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ABSTRACT

Burgundy truffle Tuber aestivum Vittad. syn. T" uncinatum Chatin can be a profitable agroforestry
crop outside the Mediterranean region. Truffle fungi grow symbiotically as ectomycorrhizae on the
roots of host trees, notably hazels and oaks. In some parts of Poland, conditions appear favourable
for cultivation of Burgundy truffle, but how management practices affect truffle establishment
and fruiting remains to be studied. In a greenhouse study, we tested two inoculation techniques
that differed in the method and timing of inoculum application on mycorrhizal colonization of
Pinus sylvestris L., Larix decidua Mill., Quercus robur L., and Fagus sylvatica L. We found that the
method of T aestivum spore application under greenhouse conditions had no significant effect
on mycorrhization efficiency, regardless of host plant species. Mycorrhization of larch, pine, beech,
and oak seedlings by 7. aestivum did not differ in time to infection or degree of mycorrhizal root
infection. However, oak seedlings had a higher degree of mycorrhization, which explains the
popularity of this species in truffle plantations.
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Introduction

Since the mid-1990s, European policy has promoted land management systems that combine
production, environmental services (biodiversity, carbon sequestration, nutrient cycling, and water
quality), and social benefits, which has renewed interest in agroforestry systems (Mosquera-
-Losada ez al., 2012; Thomas et al., 2022). Agroforestry combines the use of land for crop pro-
duction (e.g., medicinal plants and plants for bees, edible mushrooms) or for grazing animals is
combined with forest cover. This approach to land use may be more beneficial than conven-
tional agriculture or forestry in some regions (Dzierzyriska, 2011; Hilszczariska, 2015). Truffles
are becoming more popular as an agroforestry crop since they can be grown in tree plantations
that provide integrated land use of marginal lands (Bonet ¢ /., 2006; Reyna-Domenech and
Garcfa-Barreda, 2009; Benucci ¢ al., 2012).
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In addition to their economic and social importance, truffle plantations also contribute to
nature conservation (Samils, 2002; Samils ez a/., 2008). For example, plantations of Quercus robur L.
and Quercus petraea (Matt.) Liebl. support a large number of moss, lichen, fungus, and invertebrate
species (Girdenfors, 1994). Tree and shrub species diversity in truffle plantations increases the
biodiversity of field and forest ecosystems. A forest rich in tree species provides niches for
numerous invertebrate species, including pollinating insects, as well as for small vertebrates
(mice, moles, shrews, lizards, squirrels) and nesting sites for birds (Urban, 2016). They also con-
tribute to the attractiveness of the landscape by forming field copses. Since the establishment
of the first truffle plantations (truffle orchards) in France, Italy, and other parts of the world, con-
siderable research has been done to improve their productivity (Sourzat ez a/., 1993; Zambonelli
et al., 2005; Garcia-Montero ¢ al., 2012). The key factor affecting truffle fructification in plan-
tations is the persistence of truffle mycorrhizae on the roots of host plants over many years (De
Miguel e al., 2014).

The production of tree seedlings with mycorrhiza by various truffle species under labora-
tory or greenhouse conditions began in the early 1970s in France and Italy. The first successful
truffle harvests from artificially inoculated mycorrhizal trees were reported in France in the late
1970s (Chevalier and Frochot, 1997). Truffle seedling inoculation methods developed in Europe
half a century ago are now universally applicable and provide good results for Asian and American
host plant species and compatible truffle species (Kinoshita ez a/., 2018; Freiberg ez al., 2021).
Currently, the most commonly used truffle species for commercial seedling inoculation are black
truffle Tuber melanosporum Vittad. and Burgundy truffle (syn. summer truffle) Tuber aestivum
Vittad. Interest in commercial truffle production is high as yields in natural sites decline and
market demand increases (Shamekh ez a/., 2014).

