varying from ellipsoid and isodiametric to irregular-
rectangular and elongated (Fig. 1h).

T. aestivum ectomycorrhizae are almost all simple,
sometimes with ramifications present following either a
regular monopodial-pinnate or monopodial-pyramidal pat-
tern (Fig. 2a). Simple EM tips are club-shaped or rarely
cylindric, with rounded ends. Their color varies with
developmental stage, from light amber in the younger
ectomycorrhizae to dark brown in the older ones (Fig. 2b, c,
d). Cystidia are simple, bristle-like, curley, septate, color-
less or light yellow when young, and grow to ocher or
brown with darker thick walls when ectomycorrhizae
mature (Fig. 2e, f, h). Cystidia are distributed over the
surface of the ectomycorrhiza, but are most abundant on the
top half or on the apex of the root (Fig. 2e). Presence of
cystidia does not appear to be connected to the growth stage
of the ectomycorrhiza because the presence and absence of
these emanating elements was found in both young than old

Table 2 Values of Pecan
seedlings measurement and
ectomycorrhizal level
(means±standard error, n=10)

Values of relative abundance
with different letters are
significantly different at
p<0.05 and df=1, 18

Soil texture parameter T. borchii T. aestivum T. macrosporum

Stem length (cm) 34.2±1.52 35.0±1.90 34.8±2.03

Root system length (cm) 15.5±0.85 13.8±0.70 13.3±0.90

Stem diameter (mm) 5.02±0.33 6.27±0.55 5.94±0.47

Ectomycorrhizal level

Visual valuation (VV) 0.61±0.06 0.40±0.08 –

Relative abundance valuation (RAV) 0.62±0.05a 0.42±0.07b –
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roots. The outer mantle layer organization of T. aestivum
ectomycorrhiza on pecan is pseudoparenchymatous; in
cross-section the mantle is arranged in few cell layers (4–6)
with a periepidermal Hartig net (1–3 cortical cell layers deep)
(Fig. 2g). The outer mantle surface is densely long-spiny
with cells structured in an angular pattern; cells are variable
in shape and less in size (Table 3), varying from rectangular
to polygonal-elongated (Fig. 2i).

Molecular verification of T. aestivum and T. borchii
ectomycorrhizae on pecan

Results from molecular species-specific PCR assays and
ITS sequence analyses were consistent with our morpho-
logical taxonomic assessments. These results were not
affected by sample size (single or pooled ectomycorrhizae)
or developmental stage. Samples tested with species-

specific assays produced expected amplicon sizes of about
430 and 400 bp (Fig. 3) (Mello et al. 1999, 2002). No
amplicons were produced in negative controls. Similarity
searches using BLASTN algorithm at NCBI confirm that
the ITS sequences obtained from ectomycorrhizae were
identical to those present in GenBank for the same fungal
species with 100% of query coverage, E values of 0.0, and
identify matches of 99–100%.

Discussion

Ectomycorrhizal formation of European truffle species
on pecan

Previous studies found that Tuber species are abundant
members of the EM community of pecan orchards in USA,

Fig. 1 Anatomical and
morphological features of T.
borchii ectomycorrhizae on
pecan trees. a Root systems with
abundant ectomycorrhizae
(bar=700 μm); b and c simple
and ramified ectomycorrhizae
(bar=700 μm);
d ectomycorrhizae with cystidia
(bar=500 μm); e cystidia and
outer mantle pattern
(bar=65 μm); f section of the
mantle and Hartig net
(bar=30 μm); g needle-like
cystidia (bar=30 μm);
h puzzle-like cells pattern of the
outer mantle layer (bar=10 μm)
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and that pecan seedlings are receptive to the spores of native
truffle species (Bonito et al. 2011a). Here we demonstrate that
by using standard truffle inoculation practices mycorrhizae
of the economically important European truffle species T.
borchii and T. aestivum can also be formed on pecan
seedlings. This is the first time European truffle species
have been synthesized on this economically important North
American host.

In addition to T. borchii and T. aestivum, we assessed
whether mycorrhizae of the economically important truffle
species T. macrosporum could be formed on pecan. T.
macrosporum is commonly associated with species in the
willow (Salicaceae) oak (Fagaceae) families. Because host-
preference below the phylum level appears to be relatively
weak in most Tuber clades (Bonito et al. 2010), and T.
macrosporum associates with a range of angiosperms in the
Fagacaeae and Betulacae, we predicted that T. macrosporum

would be able to form ectomycorrhizae on pecan. It was
interesting to us that no ectomycorrhizae of this species were
produced, as successful mycorrhizal formation of T. macro-
sporum on oaks, hazels and hornbeams through spore-slurry
inoculations have been reported by many groups (Giovanetti
and Fontana 1981; Granetti 1995; Vezzola 2005; Zambonelli
et al. 1993; Benucci GMN, unpublished data), leading us to
conclude that C. illinoinensis may not be a suitable host for
T. macrosporum.

Although T. macrosporum did not form EM on pecan,
T. borchii and T. aestivum both developed well-formed
and abundant EM on this non-native host. It is likely that
other economically important Tuber species may form
stable EM symbiosis with pecan as well. Although it
requires a more narrow set of edaphic conditions, the
European black truffle T. melanosporum may also be a
favorable candidate for further study, since this species

Fig. 2 Anatomical and
morphological features of T.
aestivum ectomycorrhizae on
pecan trees. a Root systems with
ectomycorrhizae (bar=700 μm);
b and c simple and ramified
ectomycorrhizae (bar=700 μm);
d ectomycorrhizae with cystidia
(bar=500 μm); e apical cystidia
and mantle cell pattern
(bar=65 μm); f apical
developing cystidia
(bar=20 μm); g mantle section
of the mantle and Hartig net
(bar=30 μm); h simple
unramified cystidia
(bar=30 μm); i angular cell
pattern of the outer mantle layer
(bar=10 μm)
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associates with a diversity of angiosperm hosts and is
being cultivated worldwide (Bonito et al. 2011b).

