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Abstract

Despite an increasing demand for Burgundy truffles (Tuber aestivum), gaps remain in our
understanding of the fungus’ overall lifecycle and ecology. Here, we compile evidence from
three independent surveys in Hungary and Switzerland. First, we measured the weight and
maturity of 2,656 T. aestivum fruit bodies from a three-day harvest in August 2014 in a highly
productive orchard in Hungary. All specimens ranging between 2 and 755 g were almost
evenly distributed through five maturation classes. Then, we measured the weight and
maturity of another 4,795 T. aestivum fruit bodies harvested on four occasions between
June and October 2015 in the same truffiere. Again, different maturation stages occurred at
varying fruit body size and during the entire fruiting season. Finally, the predominantly unre-
lated weight and maturity of 81 T. aestivum fruit bodies from four fruiting seasons between
2010 and 2013 in Switzerland confirmed the Hungarian results. The spatiotemporal coexis-
tence of 7,532 small-ripe and large-unripe T. aestivum, which accumulate to ~182 kg, differs
from species-specific associations between the size and ripeness that have been reported
for other mushrooms. Although size-independent truffle maturation stages may possibly
relate to the perpetual belowground environment, the role of mycelial connectivity, soil prop-
erty, microclimatology, as well as other abiotic factors and a combination thereof; is still
unclear. Despite its massive sample size and proof of concept, this study, together with
existing literature, suggests consideration of a wider ecological and biogeographical range,
as well as the complex symbiotic fungus-host interaction, to further illuminate the hidden
development of belowground truffle fruit bodies.
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Introduction

Fruit bodies of the symbiotic Burgundy truffle (T. aestivum Vittad.) [1] range amongst the
most expensive of gourmet foods [2]. T. aestivum can be found almost throughout the entire
year and most of Europe [3-5]. Despite a long history of human consumption, there are still
many open questions concerning the origin, biogeography and ecology of most truffle species
[1-5], including T. aestivum. The ecological and commercial interest in this ectomycorrhizal
ascomycete has rapidly increased over the past few years [5], primarily because of a rising
demand for truffles worldwide [2, 6, 7], as well as possibly also due to some declining harvests
of the Périgord truffle (T. melanosporum Vittad.) in parts of its Mediterranean distribution [8].
The wide ecological range of T. aestivum [5], its prolonged harvest season in comparison to T.
melanosporum, as well as a much lower price level though higher cultivation potential [2], fur-
ther contribute to the increasing commercial importance of T. aestivum.

An array of abiotic and biotic factors, such as climatic variation and symbiotic association,
are important for the subsurface process of truffle fruit body formation [5]. Soil-borne micro-
bial communities [9], for instance, have been reported to affect the development and function-
ing of ectomycorrhiza symbiosis and might also affect truffle production [10]. Changes in the
total carbon budget of symbiotically associated host trees during a season have also been
described to influence truffle growth [11-13]. This finding is well in agreement with an earlier
fruiting season at the transition from spring to summer that geographically corresponds with
generally warmer regions [14-16]. More autumn- and winter-oriented truffle fruiting is, how-
ever, mostly found at higher latitudes and/or altitudes.

Among many central European countries [3-5], Hungary comprises an ideal environment
for the natural and cultivated growth of T. aestivum [17]. The most productive region, called
Jaszsag, is situated between the Danube and Tisza rivers in the middle of the fertile Hungarian
plain. Warm and dry summers are typical features for this agriculturally dominated flatland,
which is characterized by fluvial alluvia comprising chernozems, fluvisols, solonchaks and
arenosols.

Here, we aim at understanding if T. aestivum fruit bodies are first growing to a certain size
and then maturing—as often reported for epigeous basidiocarps and ascomycetes—or if these
lifecycle-inherent processes chronologically overlap, i.e. the size at which maturity is achieved
varies. We compiled and analyzed three independent T. aestivum datasets that were generated
in 2014 and 2015 in an orchard in Hungary, as well as between 2010 and 2013 in an orchard in
Switzerland. While providing a timely literature review of biotic and abiotic factors possibly
influencing truffle weight and maturity, we critically discuss our findings in a broader concep-
tual framework. Moreover, we define and recommend research priorities and agendas to gain
further insights into the mysterious, subterranean truffle kingdom.

Materials and Methods

The majority of this study was conducted in a planted oak stand in central Hungary (Fig 1A-
1C). Trees are 21-year old and cover 41.5 ha of flat terrain ~90 m asl in the county of Jasz-
Nagykun-Szolnok near the village Jaszivany (around 47.5° N and 20.2° E). This plantation was
naturally colonized by T. aestivum some years ago. The recent truffle orchard, called Jaszivany,
is characterized by a uniform distribution of Calcic Chernozem (Loamic) soil. Being poor in
stone content, its texture corresponds to a silt-clay-loam (12% silt, 38% clay, 50% loam) with a
high organic matter content and a high biological activity. The pH value of this very deep
mull-like soil spatially varies from 6.9-8.2 (in water). The continental climate exhibits approxi-
mately 2000 sunshine hours per year, resulting in an annual temperature mean of 10.2 C".
Nevertheless, exceptionally cold winters are contrasted by warm summers. Average annual
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Fig 1. (A-C) The Jaszivany orchard in central Hungary, which was naturally colonized by T. aestivum some years ago. Fruit bodies are
generally harvested within the upper soil layer (D), and between June and August (E). The yellow vertical bar refers to the three sampling days
of the 2014 campaign (Aug 12—14) that resulted in 2,656 fruit bodies, whereas the light blue vertical bars display the timing of the repeated
2015 measurements (June 16, July 28, September 12, and October 26) that resulted in 4,795 fruit bodies.

doi:10.1371/journal.pone.0170375.9001

precipitation totals fluctuate between 560 and 580 mm, with seasonal hydroclimatic minima in
summer.

