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Abstract

A survey was conducted to determine the persistence of mycorrhization by Tuber melanosporum in truffle orchards established
with European and American species of oak and common hazel trees in North Carolina. The trees had reportedly been inoculated
and colonized by T. melanosporum prior to planting. Root samples were collected from 95 trees among seven orchards in 2015
and roots were analyzed by morphology and quantitative PCR. Samples that tested negative for 7. melanosporum or where
ectomycorrhizal morphology was not observed were analyzed by sequencing to identify the mycorrhizal fungal symbiont
present. The presence of 7. melanosporum was detected in all seven orchards. In six orchards, 7. melanosporum was detected
on all trees, but in only two of fifteen trees in one orchard. Other species of Tuber including 7. brennemanii, T. canaliculatum,
and T. lyonii, species of Scleroderma, and members of the Pezizales were also detected by sequence analysis. Sporocarps of
T. aestivum and T. brumale were found in 2017 and 2018 in separate orchards in North Carolina after the survey was conducted.
Overall, results indicate that 7. melanosporum has persisted in truffle orchards sampled in North Carolina. Indigenous and
contaminating fungal species, including Tuber species, were also detected and present a challenge to the truffle industry in
North Carolina.
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Introduction France, Italy, and Spain where it has been harvested from

the wild for hundreds of years (Hall et al. 2007). As wild

The European black winter truffle, also referred to as the black
Périgord truffle and the French black truffle (Tuber
melanosporum Vittad.), is one of the most valuable truffles
in the world. It is a fungus that grows in an ectomycorrhizal
association with host trees, including hazelnut (Corylus
avellana L.) (Palenzona 1969, Pinkas et al. 2000) and several
species of Quercus (Boutekrapt et al. 1990; Chevalier and
Grente 1979; Michaels 1982; Rahma 2013), producing an
edible ascocarp (truffle). Tuber melanosporum is native to
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populations in Europe have declined (Hall et al. 2007) and
culinary demand for the truffle has grown, 7. melanosporum
is now widely cultivated within and outside its native range
including in Australia, Canada, Chile, New Zealand, South
Africa, and the United States (Chen et al. 2016; Reyna and
Garcia-Barreda 2014) to meet demand and as a financially
lucrative crop.

Australia has been successful in producing European black
winter truffles for commercial sale (Lefevre 2012). However,
production in commercial quantities in North America has
been challenging to achieve and is possibly related to incorrect
soil type and pH, lack of seedling certification, genotypic
diversity of the fungus, non-favorable climate, and plant host
disease (Lefevre 2012; Rubini et al. 2012). Although success-
ful production practices are well documented in Europe
(Chevalier and Sourzat 2012), and truffle producers in North
America follow these same practices, the success rate is not
the same. Successful management practices from one region
do not guarantee success in another region (Reyna and Garcia-
Barreda 2014) and must often be modified.
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Over the past several decades, hundreds of truffle orchards
have been established in the east coast of the USA with over
200 in North Carolina (NC) alone (North American Truffle
Growers Association 2020a). Although some orchards have
produced truffles (O’Neill 2007, North American Truffle
Growers Association 2020b), many orchards report low to
no yields (Hall et al. 2007) and are not producing at a sustain-
able level of commercial productivity. Although climatic con-
ditions in NC are similar to production areas in Europe
(Lefevre 2012), the native soil pH and soil textures vary dis-
tinctly from production areas in Spain and France (Chevalier
and Sourzat 2012; Web Soil Survey 2018). This adds to the
complexity of understanding the reproductive biology of
T. melanosporum in the United States.

Many NC truffle growers had been maintaining their or-
chards for 5 or more years and questioned whether their or-
chard trees would ever produce truffles. They asked for a
practical and affordable method to determine if their trees
were still colonized by 7. melanosporum so they could decide
whether they should continue to invest in orchard manage-
ment. It was also postulated that other ectomycorrhizae may
be present that could be competing with the 7. melanosporum,
but they did not know how to determine that either. Thus, the
objectives of this research were to (1) evaluate the presence, or
lack thereof, of T. melanosporum root colonization in select
orchards in NC and (2) determine, which, if any,
ectomycorrhizal fungi were present in 7. melanosporum or-
chards. The purpose of this study was driven by the orchard
producers in NC and supported by limited external funding;
therefore, the scope of the project was limited to the detection
of T. melanosporum and other ectomycorrhizal fungi.

