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Tuber melanosporum spread within sub-optimal
climatic zones is controlled by fruiting triggers and
not mycorrhiza survival

Paul William Thomas*
Mycorrhizal Systems Ltd, Unit 4A, Edge Lane, HX7 7PG. United Kingdom

Abstract

Tuber melanosporum is the most valuable of all cultivatable truffle species. Farming
of this species spans every continent with the exception of Antarctica. Tuber aestivum
(syn. T. uncinatum) and Tuber brumale are truftle species that have similar host plant
preference and a similar affinity for calcareous soils as T. melanosporum, but occur over
a broader geographic zone. The geographic limit of T. melanosporum is thought to be
climatically dictated but it is not known whether this is due to an impact on mycorrhizal
survival or climatically-derived fruiting triggers. Here, data is compiled from five cultivated
research sites in the climatically sub-optimal conditions of the UK in order to address
this question. Here we show:

(i) Tuber melanosporum mycorrhiza can survive and grow in sub-optimal climatic

conditions.

(if) It is climatically-derived fruiting triggers and not ectomycorrhiza survival that
dictate the climatic preferences and geographic spread of T. melanosporum.

(#ii) Important climatic parameters for potential fruiting triggers are sunshine hours,
summer rainfall and summer temperatures.

The data presented here not only aid our understanding of the ecological parameters
of T. melanosporum but also have a practical application for truffle cultivators in choosing
suitable locations for a plantation.
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Introduction

Hypogeous fungi belonging to the genus Tuber (truffles) are some of the most expensive
of all edible fungi, with prices for some species often exceeding thousands of Euros per
kilo. A number of truffle species, being obligate mycorrhizal organisms, can be cultivated
by inoculating the roots of host trees and planting these into prepared field sites. The most
expensive of the cultivatable truffle species is T. melanosporum, currently commanding
prices of 1100 EUR/kg on wholesale markets [1]. France once had large natural popula-
tion of this species, with several thousand tonnes being harvested at the turn of the last
century [2]. However, natural production plummeted, caused by a number of factors
such as habitat destruction and potentially also climate change, leading to an increased
frequency of drought events [3]. Cultivation of this species was needed to maintain some
degree of production and this has been so successful that over 95% of all T. melanosporum
harvested in France now comes from cultivation. Production has spread, encompassing
not only countries that have a natural population of this species but also a broad range
of other countries. Production in countries that do not have a natural history of T. mela-
nosporum populations has been successful in areas that have a similar climatic profile to
natural-producing regions, but interestingly it has also been successful in areas that have
significantly different climatic parameters. As such, production in these new regions has
increased our understanding of the suitable climatic parameters for cultivation [4]. Thomas
[4] showed that despite the black truffle, T. melanosporum, being viewed as occupying a
very distinct and rigid environmental niche (after Delmas [5]), the compiled data from
sites where T. melanosporum is fruiting in either a natural environment or farmed setting,
displays a remarkable degree of climatic variation. Further, the degree of this variation is
largely a product not of the natural fruiting extent of T. melanosporum, but of production
in areas where this fungus has previously not occurred. We now know that fruiting can
be successful in regions with significantly higher rainfall levels or significantly lower
summer temperatures than those experienced in the natural range of this species. Two
examples are the successful fruiting in the high winter rainfall area of Corvallis, USA [6]
and the low summer temperature region of Los Rios, Chile [7].

Although cultivation in areas that do not have a natural T. melanosporum population
has significantly broadened the parameters that we know to be suitable for production,
there remains very little data on what happens outside of these parameters. The expansion
of parameters is significant, but still the range is relatively constricted when looking at the
existing climatic variation in a continent, such as Europe. We do not yet know why, for
example, T. melanosporum does not occur in cooler regions of Europe where two other
Tuber species, T. aestivum and T. brumale, that have similar host plant preference and an
affinity for calcareous soils, can be found [8,9]. Ectomycorrhizal fungi have been shown to
be variable in their tolerance to cool temperatures, with some unable to survive freezing
temperatures [10]. In order for mycorrhiza to survive freezing temperatures, protective
compounds must be synthesized and carbohydrates may be important in this regard [11].
It is clear that mycorrhizal survival may be important in dictating the climatic suitability
of a region for T. melanosporum cultivation or survival. However, other data indicate that
climatically-derived fruiting triggers are important in influencing climatic preferences
for this species. For example, ascocarp production in natural stands is reduced as a dense
canopy develops, leading to the assumption that climatic factors influencing irradiance
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and soil temperature may be important fruiting triggers [12]. In the absence of suitable
climatically-derived fruiting triggers, ascocarps may not be produced. It is clear that either
the survival of mycorrhiza, a lack of suitable climatic-triggers for ascocarp production
or a combination of both factors may control suitability of a site.