The Jaszivany orchard is inhabited by nearly 70% English oak and 30% Turkish oak (Quer-
cus robur L. and Q. cerris L.). These trees were planted in 1994 on former black locust wood
(Robinia pseudoacacia L.) that still accounts for ~1-5% of all trees. Oak height is 8-12 m and
stand density ~4000 trees/ha, with an average distance of 1.0 m between the individual trees
and 2.5 m between each tree row. Light thinning was performed in 2010 and 2012. According
to our own phenological observations and high-resolution band dendrometer measurements,
the vegetation period usually starts in early-April and lasts until the end of November. With an
annual average of 4.3 tons during the last four years (varying from 2.3-6.1 tons between 2011
and 2014), the yearly fruit body production of T. aestivum is extremely high (~104 kg/ha).
Although systematic truffle harvests with trained dogs begin in early-May and uninterruptedly
continue until the end of November, the main fruiting peaks are distributed throughout mid-
June to mid-August [17] (Fig 1LE).

After intense harvesting with trained dogs between 12 and 14 August, 2014, we recorded
the weight (gram) and maturation of a total of 2,656 provisionally cleaned T. aestivum fruit
bodies. We empirically defined five maturation classes (1.0, 1.5, 2.0. 2.5 and 3.0), which were
visually distinguished in the field (Fig 2). These five classes separate the following fruit body
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Visual Examples of Burgundy truffle (Tuber aestivum ) Fruit Bodies for each of the Five Maturation Classes (1.0-3.0)

Fig 2. Thin sections of five individual T. aestivum fruit bodies from Hungary (2014 Aug 12-14), which provide a visual proof of
concept that macro-morphological gleba characteristics (color and structure) can be used to distinguish the five maturation
classes (1.0, 1.5, 2.0. 2.5 and 3.0) in the field.

doi:10.1371/journal.pone.0170375.9002

types: Unripe with white and partly even transparent gleba (1.0), slightly ripe with white gleba
(1.5), mainly ripe with beige-grey gleba (2.0), ripe with light brown gleba (2.5), and fully ripe
with brown gleba (3.0). Overripe truffles were not considered by the hunters due to their insig-
nificant economic value. All fruit bodies were double sliced at two opposing surface positions
to best identify homogeneity of the gleba color and structure, and to ensure that the attributed
maturation class represents most of the fruit body (see Fig 2 for the specific macro-morpholog-
ical gleba characteristics). This assessment was independently performed by three experienced
mycologists. While the advantage of this method is cost and labor efficiency, additional param-
eters for the firm description of the maturity/ripening relationship were not considered.
Information on glucose level, melanin content, volatile composition, spore quantity and orna-
mentation, as well as related bacterial communities, for instance, which can be achieved via
state-of-the-art Illumina Sequencing Technology, were traded for a large number of fresh sam-
ples and an easy workflow within the field. Belowground fruit bodies were collected during the
second phase of the main fruiting period from August 12-14, 2014 (Fig 1E). Based on the opti-
cal examination of three scientists, our five-level maturation classification was designed to best
matching previously introduced fruit body groupings based on much more accurate micro-
scopic techniques [18].

To account for different periods throughout a truffle fruiting season and thus to account
for intra-annual variability of fruit body weight and maturity, we performed four additional
field surveys in 2015 in the same orchard in Hungary between mid-June and late-October. A
total of 4,795 T. aestivum fruit bodies were harvested with trained dogs on 16 June (34.5 kg),
28 July (30.2 kg), 12 September (21.7 kg) and 26 October (4.9 kg). The weight (gram) and
maturity class (1.0, 1.5, 2.0. 2.5 and 3.0) of each truffle was recorded.

To further increase our understanding of how the fruit body formation and maturation of
T. aestivum may evolve at intra- and interannual time-scales, a total of 81 fruit bodies were col-
lected between 2010 and 2013 within a Swiss orchard. This dataset represents a significant
update from [19], and originates from artificially inoculated pine (Pinus nigra J.F. Arnold) and
oak (Quercus robur L.) trees in southwestern Switzerland [19]. Samples were collected over
four consecutive fruiting seasons between September 2010 and September 2013 (i.e. 10 Sep, 03
Oct, 30 Nov 2010, 18 Aug, 01 Nov, 22 Dec 2011, 21 Aug, 19 Dec 2012, 19 Sep 2013). Morpho-
logical spore observations together with PCR primers UNCI/UNCII were utilized for the
identification of T. aestivum [19, 20]. Based on rigorous microscopic techniques, fruit body
maturity of each of the 81 truffle fruit bodies from Switzerland was determined as the ratio
between the number of asci containing melanized spores and the total number of asci [18]. Sta-
tistical analyses and significance levels were calculated in Excel:Mac2011 version (14.6.9), as
well as using the R package multcomp [21, 22]. All figures were finalized via Adobe Illustrator
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Fig 3. (A) Frequency distribution of the weight of all 2,656 T. aestivum fruit bodies from the 2014 Hungarian survey (Aug 12—14). (B)
Relationship between the individual fruit body weight and the five maturation classes ranging from 1.0-3.0. Note that the record-breaking
fruit body of 755 g has been excluded for scaling issues. (C) The number of fruit bodies (sample size) per maturation class with white
numbers referring to the corresponding mean weight (g).

doi:10.1371/journal.pone.0170375.9003

CS6 (version 16.0.4). No specific permissions were required for any of the truffle sampling
sites and campaigns in both, Hungary and Switzerland. Moreover, none of the field studies
involved endangered or protected species.