The maintenance of mycorrhizal truffles in plantations is influenced by many factors, includ-
ing: age of plantation, soil factors such as pH, calcium carbonate, and nutrients content (Garcfa-
-Montero et al., 2009; Suz ez al., 2010, Chevalier and Sourzat, 2012; Thomas 2012); soil moisture
(Olivera et al., 2011; Pacioni ¢ al., 2014); climatic conditions (Wedén ¢z a/., 2004; Ponce et al.,
2010); management practices; and host plant species (De Miguel e a/., 2014). A truffle orchard
with multiple host plant species may provide additional benefits, although there are few stud-
ies on this subject. Orchards with multiple host plant species, as well as other plant species that
support truffle mycorrhizal development and positively influence soil conditions, are character-
ized by higher and more durable truffle fruiting bodies. Research at sites where truffles occur
naturally shows that both host plant species richness of host plants and other non-host forest
floor plants are beneficial for truffle yield (Hilszczariska et a/., 2019a). In the case of fast-grow-
ing host plant species (e.g., hazel, birch), fruiting bodies may appear as early as six years after
orchard establishment, while the presence of slower growing tree and shrub species extends plan-
tation longevity.

A greater diversity of tree and shrub species increases the stability of the orchard as well
as its resistance to unfavourable weather conditions, fungal diseases, insect infestations, etc.
Truffle orchards with only one host species are more vulnerable to extremes such as drought,
hail, and other severe weather caused by dynamic climate warming (Thomas and Biintgen,
2019). For example, climate warming may cause beech Fagus sylvatica L. forests to be replaced
by oak Quercus spp. forests (Leuschner, 2020; Kasper ez /., 2021). Furthermore, in some climate
change scenarios, rising global temperatures favour the spread of Burgundy truffle in Europe.
The results of Cejka ez a/. (2020) and Thomas and Biintgen (2017) suggest that Burgundy and
Périgord truffles could become an important and high-value crops in many European regions
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where suitable calcareous soils exist. However, current truffle production areas are expected to
decline (Cejka ez al., 2022)

The aim of this research was to determine which host plants achieve the highest mycor-
rhization rate when inoculated with Burgundy truffle 7. aestivum. In addition, we investigated
the efficacy of two inoculation methods under greenhouse conditions that differed in the method
and timing of T aestivum spores application to the substrate. We hypothesized that roots of
deciduous trees would be more effectively colonized by Burgundy truffle (in terms of numbers
and mycorrhization rates) than those of conifers, and that simultaneous application of the inoculum
with sowing of host plant seeds would result in higher mycorrhization rates.

Material and methods

PREPARATION OF THE INOCULUM. The fruiting bodies of 7" aestivum were collected from selected
sites in the Nida Basin (southern Poland), where the soils are conducive to this fungus. After
harvesting, the fruiting bodies were briefly stored in sterile moist sand at 4°C. This preservation
method maintains the infectivity of the fungus (colonisation potential) for up to 2 years (Zambonelli
et al., 2010) and improves spore germination, possibly due to the activity of microorganisms
present in the fruiting bodies (Hall ¢z a/., 2007).

The collected fruiting bodies were cleaned and samples were taken from the gleba to
assess their maturity. Samples were examined under an Axioskop 2 plus optical microscope at
10x to 100x magnification. Maturity of fruiting bodies was assessed by the degree of spore
development according to a 5-point scale (Biintgen ¢7 @/, 2017). Fully mature fruiting bodies
(grade 5) were selected for inoculum preparation. The selected fruiting bodies were first dried
at 40°C for 24 hours and then ground and stored in this form in the refrigerator at 4°C.

GROWING AND INOCULATION OF TREE SEEDLINGS. Seeds of Pinus sylvestris L., Larix decidua Mill.,
Q. robur and F. sylvatica were obtained from stands in the Chrzanéw and Klobuck forest districts
in southern Poland. Seeds were sown on May 5, 2021, on vermiculite-peat (4:1, v:v) growing
medium (pH=6.5). Calcium carbonate (CaCO,) was added at a rate of 48 g per litre of medium.
The growing medium was sterilized at 121°C for 1 hour prior to sowing seeds. The soil pH at
sowing was 7.2. The growing medium was placed in 1-L. pots. For each tree species, 70 pots
(replicates) were prepared.

"Two methods of inoculation were tested. In the first method, 30 replicates (pots) of each
host plant species were inoculated by adding 1.5 g of dry inoculum per container and mixing it
evenly into the soil before sowing. In the second inoculation method, 1 g of ground spores in 25 ml
of distilled water was added to each of the 30 pots four weeks after sowing, when the fine roots
of the host plants had formed. A control treatment with 10 pots of each host plant species was
carried out without the addition of inoculum.