Materials and methods

Orchards included in this study were planted by individual
growers and may have had different management strat-
egies. To the best of our knowledge, all trees included
in this study were produced in and purchased from one
of two nurseries and had been inoculated with
T. melanosporum. However, trees were not evaluated
prior to planting, so the amount of colonization or any
other factors prior to planting cannot be confirmed. Host
trees in this study included common hazelnut (filbert)
(Corylus avellana L.), English oak (Quercus robur
[Ten.] A. DC.), scrub oak (Q. ilicifolia Wangenh.), hol-
ly oak (Q. ilex L.), downy oak (Q. pubescens Willd.),
Turkish oak (Q. cerris L.), and Quercus sp. Trees were
planted in orchards at various densities ranging from
370 trees/ha to over 1100 trees/ha. High tree density
plantings are common in North American truffle or-
chards, especially those planted with filberts.
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Truffle orchards were selected based on age and the
owners’ willingness to participate. All orchards are in NC
and the location of each orchard is listed by county in
Table 1. Two orchards, C and D, had been known to produce
ascocarps (truffles) of 7. melanosporum in the past. Three
orchards, A, E, and G, were 5 years old or younger and were
not expected to produce truffles yet because of their young
age. Two orchards, B and F, were of the age to produce
(greater than 5 years old), but had not yet been known to
produce truffles. Orchard G had been established as a research
orchard at a research station in Waynesville, NC. Although the
management of each orchard was distinct, in general, lime had
been applied to the soil in each orchard at some stage(s) to
raise the soil pH to be more conducive to 7. melanosporum
colonization and less conducive to native mycorrhizae. Soil
pH is reported in Table 1 if the information was provided by
the grower.

All orchards were sampled between October and
December 2015. Each orchard was arbitrarily divided
into four quadrants and 10 to 18 representative trees
in total were selected for sampling based on the size
of the orchard. If more than one tree species was pres-
ent, attempts were made to sample from at least one
representative from each tree species. To collect root
tips, soil samples (2.54-cm diameter, 15 to 30-cm deep)
were collected using a soil probe (Oakfield Apparatus,
Oakfield, WI, USA). One to three soil cores were col-
lected on each of four cardinal points of each tree sam-
pled for a total sample of approximately 1 L of soil
including roots from each tree. Root samples were
maintained within the collected soil at 4-5 °C until
processed.

In the laboratory, roots were sieved to remove larger soil
particles. Care was taken to avoid damaging roots. Sieved
roots were soaked in sterile distilled water for 3—5 min and
rinsed, and the process was repeated until roots were ade-
quately clean for microscopic observation. Descriptions of
several Tuber species (T. aestivum, T. borchii, T. brumale,
and 7. melanosporum) were used as references in an attempt
to identify Tuber species morphologically (Agerer 1987—
2012, Benucci et al. 2012; Gilkey 1920; Rauscher et al.
1995, Trappe et al. 1996). For each tree sampled, roots were
sorted based on color and shape of the mycorrhizal associa-
tion, so there were 1-3 root samples per tree that were ana-
lyzed. Representative root tips (approx. 10-30 mg) were
placed in a 2-ml microcentrifuge tube with a 3-mm glass bead
and frozen at — 20 °C until processed.

DNA was extracted using the Omega Biotek Plant DNA
DS Kit (Omega Bio-Tek, Inc., Norcross, GA, USA) and DNA
was stored at —20 °C for less than 6 weeks until processed.
Quantitative polymerase chain reaction (QPCR) was used to
detect DNA of T. melanosporum on roots as described by
Parladé et al. (2013). This protocol was selected because it is
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Table 1
root tips with 7. melanosporum and/or other ectomycorrhizal fungi

Orchard, orchard age, county, tree density, soil type and pH, irrigation type, and weed management of the orchards surveyed for mycorrhized

Orchard Age (years since County  Orchard density Brule presence Soil type Soil pH Irrigation  Weed management
planting) (trees/ha)*