Results

Fresh weight of the 2,656 individual T. aestivum fruit bodies from the August 12-14, 2014 har-
vest in Hungary varied from 2-755 g with an average of 33 g (Fig 3A). A total of 1,699 fruit
bodies weighted <30 g, 818 samples ranged from 30-89 g, and the remaining 139 truffles
weighted >90 g. Although the giant of 755 g clearly marks an exception, a better understand-
ing of the ecological and climatological conditions, as well as the time needed for such a fruit
body to grow, is more than scientific curiosity alone [23]. Fruit bodies of different weight were
found in all five maturation classes (Fig 3B). There is a slight positive trend between mean fruit
body weight and maturation class (Fig 3C). At the same time, there also persists a high level of
variability since small and large truftles can be more or less mature.

During the four consecutive Hungarian field surveys throughout the 2015 truffle season, we
recorded the weight and maturity level of 4,795 individual T. aestivum fruit bodies in June,
July, September and October. Their fresh weight substantially varied below 325 g with an aver-
age of 19 g (Fig 4A). A total of 3,904 fruit bodies weighted <30 g, 829 samples ranged from
30-89 g, and the remaining 62 truffles weighted >90 g. Again, fruit bodies of different weight
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Fig 4. (A) Frequency distribution of the weight of all 4,795 T. aestivum fruit bodies (dark red) from the 2015 Hungarian survey, with results
of the four individual Jun-Oct sampling campaigns being highlighted in orange. (B) Relationship between the individual fruit body weight
and the five maturation classes (1.0-3.0) of all (dark red) and the monthly samples (orange), as well as (C) the number of fruit bodies
(sample size) per maturation class with dark green numbers referring to the corresponding mean weight of all fruit bodies per class (g).

doi:10.1371/journal.pone.0170375.9004

were found in all five maturation classes (Fig 4B). Although there is a small positive trend
between mean fruit body weight and maturation class (Fig 4C), there also persists a high level
of variability since small and large truffles can be more or less mature. The four intra-annual
sampling campaigns revealed quite comparable results: Weight and maturity of T. aestivum
fruit bodies is mainly unrelated. Nevertheless, Tukey HSD post-hoc tests between the log-
transformed weights of different maturation classes calculated separately per year revealed,
almost exclusively, statistically significant differences between the maturation classes while the
weight consistently increased with maturation (Fig 5). The joint assessment of all 7,532 T. aes-
tivum fruit bodies from Hungary exhibited strong evidence of the coexistence of small-ripe
and large-unripe individuals (Fig 6).

A recently updated study over four T. aestivum fruiting seasons in Switzerland between
2010 and 2013 [19] confirmed our results from Hungary. The weight of 81 T. aestivum fruit
bodies from Switzerland significantly varied from 1 to 132 g, with an average of 32 g. Ranging
from 0-99%, the mean maturity level of all 81 truffles is 47%. Although the annual harvests
fluctuated considerably (2010: 25 truffles, average weight: 18 g 13 (STD); 2011: 33 truffles, 43
g £25; 2012: 11 truffles, 27 g £25; 2013: 12 truffles, 39 g +25), no relationship was found
between fruit body weight and maturity (Fig 7). Microscopic evaluation confirms that speci-
mens, independent of their size, can be fully immature (0% ascii with melanized spores) or
fully mature (99%).
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Discussion
Open research questions

Although recent work addressed the taxonomic status of T. aestivum [20, 23-26], as well as its
aroma profile [19, 27-29], cultivation potential [5, 30-32], and soil requirements [33-35],
much of its lifecycle and autecology is still poorly understood. At the same time, destructive
subterranean sampling campaigns under natural (wildlife) and artificial (planted) conditions
is either inefficient or prohibited, and at best only provides a limited glimpse in time.

Species-specific differences in the length of truffle fruiting seasons raise questions about
growth periodicity. While one or more lifecycles per season with primordia formation between
spring and autumn followed by maturation are discussed for T. melanosporum [3, 36], no such
information is yet available for T. aestivum [5]. In contrast to other truffle species that have a
relatively short ascocarp-producing season, the extended fruiting period of T. aestivum
between early-June and March in the succeeding year implies several generations of shorter
lifecycles [3, 4].

Unraveling the relationships between the biological process of fruit body maturation and
the development of truffle aroma is another pending task. While maturation probably affects
the aroma of the white truffle T. borchii [18], it is at best marginally important for the aroma of
T. aestivum [19, 29]. Moreover, aroma formation is subject to microbes inhabiting fruit bodies
[37-39], which suggests different factors that might act together in prompting truffle aroma,
and eventually in determining the temporal development of quality. Furthermore, the
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commercial truffle market not only considers the size but also the shape of fruit bodies as valu-
able criteria. Since specimens are classified according to their flavor and dimension, large asco-
carps with regular shape usually receive a higher price per gram. Also under scrutiny, it
appears most likely that the complexity of truffle maturation and ripening is associated with at
least three different traits: Darkening of gleba as a result of the biological maturation and pig-
mentation of spores and an increase in melanin content [40]. Selection of and interaction with
dynamic bacterial and yeast communities [41] that might be involved in the maturation and
ripening process of ascocarps [42], as well as in aroma production [37-39]. Increasing carbo-
hydrate content, with glucose as the main component, reaches four times higher values in fully
mature T. melanosporum ascocarps (up to 30% of the dry weight) in comparison with unripe
ascocarps [40]. If and how these traits temporally coincide and how they are directly or indi-
rectly linked with biotic and abiotic drivers is, however, still unclear.