The classical view of a suitable climate for T. melanosporum production is a relatively
conservative range of parameters from southwest (SW) France [5]. SW France is catego-
rized as a Mediterranean climate whereas the UK is temperate. As such, the UK may be
considered climatically sub-optimal for T. melanosporum cultivation or survival. Here,
using a recently compiled data set from orchards producing ascocarps, spanning six con-
tinents, the climate of the UK sites is investigated in order to identify what are the exact
climatic parameters that make the UK sub-optimal for T. melanosporum cultivation or
survival. Within these climatically diverse UK sites, the survivorship of T. melanosporum
mycorrhiza is recorded and then correlated with a range of climatic variables. These cor-
relational analyses will allow us to understand if mycorrhiza survival is a factor dictating
climatic suitability for production. Based on the natural range of T. melanosporum, it is
often assumed that irradiance and temperature are two of the primary climatic restraints
in cultivation. It is therefore hypothesised that these parameters will also be the key con-
straints in the investigated sub-optimal regions. The data presented here has a practical
application for truftle cultivators in choosing suitable locations for a plantation and furthers
our understanding of the climatologically influenced boundaries of T. melanosporum.

Material and methods

UK study sites and mycorrhiza analysis

A total of five UK sites, planted with T. melanosporum inoculated host trees, were
used in this study. The sites were located in different geographic areas with three in the
county of Devon, one in Leicestershire and one in Monmouthshire. Host tree species
were Quercus ilex, Q. robur and Corylus avellana. The impact of the T. melanosporum
mycorrhiza was evident on the vegetation around the base of some host trees, as displayed
in Fig. 1. All sites underwent soil aeration and liming to elevate pH levels to 7.6-7.9 prior
to plantation establishment.

From all sites, an average of five trees were sampled. Tree root samples of 4-5 cm
length were removed at a depth of 2-10 cm in the soil profile during the leaf dormant
season of Q. robur and C. avellana. Samples were collected from randomly selected trees
within the plantation, with one root sample per tree and placed into plastic samples
bags to be transported to the laboratory. Once at the laboratory, root samples were
placed into receptacles containing purified water and examined microscopically. Within
each sample, the number of root tips that were colonized with T. melanosporum were
counted and calculated as a percentage of total root tips observed. The identification
of T. melanosporum mycorrhiza was through morphological analysis using published
and accepted parameters [13,14]. The first sampling occurred 12 months after planting,
thereafter annually. Samples were collected between 2010 and 2013. Linear regression
was used to check for a relationship between individual climatic parameters and mycor-
rhization levels. The #* and P values were recorded for each analysis and a result was
deemed statistically significant at P < 0.05.
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Fig.1 Quercus ilex host tree from the UK study site in Monmouthshire. The impact of Tuber
melanosporum mycorrhiza on the surrounding vegetation is apparent as an area of deceased
grassland species.

Climatic analysis

To assess which climatic parameters of the UK study sites are sub-optimal for T. mela-
nosporum ascocarp production, data was needed on the ideal range of climatic parameters.
This data was taken from a recently compiled dataset used by Thomas [4]. Thomas [4]
identified published records of ascocarp collection and used the identified locations to
present climatic parameters for each individual site. The sites incorporate those from
countries that have a historical record of natural T. melanosporum fruiting and those in
which T. melanosporum does not occur naturally but is successfully cultivated. Locations
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and represented countries include Spain [15,16], France [17-20], Australia [21,22], Italy
[23-25], Canada [6], USA [26], Israel [27], Chile [7], Morocco [28], and New Zealand
[29]. Every continent, with the exception of Antarctica, is represented by the data. Sum-
mer climate data are taken from the three warmest months of the year. Winter climate
data are taken from the three coolest months of the year.