A 2-5 Stokes 1123 Yes Sandy clay loam 7.2-7.4 Drip No mulch

B 9 Surrey 444 No Sandy clay loam Not reported None No mulch; manual weeding

C 15 Stokes N/A Yes Sandy clay loam 7.7 Drip No mulch; manual weeding

D 8-10 Yadkin 990 No Sandy clay loam <7 None No mulch; manual weeding

E 5 Durham 1135 No Silt loam Not reported Drip Plastic mulch

F 6 Durham  N/A No Silt loam Not reported Drip Plastic mulch

G 5 Haywood 370 Yes Clay loam 7.4 Drip No mulch; manual weeding

*N/A = Orchard density was not provided by the orchard owner

more sensitive than traditional PCR methods. Samples were
prepared for gPCR using the KAPA Probe Force gPCR
Master Mix Universal (MilliporeSigma, St. Louis, MO,
USA) at the following concentrations: each primer at
800 nM, probe at 200 nM, 5 pul of DNA template, and
nuclease-free water for a final amount of 20 pl in a 0.2-pl
tube. Cycling conditions were as follows: 95 °C for 30 s
followed by 40 cycles of 95 °C for 5 s and 60 °C for 34 s.
Positive controls of dried gleba from an ascocarp of
T. melanosporum (8 mg to 8 ng) were included with each
assay. Non-colonized root tips from Quercus robur and
Corylus avellana were assayed in the same reaction to ensure
the primers did not amplify root DNA. To ensure DNA ex-
tractions were successful, DNA from the cytochrome oxidase
region of plant tissue was amplified with primers COX-F and
COX-R and visualized by the probe COX-P labeled with the
5'-terminal FAM reporter dye, ZEN internal quencher, and the
3'-terminal lowa Black FQ quencher. Reaction conditions and
reagent concentrations were as described in Weller et al.
(2000).

A tree was considered colonized by 7. melanosporum if
any root sample from that tree tested positive for
T. melanosporum. For root samples where 7. melanosporum
was not detected or where contaminating mycorrhiza was ob-
served microscopically, a partial region of the internal tran-
scribed spacer (ITS1 and ITS2) was amplified from the ex-
tracted DNA using ITS1 and ITS4 (White et al. 1990) and
sequenced using Sanger sequencing (MCLAB, South San
Francisco, CA) in an attempt to identify the mycorrhizal fun-
gus present. The resulting sequences were edited and aligned
using the Geneious® 10.1.2 (Biomatters, Ltd., Auckland, NZ)
and compared to accessions in GenBank.

Results and discussion

Tuber melanosporum was detected in all seven orchards sam-
pled and from the root tips of 82 trees (n = 95) (Table 2). In six

of seven orchards, T. melanosporum was detected on the roots
of every tree; however, in Orchard E, T. melanosporum was
only detected on the roots from two of fifteen trees sampled
(Table 2). Positive detections of 7. melanosporum from my-
corrhizal trees of Quercus spp. and Corylus avellana 10 to
15 years after planting suggest that these orchards have the
potential to produce European black winter truffles in NC, but
the presence of the fungal mycorrhizal association does not
guarantee production of the ascocarp and other factors may be
involved in the lack of truffle production. Rubini et al. (2011)
confirmed the heterothallic nature of the fungus where two
mating types, MAT1-1 and MATI1-2, must both be present
and in close contact for sexual reproduction, and therefore
truffle formation, to occur. Further, recent studies suggest that
in addition to the mating types, there are two genotypes that
also must be in close contact for sexual reproduction (De la
Varga et al. 2017). Soil characteristics may also be at play
such as soil pH, soil texture, irrigation regimes, tree health,
and the competition presented by native ectomycorrhizae
(Lefevre 2012; Rubini et al. 2012). But the relationship be-
tween root colonization and ascocarp production is not well
understood in North America and needs further research.

Tuber melanosporum was detected in at least one tree spe-
cies of all seven tree species tested in this study (Quercus
robur, Q. pubescens, Q. ilex, Q. cerris, Q. ilificolia, Q. sp.,
Corylus avellana) (Table 2). These results are consistent with
previously published reports of the host range and cultivation
of the European black winter truffle (Gryndler 2016).

This study represents the most comprehensive survey on
the status of the European black winter truffle fungus in or-
chards in NC. Bonito et al. (2011) examined orchards across
Oregon, Tennessee, and North Carolina and identified
T. melanosporum and an undescribed species of Tuber in
NC, but less than three orchards were surveyed in each state.
Berch and Bonito (2014) reported similar results from
truffieres in British Columbia, Canada, and found
T. melanosporum and T. aestivum persisting where expected,
similar to the results from our study. Other species of Tuber

@ Springer
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(T. anniae, T. beyerlei, T. borchii, T. brumale, and T. menseri
nom. Prov.) also were present, but were not expected. To our
knowledge, there are no other published reports on the occur-
rence of 7. melanosporum in established truffle orchards from
North America.