PLOS ONE | DOI:10.1371/journal.pone.0170375 January 26, 2017

8/15



®PLOS |

ONE

Weight and Maturity of Tuber aestivum

140

130

2010 (n = 25)
(n=33)
(n=11)

2013 (n=12)

120 —

110

100

©
o

80

70

60

Fruit Body Weight (g)

50

40

30

20

10

o)

o0 GO

J@ !
o 08

I \ \ [ \
40 60

Fruit Body Maturity (%)

Fig 7. Relationship between fruit body weight (g) and maturity (%) of 81 T. aestivum that were collected throughout the four
growing seasons between 2010 and 2013 in an orchard in southwestern Switzerland [19].

doi:10.1371/journal.pone.0170375.g007

New evidence and remaining uncertainties

Our study provides answers to some of the above questions. The spatiotemporal coexistence of
small-ripe and large-unripe T. aestivum specimens in Hungary and Switzerland—in consecu-
tive years as well as within one season—suggests that truffle maturation can happen indepen-
dently of fruit body formation. The lifecycle of every single fruit body is probably much less
dependent of seasonal, environmental triggers than previously assumed. In fact, there is no
clearly defined optimal time for primordia development, growth and maturation, but rather a
constant and parallel cycle of all processes. This finding stresses the putative importance of
other ecological factors such as mycelial connectivity, soil chemical and physical parameters as
well as microclimatology for truffle growth or the pace of ripening. All 7,532 fruit bodies from
Hungary developed under comparable soil conditions within the uppermost 10 cm of agricul-
tural ground (Fig 1D). This finding is well in agreement with the long-term experience gained
by local truffle hunters. Although an estimated 30-40 tons of fresh T. aestivum as harvested
during the last ten years, it is still unclear if (and if yes how) size, ripeness, shape and peridium
texture are linked to each other and/or how such traits are (if at all) affected by abiotic factors.
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Furthermore, the role of (micro) climate and the hunting preference of dogs still remain
poorly understood. Concerning ecological site homogeneity, the regularly planted oaks (Fig
1A-1C) probably contribute to a comparable microclimate with little differences in soil
humidity and chemistry.

Evidence from repeated field surveys in Hungary and its confirmation from a recently
updated Swiss long-term study proposes that the growth and maturation of T. aestivum fruit
bodies often occurs independently. In contrast to the assumption that big truftles also tend to
be ripe, the spatiotemporal coexistence of small-ripe and large-unripe T. aestivum fruit bodies
is indicative of a rather heterogeneous size-ripeness relationship. This pattern has not been pre-
viously reported, neither from observations under regular field nor laboratory conditions [4, 5],
because systematic sampling campaigns were missing and T. aestivum fruit bodies have not yet
been obtained successfully in laboratories. Our results thus demonstrate that the size/weight-
maturity relationship for some hypogeous fungi can differ from the fact that species-specific
final sizes sometimes exist for mature epigeous basidiomycetes and ascomycetes [43, 44].

Nevertheless, at least four aspects of our study remain poorly understood and thus call for
critical discussion: i) How representative are our independent findings from the three different
surveys in Hungary and Switzerland, ii) how well is the degree of fruit body maturation and
ripening perceived in the light of our simple field assessment, iii) how selective appears the
dog-based fruit body hunting, and iv) how old are the harvested fruit bodies?

i) Limitations not only arise from the specific biogeographic conditions of the Hungarian
orchard that is certainly not representative for all other wild and cultivated T. aestivum habitats
in Europe. Some further restrictions might also derive from the short sampling intervals that
disregards most of the harvest season. Nonetheless, our four individual samplings were per-
formed within different productivity phases of the entire fruiting period that extends from
May-November, with the main production peak(s) falling into the June-August high-summer
season (Fig 1E). Further uncertainty may originate from our simplistic field-based maturation
classification that does not apply microscopy to distinguish between empty asci or the absence
of asci, mature asci with immature spores (hyaline color and without or incomplete formed
ornamentation) and asci with mature spores (yellow-brown color with a fully formed orna-
mentation) [18]. The Swiss long-term study [19] provides independent evidence for compari-
son with the two Hungarian surveys. It appears supplementary as it covers not only different
biogeographical and seasonal aspects but also spans four consecutive seasons of systematic
truffle harvest from 2010-2013.

ii) The spatiotemporal coexistence of similarly sized mature and immature fruit bodies
raises questions concerning possible drivers of fruit body formation, including growth and
maturation. The process of ripening, the production of volatiles, the determination of final
ascocarp sizes at maturity, and the role of abiotic as well as biotic factors are all not understood.
This level of uncertainty includes traits of the fruit body-forming vegetative mycelia such as
size and age, as well as the ecophysiological and nutritional status of the host plants. It is also
still under scrutiny if maturation and/or ripening is genetically programmed to proceed in a
certain period of time after compatible mating strains fusion, and if growth is mainly driven
by climatic, edaphic and symbiotic interaction. Complete fruit body formation, as well as mat-
uration of heterothallic fungi that have a single MAT locus with two idiomorphs [45], depend
on the fusion of two individuals bearing opposite mating types. While both mating types are
necessary for maturation because ascospore formation needs sexual crossing, it remains puz-
zling how this is achieved by different truffle species (see [46] for T. magnatum and [47-49] for
T. melanosporum). It is also debated whether two undifferentiated hyphae or hyphae that
formed sexual reproductive organs fuse, and/or if hyphae are fertilized by mitospores that
function as spermatia [50].