Seedlings were grown in a greenhouse at constant temperature for 11 months. Humidity
and moisture content of the substrate were monitored, and the pots were watered as needed,
usually twice a week. After 3, 6, and 11 months of growth, fine roots were taken from selected
seedlings to check for mycorrhization.

Mycorrhization of each seedling was visually determined by the morphological character-
istics of the living ectomycorrhizal roots, which were rated using a 4-point scale (percentage of
roots tips with 7" aestivum mycorrhizae):

- 0-25% - grade 1,

- 26-50% - grade 2,
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- 51-75% — grade 3,
- 76-100% - grade 4.

"To confirm mycorrhizae species, root tips of seedlings (approximately 100 fine roots per seedlings),
were taken randomly and their features were observed using a Zeiss Stemi 2000 C stereoscopic
microscope (magnification from 10 to 80x). Mycorrhizae were identified based on morphology
using published keys and descriptions (Agerer, 1987-2006; Ingleby ez a/., 1990; Zambonelli ez a/.,
1993; Agerer and Rambold, 2004-2007) as well as the DEEMY portal (http://www.deemy.de/)
and the Forest Research Institute database (Hilszczaniska, 2016).

Statistical analysis

Statistical analyses were carried out using Statistica 13.1 (TIBCO Software Inc., 2017). To assess
the significance of differences in mycorrhization among tree species and in relation to the inoc-
ulation method used, a Kruskal-Wallis one-way analysis of variance by ranks test was performed
(p<0.05). Multiple comparison tests were performed to distinguish homogeneous groups (multiple
comparison test of mean rank for all samples). This procedure was used due to unequal sample
sizes in the groups and the lack of a normal distribution (as demonstrated by the Shapiro-Wilk
test).

Results

Mycorrhizal infections with 7. aestivum were identified on all host plant species, whereas no roots
were infected with 7. aestivum in the control treatment, although some roots of control seedlings
were infected with mycorrhizae of Thelephora terrestris Ehrh. and Tomentella sp. In coniferous
species, mycorrhization by 7. aestivum was lower than in deciduous species, but the differences
were not significant (Fig. 1). Differences in the degree of mycorrhization were significant only
when inoculated treatments were compared with the control treatment (without inoculation).
The average degree of mycorrhization, assessed according to the four-point scale for both conif-
erous and deciduous species, was 2 (26-56% mycorrhiza).

Irrespective of inoculation method, the degree of mycorrhization was significantly higher
in oak than in pine and beech (p=0.001, Fig. 2). The degree of mycorrhization of oak and larch
was not significantly different. The mycorrhizal infection of larch, pine and beech was also not
significantly different.
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The inoculation method did not affect the infection rate by 7. aestivum mycorrhizae in any
species (Figs. 3-6), so inoculation at the time of sowing (method 1) and inoculation four weeks
after sowing by introducing spores into the growing medium (method 2) made no difference
(Table 1). The average degree of mycorrhization was 2 (26-50% mycorrhizae) for pine, larch,
and beech and 3 (51-75%) for oak regardless of the method of mycorrhizal inoculation.
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Fig. 2.

Percentage of root tips with Tuber aes-
tivum mycorrhiza on Pinus sylvestris, Larix
decidua, Quercus robur, and Fagus sylvatica.
Species with the same letter did not differ
significantly based on a mean rank multi-
ple comparison test of all samples at
<0.05.

Fig. 3.

Percentage of roots with Tuber aestivum
mycorrhiza on Pinus sylvestris seedlings for
two inoculation methods. Only non-target
mycorrhizae species were present in the
control seedlings. Treatments with the same
letter did not differ significantly in a mean-
rank multiple comparison test for all samples
at p<0.05.

Fig. 4.

Percentage of roots with Tuber aestivum
mycorrhiza on Larix decidua seedlings for
two inoculation methods. Only non-target
mycorrhizae species were present in con-
trol seedlings. Treatments with the same
letter did not differ significantly based on
a mean-rank multiple comparison test of
all samples at p<0.05.
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Fig. 5.