Although T. melanosporum was detected on 86% of the
trees sampled, we also detected other ectomycorrhizal fungi
in all seven orchards tested based on microscopic examination
(data not reported) and DNA sequence analysis (Table 2). Of
the 95 trees sampled, roots were separated into a total of 126
root samples and 98 of these tested positive for
T. melanosporum. Of the 28 root samples that tested negative
for T. melanosporum, DNA from 14 root samples was suc-
cessfully sequenced. An insufficient number of root tips or
presence of more than one fungus was likely the cause of
the failed sequencing root samples. Based on sequences,
Scleroderma bovista Fr. was detected at Orchard G and
S. areolatum Ehrenb. and an unknown species in the family
Sclerodermataceae were detected in Orchard A. In both cases,
these fungi co-occurred on the roots from the same tree(s)
where 7. melanosporum and other species of Tuber also were
detected (Table 2). Scleroderma species are known to persist
in truffle orchards and nurseries (Hall et al. 2007), although it
is unknown if the Scleroderma species detected in this study
were introduced on the inoculated trees or were naturally pres-
ent in soil or on the roots of other plant hosts in the orchard.
Regardless, it has been suggested that the presence of
Scleroderma species is indicative of a productive
T. melanosporum orchard (Morcillo et al. 2016; Hyson
2013), but this relationship is unknown and was not evaluated
in this study. Since Scleroderma species are native to NC and
their optimum soil pH is similar to that of T. melanosporum
(Hall et al. 2007), it is not surprising that they were detected in
the same soils.

Tuber lyonii Butters, a truffle native to the eastern United
States (Trappe et al. 1996), was detected in Orchards A and C
on Q. pubescens and C. avellana, respectively. This truffle has
become more commonly known as the pecan or Texas truffle
and is harvested in sufficient quantities to be commercially
available in Georgia (Smith et al. 2012), NC, and possibly
other states. In its natural environment, associated hosts in-
clude species of Carya, Corylus, and Quercus (Ge et al.
2017, Hall et al. 2007, Trappe et al. 1996). Hall et al. (2007)
previously detected this truffle colonizing roots from adjacent
colonized forest trees near the orchard. We did not sample
outside any of the orchards so it is unclear where the fungus
identified in this study originated. Regardless, detecting con-
taminating species of native or non-native Tuber is not un-
common in truffle orchards (Berch and Bonito 2014; Linde
and Selmes 2012).

Tuber canaliculatum Gilkey, first described in California in
1920 (Gilkey), also is native to the eastern United States
(Lefevre 2012) and was detected on three trees in Orchard F

(Table 2). Similar to 7. lyonii, it has a broad host range includ-
ing oak (Quercus) and pine (Pinus) (Benucci et al. 2012) and
has been reported in multiple states in the eastern United
States. Its role, however, in truffle orchards is not well docu-
mented. Regardless, it is possible the orchard trees were col-
onized by hyphae from host trees in the environment given its
widespread occurrence.

Tuber brennemanii A. Grupe, Healty, and M.E. Sm., a
newly described species (Grupe et al. 2018), was detected
on C. avellana in Orchard F. Recently, this truffle has been
reported as common in pecan orchards (Grupe et al. 2018) and
appears to be widespread, and possibly native, in the eastern
United States (Bonito et al. 2010; Healy et al. 2016). The
widespread occurrence of native truffle species may present
a challenge to successful production of the European black
winter truffle in North Carolina.

Other fungal groups known to include ectomycorrhizal
fungi were detected in Orchards A (uncultured Sordariales),
B (Tarzetta catinus and uncultured Thelephorales), E (uncul-
tured Tomentella sp.), and F (Pezizaceae). Sequences for these
detections were only able to confirm to order, family, or ge-
nus. As with Scleroderma, these ascomycetous fungi are com-
mon mycorrhizal fungi in truffle orchards (Hall et al. 2007),
and have been reported elsewhere as co-occurring with
T. melanosporum on host trees (Taschen et al. 2015). The role
of these fungi in the orchards is not well understood, but more
studies are beginning to investigate the dynamics of
ectomycorrhizae in truffle orchards (Guerin-Laguette et al.
2013; Taschen et al. 2015).