PLOS ONE | DOI:10.1371/journal.pone.0170375 January 26, 2017 10/15



@° PLOS | ONE

Weight and Maturity of Tuber aestivum

Unraveling the role that biochemical differences between more or less mature fruit bodies
play in determining gastronomic value also remains an open task. The spore-based melanin
content (up to 15% by dry weight in T. melanosporum) can be used as a biomarker of the
degree of ascocarp development and of attainment of maturity [40]. For example, anandamide
(a stimulant of melanin synthesis) is not detectable during the early maturation stage of T. mel-
anosporum [51]. Different meanings of maturation (e.g. the biological maturation of spores)
and ripening (e.g. the flavor production for animal attraction) add further ambiguity. Matura-
tion refers to the biochemical process of spore maturation that goes along with increasing
melanin content, whereas ripening denotes the flavor production [52]. The subjective consid-
eration of odor also remains challenging as it may differ within and between animals and
humans. Species-specific variability in the composition of volatiles is not only related to the
fungus’ development stage and maturation [18], but also depends on genotypes [19], as well as
the influence of external abiotic and biotic factors. In addition, such changes can qualitatively
and quantitatively vary among ascocarps of the same truffle species and even the same individ-
ual [19], as well as within and between host species. A multifactorial approach to better define
truffle maturity should therefore consider gleba color, spore maturity as revealed by the num-
ber of spores present in asci and their ornamentation, aromatic and chemical composition and
bacterial communities. It should be further noted that humans only perceive a small fraction
of the total variety of volatiles [28, 53]. Not more than six active aromatic compounds have
been described for T. aestivum from northeastern Spain, including sulfur, alcohols and ketones
[28], and it has been argued that the concentration of single aroma constituents can greatly
vary between fruit bodies from the same species and site [19]. Variability in the concentration
of eight carbon-containing volatiles (C8-VOC) in T. aestivum, which are characterized by truf-
fle smell [54], has been linked to a specific genotype [19, 29]. Unlike evidence from other truf-
fle species, geographic origin and stage of maturity seem to have only minor effects on the
aroma profile of T. aestivum itself [19, 29].

iii) Dogs probably do not base their choice on chemical signals primarily related to maturity
stages and/or odors perceived by humans. Although the intensively trained dogs often provide
unique access to a large gradient of fruit body maturity, there are still many open questions
related to their hunting behavior. Additional uncertainty arises from our limited understand-
ing of their key-volatiles, and further complexity originates from breed variety. Our results
from Hungary and Switzerland suggest that dogs most likely harvest independent of truffle
maturation stages. The maturity level seems to be either unimportant for the chemical signal
perceived by dogs and/or dogs do not distinguish in the soil between different odors perceived
by humans after harvesting. Experimental confirmation is, however, still missing, and
researchers should distinguish between the initial signal perceived by dogs through the soil
and the subsequent smell of harvested truffles. The high amount of immature fruit bodies har-
vested in Hungary and Switzerland suggests that dogs and maybe also other mammals are not
only (or at least firstly) attracted by ripe specimens. The wide range of simultaneously collected
ripe and unripe fruit bodies further indicates that our study is likely not biased by dog-specific
hunting preferences. Nevertheless, caution is advised since other non-carnivorous mammals
such as mice and squirrels may use truffles as principal food and therefore possibly select for
glucose content. More insight is also needed for disentangling the biological meaning of the
truffles’ aroma production as an attractant to mature fruit bodies. Other attributes such as the
content of glucose to select for being eaten or not might be important as well, particularly for
animals that use them as principal food and which are the main vectors for distribution.

iv) It is unknown how long individual fruit bodies are hidden in the soil before they are har-
vested. Moreover, it is unclear if the odor of T. aestivum fruit bodies is changing during their
formation and whether they have no attractive odor prior to their ultimate harvesting, because
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no correlation between maturity stage and odor was found [19, 29]. Similar to previous work
[42], our study represents subsets of fruit bodies that were harvested within limited time, with
an unknown number of undetected truffles. Although still a compromise and typically prohib-
ited in economically designed orchards, we advocate for in situ excavations to gain further
insight into the subterranean lifecycle of truffles. Likewise, reliable information on fruit body
decay is scarce, as fungal decomposition depends upon the species involved and can range
from a few days to several years [55]. Based on our own experiences and due to their melanized
peridium, truffle fruit bodies would rather belong to the slowly decomposing species. Several
factors that regulate the production and turnover of ectomycorrhiza tissues, including myce-
lium, and its role in soil carbon dynamics have been recently discussed [56]. Among others,
the melanin content has been proposed as a possible determinant of decomposability [57].

Conclusions

This study demonstrates that 7,451 T. aestivum fruit bodies from Hungary (~180 kg), har-
vested by trained dogs during two years and different periods in a very productive truffle
orchard, were distributed throughout five maturation classes. Our results supplement the
long-term observations of local truffle hunters: Although there is a slight positive trend
between mean fruit body weight and maturation class, small truffles can be ripe while large
truffles can be unripe. In addition, we found no evidence for a systematic link to one (predom-
inant) or more (interacting) external factors. An independent long-term assessment of another
81 T. aestivum specimens from four harvesting seasons between 2010 and 2013 in Switzerland
(~2 kg) also disproves any statistically robust relationship between fruit body weight and matu-
rity. The predominant co-occurrence of small-ripe and large-unripe T. aestivum fruit bodies
is, indirectly, also indicative of a rather heterogeneous size-ripeness association, which gener-
ally differs from a more or less species-specific final size of some mature epigeous basidiomy-
cetes and ascomycetes. This circumstance might be related to the subterranean mode of truffle
life with specific growth conditions and dependencies on the surrounding ecology, including
soil conditions and microclimatic variations, as well as effects of microbial communities and
myecelial connectivity.

Supporting Information

S1 Table. This excel-file contains all data relevant to our manuscript.
(XLSX)

Acknowledgments

We are particularly thankful to the various truffle hunters and their trained dogs that ensured
successful harvesting. G. Bragato kindly provided information on soil characteristics, and sev-
eral anonymous referees critically commented on earlier manuscript versions.

Author Contributions

Conceptualization: UB SE.

Formal analysis: UB SE IB VM MP DN BM RS LH.
Funding acquisition: UB RS IB OF CM.
Investigation: UB IB VM MP RS MV DN BM SE.
Methodology: UB RS SE.

PLOS ONE | DOI:10.1371/journal.pone.0170375 January 26, 2017 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170375.s001

@° PLOS | ONE

Weight and Maturity of Tuber aestivum

Project administration: UB SE IB OF.

Resources: OF RS.

Supervision: UB.

Visualization: UB IB OF RS MV SE.

Writing - original draft: UB VM MP RS FR CM WT US FMP LS SE.