Ectomycorrhizal morphology and evaluation
of ectomycorrhizal colonization levels

The anatomy and morphology of T. borchii and T. aestivum
ectomycorrhizae had attributes characteristic of these
respective species (Granetti et al. 2005; Zambonelli et al.
1993). PCR and sequence analyses confirmed morpholog-
ical identifications, thus ectomycorrhizae of these two
species can be reliably distinguished visually. In particular,
T. borchii possessed straight cystidia and puzzle-like pseu-
doparenchyma cells (Fig. 1), while T. aestivum possessed
curly cystidia and angular pseudoparenchyma cells (Fig. 2).

We compared two methods (VE and RAV) for evaluating
the proportion of ectomycorrhizae on seedlings. We found
that differences between these two methods were small and
not significantly different from each other. This result is
important in cases of routine seedling tests on mycorrhizal
colonization levels, such as is done when truffle-infected
plants produced by commercial nurseries are certified on
percentage of ectomycorrhizae for marketing and out-
planting. T. borchii formed the most ectomycorrhizae on
pecan, averaging≈62%, but T. aestivum also formed
abundant ones averaging≈42%, based on RAV data.

Co-cultivation of nuts and prized truffles

The modern scale and economy of agriculture has led many
farmers to seek alternatives to traditional crops. There is
growing interest in producing wealth in an environmentally
sound and sustainable manner. Truffle orchards can be
established on marginal lands with low fertility and steep
slopes, so not to compete with most food production
systems. Truffles are now being cultivated worldwide,
through the growth of plant hosts that have been inoculated

with truffle spores (Wang and Hall 2004). However, these
orchards are often established as monocultures and with the
sole aim of truffle production. Cultivating truffles with
other compatible crops could improve the sustainability and
economic productivity of truffle farming. We suggest that
co-cultivation of pecans and prized truffle species repre-
sents a novel strategy for boosting rural and disadvantaged
economies. Pecans are cultivated across Southern USA and
in other countries including Australia, Italy, Brazil, and
South America (Wakeling et al. 2001; Herrera 2000). Pecan
trees do well with the high levels of calcium carbonate
required for truffle production (Sparks 1976), and the two
crops could provide independent revenue streams. In such a
dual cropping system, the risks may also be reduced because
multiple products would be produced. As a first step in
determining the feasibility of co-cropping truffles, we have
shown that using standing inoculation methods two econom-
ically important European truffle species (i.e., T. borchii and
T. aestivum) formed healthy well-colonized EM with C.
illinoinensis in a nursery setting. Additional studies are
needed to address whether Tuber EM are maintained when
seedlings are planted out in an orchard setting, and whether
these truffle species will fruit with pecan.

Another important consideration is whether the manage-
ment of commercial truffle and pecan orchards is compat-
ible. With certain pecan varieties and in particular regions,
trees may be at risk of foliar, fruit or root disease and may
require the use of biocides (Jones and Ritchie 1999; Powell
et al. 1968). In some cases fertilizers are used to boost
production or reduce disease symptoms. These applications
are likely to adversely affect the truffle symbionts and other
belowground microbes (Bunemann et al. 2006; Zambonelli
and Iotti 2001). It is unknown whether these applications
accumulate inside truffles. In the light of this, reports and
strategies for organic or low-input management of pecan

Table 3 Anatomical and morphological characteristics of ectomycor-
rhizae formed by T. borchii and T. aestivum with C. illinoinensis
(values are means±standard error, n=100)

T. borchii T. aestivum

Length of the ectomycorrhizae (mm) 1.68±0.07 1.41±0.06

Diameter of the ectomycorrhizae (mm) 0.23±0.01 0.24±0.01

Mantle thickness (μm) 21.76±0.44 22.63±0.64

Length of cystidia (μm) 86.60±2.47 –

Thickness of cystidia (μm)a 2.37±0.05 2.31±0.05

Mantle cell, major axis (μm) 16.55±0.46 13.74±0.35

Mantle cell, minor axis (μm) 7.93±0.34 8.86±0.27

a For T. borchii, thickness was measured at the middle length of each
cystidium

Fig. 3 Amplification products obtained with UNCI/UNCII and TBA/
TBB specific primers for T. aestivum and T. borchii, respectively, and
electrophoresed on a 1.8% (w/v) agarose gel. M, GeneRuler DNA
ladder (Fermentas); C−, negative control (no genomic DNA added to
PCR reaction); lines 1–2, amplification fragments obtained starting
from pools of ten T. aestivum ectomycorrhizae; lines 3–6, amplifica-
tion fragments obtained starting from single T. aestivum ectomycor-
rhizae at different developing stage; lines 8–9, amplification fragments
obtained starting from pools of ten T. borchii ectomycorrhizae; lines
10–13, amplification fragments obtained starting from single T.
borchii ectomycorrhizae at different developing stage
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orchards (Diver and Ames 2000) are of interest for future
truffle–pecan compatibility studies.

In conclusion, our results show that the economic tree
host C. illinoinensis can establish ectomycorrhizal symbi-
osis with T. borchii and T aestivum. Where ecological
conditions are suitable for the development of the truffle
EM symbiosis, pecan may represent a promising alternative
host for truffle cultivation.
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