For UK study sites, monthly climatic data for each location was gathered from proximate
weather stations, owned and monitored by the Met Office (http://www.metoffice.gov.
uk/). Summer climate data are taken from the three warmest months of the year. Winter
climate data are taken from the three coolest months of the year. Individual unpaired
t-tests were used to check for a difference in climatic parameters between sites that are
producing T. melanosporum ascocarps and UK study sites. Each climatic parameter was
tested individually. A t-value, degrees of freedom and a P-value was recorded for each
analysis and a result was deemed statistically significant at P < 0.05.

Results

Influence of UK climatic parameters on mycorrhiza abundance

All climatic parameters of UK study sites displayed variation between sites (Tab. 1).
There was a variation in average winter sunshine of 75 hours (65.3% of max) between
the two most extreme sites, a 860 mm difference in annual rainfall (34% of max) and a
5.8°C difference in mean winter temperatures (18.3% of max).

Tab. 1 Minimum and maximum figures for climatic variables within UK study sites.

Minimum Maximum Mean
Annual temperature 8.8 14.7 10.4
Summer temperature 14.5 16.5 15.6
Winter temperature 1.3 7.1 4.7
Annual sunshine hours 1421.8 1725.0 1548.2
Summer sunshine hours 407.9 590.0 500.6
Winter sunshine hours 141.0 215.8 188.2
Annual rainfall 450.0 1310.3 886.7
Summer rainfall 126.0 377.2 250.9
Winter rainfall 97.3 318.6 211.5

Summer and winter figures are for the three warmest or three coolest months of the year, respectively.

Summer, winter and annual rainfall, temperature and sunshine hours were all analyzed
for correlation to mycorrhiza abundance across UK sites (Tab. 2). The only climatic vari-
able to display a correlation with mycorrhiza abundance was winter temperature (Fig. 2),
which accounted for 43% of the variation in mycorrhiza abundance (r* = 0.428, P < 0.05).
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Tab. 2 Regression analysis results for a range of climatic variables and mycorrhiza abundance
within UK study sites.

r Pvalue
Annual temperature 0.062 >0.05
Summer temperature 0.049 >0.05
Winter temperature* 0.428 <0.05
Annual sunshine hours 0.169 >0.05
Summer sunshine hours 0.005 >0.05
Winter sunshine hours 0.245 >0.05
Annual rainfall 0.268 >0.05
Summer rainfall 0.026 >0.05
Winter rainfall 0.146 >0.05

* The only variable that shows a statistically significant correlation is winter temperature.

50
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Mycorrhiza index
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0 1 2 3 4 5 6 7 8

Average winter temperature (°C)

Fig. 2 Mycorrhization of Tuber melanosporum on host plant roots significantly correlated with
winter temperature (°C), within UK study sites (r* = 0.428, P < 0.05).

Comparison of optimal and suboptimal (UK) climatic parameters

The recorded annual average temperature was significantly higher (T = 2.295, df = 46,
P < 0.001) in sites that are producing T. melanosporum than UK study sites. The aver-
age summer temperature of sites that are producing T. melanosporum (21°C) was also
significantly higher than UK study sites (16°C; T = 6.642, df = 46, P < 0.001; Fig. 3a,b).
However, there was no significant difference in winter temperature (T = 1.483, df = 46,
P> 0.05; Fig. 3¢).
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Fig. 3 Mean values +SE of average annual temperature (°C; a), summer temperature (°C; b), winter
temperature (°C; ¢), annual rainfall (mm; d), summer rainfall (mm; e), winter rainfall (mm; f),
annual sunshine hours (g), summer sunshine hours (h) and winter sunshine hours (i), from sites
that are producing Tuber melanosporum ascocarps (SPT) and UK study sites (UK). Error bars are
one standard error. Within each graph values followed by different letter codes are significantly
different (¢-test, P < 0.05).

There was no significant difference in the annual rainfall (T = 0.954, df = 46, P > 0.05)
or winter rainfall levels (T = 0.339, df = 38, P > 0.05) between sites that are producing
T. melanosporum and UK study sites, but summer rainfall levels were significantly dif-
ferent, with the UK two times higher than (251 mm vs. 126 mm) the rainfall of sites that
are producing T. melanosporum (T = 4.717, df = 35, P < 0.001; Fig. 3d-f).
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Annual sunshine hours were significantly higher in fruiting sites (2226) than in UK
study sites (1548; T = 7.284, df = 42, P < 0.001). Summer sunshine hours were twice as
high in fruiting sites (1001) than in UK study sites (501; T = 7.818, df = 28, P < 0.001) and
winter sunshine hours were also significantly higher in fruiting sites than in UK study
sites (T = 4.298, df = 21, P < 0.001; Fig. 3g-i).