Writing - review & editing: UB SE LH.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Bonito G, Smith ME, Nowak M, Healy RA, Guevara G, Cazares E, et al. Historical biogeography and
diversification of truffles in the Tuberaceae and their newly identified southern hemisphere sister line-
age. PLOS ONE. 2013; 8(1): €52765. doi: 10.1371/journal.pone.0052765 PMID: 23300990

Hall IR, Yun W, Amicucci A. Cultivation of edible ectomycorrhizal mushrooms. Trends Biotechnol.
2003; 21: 433-438. doi: 10.1016/S0167-7799(03)00204-X PMID: 14512229

Callot G. La Truffe, La Terre, la Vie. INRA, Paris; 1999.

Stobbe U, Biintgen U, Sproll L, Tegel W, Egli S, Fink S. Spatial distribution and ecological variation of
re-discovered German truffle habitats. Fun Ecol. 2012; 5: 591-599.

Stobbe U, Egli S, Tegel W, Peter M, Sproll L, Blintgen U. Potential and limitations of Burgundy truffle
cultivation. Appl Microbiol Biotechnol. 2013a; 97: 5215-5224.

Samils N, Olivera A, Danell E, Alexander S, Fischer C, Colinas C. The socioeconomic impact of truffle
cultivation in rural Spain. Econ Bot. 2008; 62: 331-340.

Martin F. Unearthing the truffle genome. New Phytol. 2011; 189: 645-646. doi: 10.1111/j.1469-8137.
2010.03618.x PMID: 21223280

Buntgen U, Egli S, Camarero JJ, Fischer EM, Stobbe U, Kauserud H, et al. Drought-induced decline in
Mediterranean truffle harvest. Nature Clim Change. 2012a; 2: 827-829.

Frey-Klett P, Garbaye J, Tarkka M. The mycorrhiza helper bacteria revisited. New Phytol. 2007; 176:
22-36. doi: 10.1111/].1469-8137.2007.02191.x PMID: 17803639

Mello A, Miozzi L, Vizzini A, Napoli C, Kowalchuk G, Bonfante P. Bacterial and fungal communities
associated with Tuber magnatum-productive niches. Plant Biosystems. 2010; 144: 323-332.

Bintgen U, Egli S, Tegel W, Stobbe U, Sproll L, Elburg R, et al. llluminating the mysterious world of truf-
fles. Frontiers Ecol Environ. 2012b; 10: 462—463.

Martinez-Pefa F, de-Miguel S, Pukkala T, Bonet JA, Ortega-Martinez P, Aldea J, et al. Yield models for
ectomycorrhizal mushrooms in Pinus sylvestris forests with special focus on Boletus edulis and Lactar-
ius group deliciosus. Forest Ecol Manage. 2012; 282: 63—69.

Le Tacon F, Zeller B, Plain C, Hossann C, Bréchet C, Robin C. Carbon transfer from the host to Tuber
melanosporum mycorrhizas and ascocarps followed using a 13C pulse-labeling technique. PLOS ONE.
2013; 8: €64626. doi: 10.1371/journal.pone.0064626 PMID: 23741356

Weden C, Chevalier G, Danell E. Tuber aestivum (syn. T. uncinatum) biotopes and their history on Got-
land, Sweden. Mycol Res. 2004a; 108: 304—310.

Weden C, Danell E, Camacho FJ, Backlund A. The population of the hypogeous fungus Tuber aestivum
syn. T. uncinatum on the island of Gotland. Mycorrhiza. 2004b; 14: 19-23.

Diamandis S, Perlerou C. Recent records of hypogeous fungi in Greece. Acta Mycol. 2008; 43: 139—
142.

Gogan Csorbaine A, Nagy Z, Degi Z, Bagi |, Dimenyi J. Ecological characteristics of a Hungarian sum-
mer truffle (Tuber aestivum Vittad.) producing area. Acta Mycol. 2012; 47: 133—138.

Zeppa S, Gioacchini AM, Guidi C, Guescini M, Pierleoni R, Zambonelli A, et al. Determination of specific
volatile organic compounds synthesised during Tuber borchiifruit body development by solid-phase
microextraction and gas chromatography mass spectrometry. Rapid Commun Mass Spectrom. 2004;
18: 199-205. doi: 10.1002/rcm.1313 PMID: 14745770

Splivallo R, Valdez N, Kirchhoff N, Ona MC, Schmidt JP, Feussner |, et al. Intraspecific genotypic vari-
ability determines concentrations of key truffle volatiles. New Phytol. 2012; 194: 823-835. doi: 10.1111/
j.1469-8137.2012.04077.x PMID: 22394027

PLOS ONE | DOI:10.1371/journal.pone.0170375 January 26, 2017 13/15


http://dx.doi.org/10.1371/journal.pone.0052765
http://www.ncbi.nlm.nih.gov/pubmed/23300990
http://dx.doi.org/10.1016/S0167-7799(03)00204-X
http://www.ncbi.nlm.nih.gov/pubmed/14512229
http://dx.doi.org/10.1111/j.1469-8137.2010.03618.x
http://dx.doi.org/10.1111/j.1469-8137.2010.03618.x
http://www.ncbi.nlm.nih.gov/pubmed/21223280
http://dx.doi.org/10.1111/j.1469-8137.2007.02191.x
http://www.ncbi.nlm.nih.gov/pubmed/17803639
http://dx.doi.org/10.1371/journal.pone.0064626
http://www.ncbi.nlm.nih.gov/pubmed/23741356
http://dx.doi.org/10.1002/rcm.1313
http://www.ncbi.nlm.nih.gov/pubmed/14745770
http://dx.doi.org/10.1111/j.1469-8137.2012.04077.x
http://dx.doi.org/10.1111/j.1469-8137.2012.04077.x
http://www.ncbi.nlm.nih.gov/pubmed/22394027

@° PLOS | ONE

Weight and Maturity of Tuber aestivum

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Mello A, Cantisani A, Vizzini A, Bonfante P. Genetic variability of Tuber uncinatum and its relatedness
to other black truffles. Environ Microbiol. 2002; 4: 584—-594. PMID: 12366753

Hothorn T, Bretz F, Westfall P. Simultaneous inference in general parametric models. Biometrical J.
2008; 50: 346-363.