Percentage of roots with Tuber aestivum
mycorrhiza on Quercus robur seedlings for
two inoculation methods. Only non-target
mycorrhizae species were present in con-
trol seedlings. Treatments with the same
letter did not differ significantly based on
a mean-rank multiple comparison test of
all samples at p<0.05.

Fig. 6.

Percentage of roots with Tuber aestivum
mycorrhiza on Fagus sylvatica seedlings in
two inoculation methods. Only non-target
mycorrhizae species were present in the
control seedlings. Treatments with the
same letter did not differ significantly
based on a mean-rank multiple compari-
son test for all samples at p<0.05.

Percentage of roots with mycorrhiza on seedlings inoculated by two methods (median values and the
results of the mean-rank multiple comparison test, with significant differences within species indicated by

an asterisk)

Tree species Mycorrhizal roots [%]
inoculation method
1 2 control p-value
Pinus sylvestris 36.5 42.0 12.5* 0.001
Larix decidua 50.0 46.0 13.0* 0.001
Quercus robur 71.0 65.0 20.5* 0.001
Fagus sykvatica 35.0 46.5 20.0 0.060

The degree of mycorrhization by non-target mycorrhizae was at level 1 (0-25%) for pine,
oak, and larch, well below the degree of mycorrhization by 7 aestivum in these species. In contrast,
mycorrhization by non-target mycorrhizae in beech was at level 2 (26-50%), which was not sig-
nificantly different from the degree of mycorrhization by 7. gestivum in this species.

Discussion

Fungi of the genus Tuber (truffle) form mycorrhiza with a large number of plant species. Burgundy
truffle (7. aestivum) forms a mycorrhizal symbiosis with over 20 species of trees and shrubs from
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the genera Abies, Betula, Carpinus, Carya, Castanea, Gistus, Corylus, Fagus, Ostrya, Tilia, Picea, Pinus,
Populus, Quercus, Larix and Ulmus (Wedén et al., 2009; Benucci ez al., 2012; Stobbe ez al., 2013a,
b; Gryndler ez al., 2014). The most common host plants for Burgundy truffle in Poland are oak,
hornbeam, linden, and hazel (Hilszczaniska e a/., 2008).

In this trial, the compatibility of 7" aestivum with two coniferous species, Scots pine and
European larch, was tested to determine their potential use to increase host species diversity in
truffle plantations. Infection of juvenile seedlings was evaluated to determine mycorrhiza devel-
opment after 9 months of seedling growth. Mycorrhizae of Burgundy truffle with English oak
(Fig. 4) and common beech showed degrees of infection similar to Scots pine and European larch.
However, oak had a greater average number of mycorrhizal roots than the other species. The
hypothesis that roots of deciduous trees are more effectively colonized (in terms of number and
time) by Burgundy truffle than those of conifers holds true in the case of oak.

Competition from undesirable mycorrhizae species may hinder infection by 7. aestivum.
Non-target mycorrhizae are most often formed by fungi belonging to the genus Thelephora and
Scleroderma (Hall et al., 2007). In our experiment, mycorrhizal infection by 7. ferrestris and
Tomentella sp. occurred only in the control treatment, which may indicate that Burgundy truffle
outcompeted other mycorrhizal fungal species. The high level of colonization by Burgundy truffle
found in this trial may have resulted from the method used to preserve the fruiting bodies prior
to inoculation.

"To obtain mycorrhizal seedlings, several types of natural and laboratory-produced mycor-
rhizal inoculum are reportedly used under sterile, semi-sterile, or non-sterile conditions (Repac,
2011). Three types of inoculum are widely used: spores (gamic inoculum), pure mycelial cul-
tures (vegetative inoculum), and colonized roots (symbiotic inoculum). An interesting aspect of
the present experiment is that mycorrhizal colonization occurred regardless of the method and
timing of inoculum application. This trial confirmed the effectiveness of spores as a form of
inoculum. This method is widely used under greenhouse (semi-sterile) conditions (Bedini ez a/.,
1999) and is recommended for fungal species with the potential to form spores in large numbers
and that can colonize the host plant root system quickly and efficiently (Lu ¢# @/, 1998). For
over 30 years, spores of T. melanosporum, 1. aestivum, and T. borchii Vittad. have been the pre-
ferred inoculum for the mycorrhization of plants in truffle plantations (Hall ¢z 4/., 2007; Karwa
et al., 2011).