There were no ascocarps found during the sampling period
of this study; however, ascocarps were detected in some or-
chards after sampling occurred. Four truffles were found in
Orchard G one year after these samples had been processed in
2017, two were found in 2018, and over 40 were harvested
during the 2019-2020 season. Of the six truffles harvested in
2018 and 2019, five of these truffles were confirmed to be
T. melanosporum based on qPCR and DNA sequence analy-
sis. One truffle was confirmed to be the Burgundy truffle
(Tuber aestivum Vittad. [=T. uncinatum]) based on ascospore
morphology and DNA sequence analysis. Given that this truf-
fle is not native to North America, this suggests that the inoc-
ulum used for colonization of trees represented a mixture, but
this cannot be confirmed. Another orchard in NC that was not
included in this study and remains anonymous reported at
least two ascocarps of 7. brumale found in 2018 based on
ascospore morphology and DNA sequence analysis (unpub-
lished data). This is the first report of 7. aestivum and
T. brumale as contaminants in European black winter truffle
orchards in NC, although mycorrhizae of 7. aestivum and
T. brumale were not detected on any of the root tips in the
samples we assayed in this study. It is not unusual to find other
Tuber species in orchards or for non-target truffles to be intro-
duced outside their native range (Bonito et al. 2010; Guerin-
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Laguette et al. 2013). In North America, Bonito et al. (2011)
found 7. indicum, the Chinese truffle, in a forest setting in
Oregon. Although we did not find 7. indicum in this study,
this truffle is the most feared as it is morphologically similar to
T. melanosporum and yields a lower market price. Berch and
Bonito (2014) identified 7. aestivum in T. melanosporum truf-
fle orchards in British Columbia, Canada. Typically, tree
seedlings are inoculated with ascospores from truffle asco-
carps and the spores germinate to colonize the developing root
tips. The sporocarp of 7. brumale is morphologically similar
to T. melanosporum (Morcillo et al. 2015) and could be easily
mistaken and incorporated into inoculum of
T. melanosporum. In contrast, T. aestivum is morphologically
distinct from 7. melanosporum (Morcillo et al. 2015) and
could be easily removed before inoculation occurs.

Truftle production at commercial levels in North America
has been challenging (Chen et al. 2016; Berch and Bonito
2014) and factors influencing truffle formation are not well
understood (Hall et al. 2007). After the sampling occurred in
2015-2016, the hazelnut trees in Orchard B were defoliated
and killed by Eastern Filbert Blight ([EFB], Anisogramma
anomala) and Orchard G has reported infection by EFB, al-
though it is being managed with heavy pruning and preventa-
tive fungicide sprays. Establishing hazelnut trees for truffle
production in eastern North America either requires planting
resistant hybrid hazelnut trees or regular maintenance of a
combination of fungicide sprays and pruning infected tissue,
although the effect of fungicide applications to the host trees
on truffle production is not known. The fungicides being rec-
ommended are preventative, as opposed to systemic, and do
not move through soil well, so it is unlikely that there is much
effect on truffle production. Regardless, understanding the
effect of fungicide use on ectomycorrhizal host trees needs
more investigation.

Based on this study, growers are strongly encouraged to
test inoculated seedlings for colonization and purity of the
truffle fungus of interest. At the time of this study, this was
not a standard practice as the industry was emerging and prac-
tices were not well established. As a result of this study, how-
ever, the lead author on this publication has been providing a
testing service for seedling and orchard producers since 2017
and has served over 40 growers during this process suggesting
a shift in practice. Growers also are recommended to manage
orchards according to the known practices that encourage truf-
fle formation including maintaining proper soil pH, applying
irrigation during dry summers, pruning, scouting for diseases
and insects, applying fungicides and insecticides as needed,
maintaining appropriate tree nutrition, managing weeds, and
other factors as described in Chevalier and Sourzat (2012),
Hall et al. (2007) and Morcillo et al. (2015). Additionally, it
is recommended to regularly test representative trees for the
presence of the target truffle fungus to help facilitate manage-
ment decisions.
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Although the focus of this manuscript was to document the
status of the European black winter truffle in North Carolina,
this study highlights the fact that the cultivation of this truffle
in North America, in general, is still emerging and there is a
lack of evidence-based knowledge on successful production.
More research needs to be conducted to provide growers bet-
ter recommendations to make this industry successful in NC
and North America.
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