R Development Core Team. R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. 2015.

Buntgen U, Tegel W, Egli S, Stobbe U, Sproll L, Stenseth NC. Truffles and climate change. Frontiers
Ecol Environ. 2011; 9: 150—151.

Paolocci F, Rubini A, Riccioni C, Topini F, Arcioni S. Tuber aestivum and Tuber uncinatum: two morpho-
types or two species? FEMS Microbiol Lett. 2004; 235: 109—115. doi: 10.1016/j.femsle.2004.04.029
PMID: 15158269

Weden C, Danell E, Tibell L. Species recognition in the truffle genus Tuber-the synonyms Tuber aesti-
vum and Tuber uncinatum. Environ Microbiol. 2005; 7: 1535—-1546. doi: 10.1111/j.1462-2920.2005.
00837.x PMID: 16156727

Molinier V, van Tuinen D, Chevalier G, Gollotte A, Wipf D, Redecker D. A multigene phylogeny demon-
strates that Tuber aestivum and Tuber uncinatum are conspecific organisms. Diversity Evol. 2013; 13:
503-512.

Diaz P, Ibanez E, Reglero G, Senorans FJ. Optimization of summer truffle aroma analysis by SPME:
Comparison of extraction with different polarity fibers. Food Sci Technol. 2009; 42: 1253-1259.

Culleré L, Ferreira V, Chevret B, Venturini ME, Sanchez-Gimeno AC, Blanco D. Characterisation of
aroma active compounds in black truffles ( Tuber melanosporum) and summer truffles (Tuber aestivum)
by gas chromatography-olfactometry. Food Chem. 2010; 122: 300—-306.

Molinier V, Murat C, Frochot H, Wipf D, Splivallo R. Fine-scale spatial genetic structure analysis of the
black truffle Tuber aestivum and its link to aroma variability. Environ Microbiol. 2015; 17: 3039-3050.
doi: 10.1111/1462-2920.12910 PMID: 26036799

Benucci G, Bonito G, Falini L, Bencivenga M. Mycorrhization of Pecan trees (Carya illinoinensis) with
commercial truffle species: Tuber aestivum Vittad. and Tuber borchii Vittad. Mycorrhiza. 2012; 22: 383—
392. doi: 10.1007/s00572-011-0413-z PMID: 21986799

Stobbe U, Stobbe A, Sproll L, Tegel W, Peter M, Biintgen U, et al. New evidence for the symbiosis
between Tuber aestivum and Picea abies. Mycorrhiza. 2013b; 23: 669-673.

Shamekh S, Grebenc T, Leisola M, Turunen O. The cultivation of oak seedlings inoculated with Tuber
aestivum Vittad. in the boreal region of Finland. Mycol Prog. 2014; 13: 373-380.

Benucci GMN, Raggi L, Albertini E, Grebenc T, Bencivenga M, Falcinelli M, et al. Ectomycorrhizal com-
munities in a productive Tuber aestivum Vittad. orchard: composition, host influence and species
replacement. FEMS Microbiol Ecol. 2011; 76: 170—184. doi: 10.1111/j.1574-6941.2010.01039.x PMID:
21223332

Gryndler M, Hrselova H, Soukupova L, Streiblova E, Valda S, Borovicka J, et al. Detection of summer
truffle (Tuber aestivum Vittad.) in ectomycorrhizae and in soil using specific primers. FEMS Microbiol
Lett. 2011; 318: 84-91. doi: 10.1111/j.1574-6968.2011.02243.x PMID: 21385201

Salerni E, Aguanno M, Leonardi P, Perini C. Ectomycorrhizal communities above and below ground
and truffle productivity in a Tuber aestivum orchard. Forest Systems. 2014; 23: 329-338.

Pacioni G, Leonardi M, Di Carlo P, Ranalli D, Zinni A, De Laurentiis G. Instrumental monitoring of the
birth and development of truffles in a Tuber melanosporum orchard. Mycorrhiza. 2014; 24: 65-72.

Splivallo R, Deveau A, Valdez N, Kirchhoff N, Frey-Klett P, Karlovsky P. Bacteria associated with truf-
fle-fruiting bodies contribute to truffle aroma. Environ Microbiol. 2014; 17: 2647-2660. doi: 10.1111/
1462-2920.12521 PMID: 24903279

Splivallo R, Ebeler S. Sulfur volatiles of microbial origin are key contributors to human-sensed truffle
aroma. Appl Microbiol Biotechnol. 2015; 99: 2583-2592. doi: 10.1007/s00253-014-6360-9 PMID:
25573471

Vahdatzadeh M, Deveau A, Splivallo R. The role of the microbiome of truffles in aroma formation: a
meta-analysis approach. Appl Environ Microbiol. 2015; 81: 6946—-6952. doi: 10.1128/AEM.01098-15
PMID: 26187969

Harki E, Bouya D, Dargent R. Maturation-associated alterations of the biochemical characteristics of
the black truffle Tuber melanosporum Vitt. Food Chem. 2006; 99: 394—400.