Some researchers (Giomaro ¢ a/., 2005; Zambonelli ¢f a/., 2008) emphasize the advantages
of vegetative mycelium inoculum, which carries a lower risk of introducing undesirable fungal
species and possesses a higher colonization capacity than spore inoculum. For example, some
strains of 7. borchii mycelium can form mature mycorrhizae on Q. robur in approximately 1 month
under semi-sterile conditions (lotti ¢z /., 2016). Moreover, vegetative inoculum enables the
infection of plants with fungal genotypes that have high affinity for the host plant, perform well
under specific ecological conditions, and have favourable fruiting characteristics.

In comparison, spore-based inoculum is easy and cheap to prepare and can be produced
quickly without the need for specialized equipment or advanced training of personnel. The
spores are obtained by crushing the fruiting bodies using a mortar and pestle or an electric grinder
or blender. However, considering the long lead time for mycorrhizal seedlings production,
a vegetative inoculum method should be considered in the future, given the cost of vegetative
mycelium production vs cultivation time of mycelium.

Of the four tree species studied in this trial, oak seedlings had the highest degree of myc-
orrhizal infection, which helps to explain the popularity of this species in truffle plantations,
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especially where Burgundy truffle is used (Wedén ¢z a/., 2009; Hilszczariska, 2016). Seedlings
inoculated with 7. aestivum are the second most commonly produced planting material (after
seedlings inoculated with 7. melanosporum) used in truffle plantations (Murat, 2015). In France,
the highest Burgundy truffle yields are obtained by planting species such as hazel Corylus avellana
L. and C. colurna L., hornbeam Carpinus betulus L. and Ostrya carpinifolia Scop., oaks Q. robur,
Q. petraea, Q. pubescens Wild. and Q. cerris L., pine Pinus nigra var. austriaca (Hoess) Badoux and
cedar Cedrus atlantica (Endl.) G. Manetti ex Carriére (Chevalier and Frochot, 1997). In Poland,
Burgundy truffle fruiting bodies were most abundant in mixed stands, where, apart from oak
and hazel, there were also beeches, hornbeams, lindens, pines, and larches (Hilszczariska ez a/.,
2019a). Similar Burgundy truffle host tree species are found in Slovakia (Gazo e a/., 2005).

Granetti ¢7 a/. (2005) mentioned seven pine species that serve as hosts for T aestivum: P. excelsa
Wall. ex Lamb, P, halepensis Mill., P. nigra Arn., P, pinaster Aiton, P. pinea L., P. strobus L. and P, sylvestris.
Where T aestivum occurs in the Nida Basin, the fruiting bodies of this species were often found
in the vicinity of Scots pine (Hilszczariska ¢z a/., 2019a). Hence, in this study, Scots pine was
evaluated as a host species. The evaluation of European larch as a potential Burgundy truffle
host was based on observations of truffle mycorrhizae on one-year- and three-year-old bare-root
seedlings (Leski ez al., 2008). Based on DNA sequences obtained by isolation from mycorrhizae,
Leski ez al. (2008) found similarity to Tuber oligospermum (Tul. & C. Tul.) Trappe and 1. borchii,
although at relatively low levels of 91% and 93%, respectively.

It appears that there is a wide variety of suitable Burgundy truffle host plant species, with
substrate pH being the main factor limiting mycorrhizal symbiosis with Tuber spp. A good exam-
ple is the presence of numerous mycorrhizae and fruiting bodies of Burgundy truffle in a spruce
Picea abies (1..) H. Karst. stand (Stobbe ¢ al., 2013b).

The methods of mycorrhizal inoculation and rearing of infected seedlings used in
Mediterranean countries worked well in the environmental conditions found in Poland. The
fructification of Burgundy truffle in one of the Polish plantations (established in 2016) opens
new opportunities to promote the active protection of the valued species of fungi.

Conclusions

# 'The rate of mycorrhization of larch, pine, beech, and oak seedlings by 7. aestivum after 9 months
since inoculation was at similar level.