Discussion

Tuber melanosporum is an obligate mycorrhizal species and as such its distribution is
impacted not only by edaphic factors but also distribution of the host plant range. Cooling
events in the Quaternary period, such as the younger Dryas, were so pronounced that
some regions in which Tuber species now naturally exist became devoid of host plant
species [30]. Host plants and their symbiotic Tuber species survived such periods by
retreating to glacial refuges [31]. Tuber melanosporum is similar to two other European
native Tuber species, T. aestivum and T. brumale, in terms of host plant preference and
an affinity for calcareous, high pH, soils [8,9]. All three Tuber species are also dependent
on animal vectors for long distance spore dispersal [32,33]. Despite these similarities
T. melanosporum has a more restricted range than both T. aestivum and T. brumale, and
this is thought to be a factor of climatic preference. This climatic restraint may be dictated
by either an inability of the mycorrhiza or mycelium to survive in conditions outside of
these parameters or a lack of climatically derived fruiting triggers. Climatic constraints
for T. melanosporum combined with the restricted range of dispersal by animal vectors
[33] limit the geographic distribution of this species.

Here, for the first time, we have shown that in sub-optimal conditions there is a sig-
nificant correlation between winter temperature and mycorrhizal colonization of a host
plant. This data supports the idea that T. melanosporum has some degree of cold-sensitivity
with an associated impact on mycorrhiza survival. Samples used in this study were taken
from a relatively shallow depth within the soil profile. At such a position mycorrhiza are
exposed to a greater degree of seasonal temperature fluctuation than deeper in the soil
profile [34]. Mycorrhization levels at greater depths were not tested and it is possible that
these may remain unaffected due to the insulating properties of the deeper soil cover.
Further, the winter temperature profile of study sites does not differ significantly from
those in which T. melanosporum is known to be fruiting. Therefore, although cooler winter
temperatures have a negative impact on mycorrhiza abundance, it cannot be concluded
that this climatic parameter alone is a barrier to orchard success or as a restraint on the
geographic distribution of this species. Additionally, it should be noted that correlative
analysis with parameters such as soil variables and ground cover were not undertaken
within this study. Therefore, the potential impact of such variables cannot be discounted.

When the climatic data for the UK study sites were analyzed, it became apparent
that the only seasonal climatic variables that displayed significant variation from those
of fruiting T. melanosporum sites are sunshine hours, summer temperatures, and sum-
mer rainfall. However, none of these variables are correlated with mycorrhization levels
within this study. It is perhaps then surprising that T. melanosporum never reached the
UK from its refuge during the last glacial expansion, whereas other European Tuber
species that require similarly calcareous soils, host plant species and have similar spore
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dispersal methods including T. aestivum and T. brumale, did [8,9,32]. The lack of correla-
tion between mycorrhization levels and the climatic parameters that differ significantly
to T. melanosporum producing sites, supports the idea that the climatic restriction on
the spread of T. melanosporum to the UK is not acting by an influence on mycorrhiza
development. As such, it is concluded that a lack of natural T. melanosporum populations
in the UK and areas with a similar sub-optimal climatic profile is a factor of sub-optimal
conditions for ascocarp formation and maturation. The initiation of ascocarps generally
occurs in the spring and summer months and previous work has suggested that irradiance
and soil temperature may be important fruiting triggers [12]. In conjunction with the data
presented here, it is suggested that it is summer climactic parameters that are acting as
fruiting triggers. Specifically, it is sunshine hours, summer rainfall, summer temperatures
or a combination of all three that may prevent the successes of T. melanosporum orchards
in sub optimal climatic conditions and are also implicated in the natural spread of this
species throughout Europe.

With very few exceptions, cultivation has been concentrated in regions with a very
similar climatic profile to that of the natural range of T. melanosporum. Aside from
inference from the data collated here, there is very little evidence for the exact climatic
boundaries tolerable for successful fruiting of T. melanosporum. Long-term results from
the UK sites within this study may shed additional light on these boundaries and further
elucidate a role for sunshine hours and summer temperatures.
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