Benucci GMN, Bonito GM. The truffle microbiome: Species and geography effects on bacteria associ-
ated with fruiting bodies of hypogeous pezizales. Microb Ecol. 2016; 72: 4-8. doi: 10.1007/s00248-016-
0755-3 PMID: 27026101

PLOS ONE | DOI:10.1371/journal.pone.0170375 January 26, 2017 14/15


http://www.ncbi.nlm.nih.gov/pubmed/12366753
http://dx.doi.org/10.1016/j.femsle.2004.04.029
http://www.ncbi.nlm.nih.gov/pubmed/15158269
http://dx.doi.org/10.1111/j.1462-2920.2005.00837.x
http://dx.doi.org/10.1111/j.1462-2920.2005.00837.x
http://www.ncbi.nlm.nih.gov/pubmed/16156727
http://dx.doi.org/10.1111/1462-2920.12910
http://www.ncbi.nlm.nih.gov/pubmed/26036799
http://dx.doi.org/10.1007/s00572-011-0413-z
http://www.ncbi.nlm.nih.gov/pubmed/21986799
http://dx.doi.org/10.1111/j.1574-6941.2010.01039.x
http://www.ncbi.nlm.nih.gov/pubmed/21223332
http://dx.doi.org/10.1111/j.1574-6968.2011.02243.x
http://www.ncbi.nlm.nih.gov/pubmed/21385201
http://dx.doi.org/10.1111/1462-2920.12521
http://dx.doi.org/10.1111/1462-2920.12521
http://www.ncbi.nlm.nih.gov/pubmed/24903279
http://dx.doi.org/10.1007/s00253-014-6360-9
http://www.ncbi.nlm.nih.gov/pubmed/25573471
http://dx.doi.org/10.1128/AEM.01098-15
http://www.ncbi.nlm.nih.gov/pubmed/26187969
http://dx.doi.org/10.1007/s00248-016-0755-3
http://dx.doi.org/10.1007/s00248-016-0755-3
http://www.ncbi.nlm.nih.gov/pubmed/27026101

@° PLOS | ONE

Weight and Maturity of Tuber aestivum

42,

43.
44,

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

Antony-Babu S, Deveau A, Van Nostrand JD, Zhou J, Le Tacon F, Robin C, et al. Black truffle-associ-
ated bacterial communities during the development and maturation of Tuber melanosporum ascocarps
and putative functional roles. Environ Microbiol. 2014; 16: 2831-2847. doi: 10.1111/1462-2920.12294
PMID: 24118660

Moore D. Fungal Morphogenesis. Cambridge University Press; 1998.

Kues U, Liu Y. Fruiting body production in basidiomycetes. Appl Microbiol Biotechnol. 2000; 54: 141—
152. PMID: 10968625

Debuchy R, Berteaux-Lecellier V, Silar P. Mating systems and sexual morphogenesis in ascomycetes.
Cellular and molecular biology of filamentous fungi. ASM Press. 2010; 33: 501-536.

Paolocci F, Rubini A, Riccioni C, Arcioni S. Reevaluation of the life cycle of Tuber magnatum. Appl Envi-
ron Microbiol. 2006; 72: 2390-2393. doi: 10.1128/AEM.72.4.2390-2393.2006 PMID: 16597935

Rubini A, Belfiori B, Riccioni C, Arcioni S, Martin F, Paolocci F. Tuber melanosporum: mating type distri-
bution in a natural plantation and dynamics of strains of different mating types on the roots of nursery-
inoculated host plants. New Phytol. 2011a; 189: 723-735.

Rubini A, Belfiori B, Riccioni C, Tisserant E, Arcioni S, Martin F, et al. Isolation and characterization of
MAT genes in the symbiotic ascomycete Tuber melanosporum. New Phytol. 2011b; 189: 710-722.

Le Tacon F, Rubini A, Murat C, Riccioni C, Robin C, Belfiori B, et al. Certainties and uncertainties about
the life cycle of the Périgord black truffle (Tuber melanosporum Vittad.). Annals Forest Sci. 2015; 1: 1—
13.

Healy RA, Smith ME, Bonito GM, Pfister DH, Ge ZW, Guevara GG, et al. High diversity and widespread

occurrence of mitotic spore mats in ectomycorrhizal Pezizales. Mol Ecol. 2013; 22: 1717-1732. doi: 10.
1111/mec.12135 PMID: 23205556

Pacioni G, Rapino C, Zarivi O, Falconi A, Leonardi M, Battista N, et al. Truffles contain endocannabinoid
metabolic enzymes and anandamide. Phytochem. 2015; 110: 104-110.

Talou T, Kulifaj M. Secrets of the truffle. Recherche. 1992; 23: 30-39.

Splivallo R, Ottonello S, Mello A, Karlovsky P. Truffle volatiles: from chemical ecology to aroma biosyn-
thesis. New Phytol. 2011; 189: 688—-699. PMID: 21287717

Zawirska-Wojtasiak R. Optical purity of (R)-(—)-1-octen-3-ol in the aroma of various species of edible
mushrooms. Food Chemi. 2004; 86: 113-118.

Moore-Kucera J, Dick RP. Application of '*C-labeled litter and root materials for in situ decomposition
studies using phospholipid fatty acids. Soil Biol Biochem. 2008; 40: 2485-2493.

Ekblad A, Wallander H, Godbold DL, Cruz C, Johnson D, Baldrian P, et al. The production and turnover
of extramatrical mycelium of ectomycorrhizal fungi in forest soils: role in carbon cycling. Plant Soil.
2013; 366: 1-27.

Fernandez CW, Koide RT. Initial melanin and nitrogen concentrations control the decomposition of
ectomycorrhizal fungal litter. Soil Biol Biochem. 2014; 77: 150-157.

PLOS ONE | DOI:10.1371/journal.pone.0170375 January 26, 2017 15/15


http://dx.doi.org/10.1111/1462-2920.12294
http://www.ncbi.nlm.nih.gov/pubmed/24118660
http://www.ncbi.nlm.nih.gov/pubmed/10968625
http://dx.doi.org/10.1128/AEM.72.4.2390-2393.2006
http://www.ncbi.nlm.nih.gov/pubmed/16597935
http://dx.doi.org/10.1111/mec.12135
http://dx.doi.org/10.1111/mec.12135
http://www.ncbi.nlm.nih.gov/pubmed/23205556
http://www.ncbi.nlm.nih.gov/pubmed/21287717