# Oak seedlings tended to have a higher degree of infection by 7. aestivum mycorrhizae than
other host species evaluated, hence the popularity of this tree species in truffle plantations.

# Inoculation method did not significantly affect mycorrhization rate.
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STRESZCZENIE

Mykoryzacja truflg burgundzkg wybranych gatunkéw roslin
zywicielskich w warunkach szklarniowych

Grzyby z rodzaju Tuber (trufla) s najbardziej cenionymi jadalnymi grzybami ektomykoryzowymi.
Uprawa trufli zostala zainicjowana we Francji na poczgtku XIX w. Impulsem do tego byt spadek
plonowania trufli na stanowiskach naturalnych w drzewostanach. Obecnie najczg¢sciej uprawia-
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nymi gatunkami trufli na $wiecie sg trufla czarnozarodnikowa Tuber melanosporum Vittad. i trufla
burgundzka (syn. trufla letnia) Tuber aestivum Vittad.

W Polsce zaktadanie plantacji truflowych jest stosunkowo nowym i innowacyjnym przedsig-
wzigciem naukowo-gospodarczym, wpisujacym si¢ w popularyzowany na swiecie kierunek agro-
lesnictwa. Ze wzgledu na duzg plastycznos¢ ekologiczng oraz naturalne wystgpowanie w naszym
kraju trufla letnia zostata wybrana jako gatunek, ktérego uprawa w Polsce ma duze szanse powo-
dzenia. Innowacyjny charakter tego typu zagospodarowania terenu w Polsce powoduje, ze wszelkie
badania, w tym dotyczace produkcji mykoryzowanego truflg letnig materiatu sadzeniowego,
majg charakter pionierski. Celem badari bylo poznanie roslin zywicielskich, ktérych inokulacja
truflg burgundzkg charakteryzowataby si¢ najwyzszg skutecznoscig mykoryzacji. Dodatkowym
celem byla ocena skutecznosci dwéch metod inokulacji w warunkach szklarniowych, réznigcych
si¢ sposobem i czasem aplikacji zarodnik6w 1. aestivum do podtoza. W toku badan sformutowano
dwie hipotezy:

— korzenie drzew lisciastych bedg skuteczniej (pod wzgledem liczby i czasu) skolonizowane

przez 1. aestivum niz drzewa iglaste;

— zastosowanie inokulum jednoczesnie z siewem nasion zapewnia wyzszg skuteczno$é

mykoryzacji.

W warunkach szklarniowych przeprowadzono inokulacj¢ zarodnikami trufli burgundzkiej 4 gatun-
kéw roslin zywicieli: Pinus sylvestris L., Larix decidua Mill., Quercus robur L. i Fagus sylvatica L.
Inokulacj¢ przeprowadzono w dwéch terminach: w trakcie wysiewu nasion i 4 tygodnie po nim.
Sadzonki przebywaty w warunkach kontrolowanych przez 11 miesigcy. Po 3, 6 i 11 miesigcach
wzrostu pobrano z wybranych sadzonek drobne korzenie w celu sprawdzenia skutecznosci
mykoryzacji. Okreslono ja na podstawie cech morfologicznych korzeni i oceniono w 4-stop-
niowej skali na podstawie udziatu korzeni z mykoryzami 1. aestivum: 0-25% — stopien 1, 26-50%
— stopien 2, 51-75% — stopieri 3, 76-100% — stopien 4.

Na podstawie uzyskanych wynikéw stwierdzono, ze czas aplikacji zarodnikéw 7. aestivum
nie mial istotnego wplywu na skuteczno$¢ mykoryzacji, niezaleznie od gatunku rosliny zywi-
ciela (ryc. 1). Szybkos¢ mykoryzacji siewek modrzewia, sosny, buka i d¢bu przez T aestivum nie
réznita si¢ istotnie (czas i liczba) (ryc. 2-6, tab. 1). Sadzonki debu charakteryzowaty si¢ jednak
wyzszym wskaznikiem mykoryzacji, co thumaczy popularnosé¢ wykorzystania tego gatunku do
zaktadania plantacji trufli burgundzkiej.



